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The magnetic field induced acceleration of Ostwald ripening
process was demonstrated firstly in the formation of hollow Fe;0,
nanospheres. As well as maintaining time, the magnetic field can
act as an independent parameter to control the crystallite size,
hollow structure, and pore size of nanostructure in the Ostwald
ripening process.

Ostwald ripening, as a description for the coarsening and secondary
re-crystallization process, was firstly discovered by Friedrich
Wilhelm Ostwald in 1900." It has been observed in crystal growth
for more than one century and plays an important role in catalyst
sintering.2 Recently, the design and fabrication of hollow and
porous nanostructure have attracted much attention in materials
research because of their enhanced properties in the fields of
catalysis,3 sensing,4 energy storage,s’6 photoactivity,7 and drug
deIivery8 owing to their large specific surface area and hollow
interior space. Ostwald ripening, as a century-old phenomenon,
provides a newer self-template plate based method for the
preparation of the hollow and porous nanostructures in addition to
the templating synthesis methods. For example, Zeng etal. used
Ostwald ripening as a template-free route to prepare anatase TiO,
hollow spheres in 2004.° Their subsequent works have also
demonstrated that the Ostwald ripening can indeed as a general
mechanism for fabrication the hollow spheres of metal oxides and
1013 Nowadays, Ostwald ripening has been
proven as an effective synthetic strategy for the formation of

sulfides in solution.

interior spaces in hollow spherical and nonspherical structures of
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Ostwald ripening has become a sophisticated approach for
making highly complex nanostructures, but its complex matter’s
relocation mechanism and artificial modulating have been rarely
explored, though it is the basis for the controllable materials
architecture in this field. Recent years, people have done a number
of related attempts. For example, it was discovered that this
ripening process can be promoted specifically by fluoride-mediated
surface dissolution in synthesis process of TiO, and SnO, hollow
microspheres.18 In 2011, Wang et al. found that the longer
maintaining time and higher reaction temperature can apparently
favor matter relocation in ripening process in the experiment of
preparation of SiO, important
thermodynamic factor, magnetic field can affect the physical and

hollow spheres.13 As an
chemical process of material in a non-contact form and has been
introduced in the synthesis process to control the nanostructure.'®
2 However, up to now, the nanostructure fabrication using Ostwald
ripening in a magnetic field and the magneto-effect on ripening
process has not been touched. In this study, we take mesoporous
Fe;0, as an example to demonstrate the effect of magnetic fields
on Ostwald ripening process for the first time. The acceleration of
Ostwald ripening caused by magnetic fields was found in the
preparation of hollow-mesoporous Fe;0, nanospheres.

Fe30,4 nanospheres were prepared by the solvothermal method.
The products are denoted by S10h-0T, S24h-0T, S48h-0T, S10h-0.5T,
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Scheme 1. The schematic illustration of Ostwald ripening process (a) and its
magneto-acceleration effect (b).
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S10h-1T and S10h-3T, respectively, according to the maintaining
time and applied magnetic fields (see Supporting Information).

The powder X-ray diffraction (XRD) patterns confirm that all
samples are well crystallized and no other phase is detectable
(Figure S1 and S2). The field emission scanning electron microscopic
(FE-SEM) images, shown in Figure 1, verified that all the samples
have spherical shape with a homogeneous diameter of ~250 nm
(Figure S3). The shell of nanospheres consists of a loosely packed
aggregating of Fe30, nanoparticles and the size of those
nanoparticles increases gradually with the increase of maintaining
time (Figure 1a-1c). This is the typical feature of Ostwald ripening.
With application of magnetic fields, it is interesting to find that the
Fe;0, nanoparticle size is enlarged with the magnetic field intensity
increasing though the same time (10 h) was maintained (Figure 1a
and Figureld-1f).

To determine the size dispersion in detail, the size distribution of
the Fe;0, nanoparticles was estimated by taking the average size of
150 nanoparticles and fitting the resultant histogram by a Gaussian
function (dotted lines). The typical results have been shown in the
Figure 1g and 1h. It was found that the central size was shifted from
27.2 to 48.8 nm and 27.2 to 44.0 nm as maintaining time was
prolonged from 10 to 48 h and magnetic field was increased from 0
to 1T, respectively. These results clearly confirmed that the effect of
magnetic field on the particle-size of the mesoporous Fe;0, spheres
is similar to that of maintaining time. In particularly, the
morphology of S10h-0.5T is similar to that of S24h-0T, and the
morphology of S10h-1T is similar to that of S48h-0T. When
magnetic field exceeds 1T, the particle size expands slowly. For
instance, the particle size increases only 2.5% (from 44.0 to 45.1
nm) when the magnetic field was enhanced from 1 to 3 T, which
implies that Ostwald ripening effect tends to be saturated in this
case when the magnetic field beyond 1 T.

In Ostwald ripening process, a “solid-solution-solid”
transportation happens (Scheme 1). The Fe;0, crystallites located in
the outermost surface are larger and would grow at the expanse of
smaller ones inside through the transportation as shown in Scheme
1105 Consequently, such gradual outward migration of crystals
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Figure 1. FE-SEM images of: S10h-0T (a); S24h-0T (b); S48h-0T (c); S10h-0.5T
(d); S10h-1T (e); S10h-3T (f); and histogram of particle-size distribution for
the hollow nanospheres prepared without (g) and with (h) magnetic fields.
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Figure 2. TEM images of: S10h-0T (a); S24h-0T (b); S48h-0T (c); S10h-0.5T
(d); S10h-1T (e) and S10h-3T (f).

would result in continuing expansion of interiorly void space within
the nanospheres. The evolutionary steps of interior spaces for Fe;0,
spheres in our case were studied by transmission electron
microscopy (TEM) as shown in Figure 2, S4 and S5. The S10h-0T
sample shows a solid sphere structure with straight channel-like
mesoporous directly access to the center of the sphere (Figure 2a).
With increasing of maintaining time, the S24h-0T displays a star-
shaped void space at the center of the sphere, and the straight
channel-like mesoporous become larger compared to that of the
S10h-0T (Figure 2b). With time increasing further, the void spaces at
the center of the spheres in the S48h-0T become larger (Figure 2c).
With application of magnetic fields, an obvious expansion of void
space was also found under the same maintaining time. Different
from the solid sphere structure of S10h-OT sample, a small void
space starts to form at the center of the sphere in the S10h-0.5T
(Figure 2d) and it becomes larger with the increase of magnetic
field intensity (Figure 2e and 2f). Furthermore, we note that the
hollow structure of S10h-0.5T is nearly the same as that of S24h-0T,
while the hollow structure of the S10h-1T is also similar to that of
the S48h-0T.

In order to verify the magneto-acceleration effect further, the
mesoporous size distribution of Fe;0,4 nanospheres were measured
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Figure 3. Pore-size distribution curve of hollow Fe;0, spheres obtained
without (a) and with (b) magnetic fields.
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by Barrett Joyner Halenda (BJH) methods and the typical results
were displayed in Figure 3. The peak values of the pore size increase
gradually from 4.6 to 6.7 and 9.2 nm when the maintaining time
prolongs from 10 to 24 and 48 h, respectively. Similarly, the peak
values of the pore size distribution of the S10h-0.5T and S10h-1T
are found as 7.1 and 9.1 nm, respectively. This magneto-
enhancement of pore size of Fe;0, nanospheres, together with
XRD, FE-SEM, and TEM results, suggest that the external magnetic
field can significantly accelerate the Ostwald ripening process.
When the external magnetic field exceeds the saturation value 1 T,
it is interesting to find that the pore size shrinks and it was reduced
down to 6.1 nm under the magnetic field of 3 T. This probably
because the significant enhancement of mutually magnetic
attraction between Fe;0, particles in the higher magnetic field.

In the Ostwald ripening process, the Fe;0, particles located in the
outermost surface of aggregates grow at the expense of smaller
ones inside, due to the higher solubility of the smaller particles
(Gibbs-Thomson or Kelvin effect) and the molecular diffusion
through the continuous phase (Scheme 1b).24 Gradual melting and
outward migration of the inside particles would lead to continuing
expansion of interior space (Scheme 1).With application of
magnetic field, two aspects should be addressed. At first, the
applied magnetic field will produce a magnetic energy Ey=-
)(VHZ/Z}IO, in which g, is the permeability of free apace, y is the
volume magnetic susceptibility, V is the volume of Fe;0, particles
here, H is magnetic field intensity. The negative magnetic energy Ey
plays a crucial role in the surface energy reduction of nanoparticles.
Then, the larger Fe;0, particles at outermost surface, which owning
large Ey and less surface energy, would be easier to produce in the
ripening process.20 On the other hand, the participation of external
magnetic field will also affect the free energy (AG) of ripening
process directly. In addition to the original thermal Gibbs free
energy AG(T), the magnetic Gibbs free energy AGy(T, H) should be
considered and the total Gibbs free energy of the ripening process
AG=AGT+AGM.ZS The AGy(T, H) can be written as -,uo()(a-)(b)Hz/Z, in
which x, and y, are the volume magnetic susceptibility of the
magnetic particles after and before ripening, respectively. The
smaller Fe;0, nanoparticles, with diameter less than 30 nm in our
case, are very close to the size limitation of superparamagnetic
state (~20 nm) and produce a negligible susceptibility )(b.zs In the
ripening process, the size enlargement of Fe;0, nanoparticles
favors for the stabilization of ferromagnetic phase and a larger x..
The magnetization measurement of these Fe;O, nanospheres
indicates that the sample with larger particles has larger saturation
magnetization (Figure S6). Consequently, the negative AGM is
suggested and it contributes such magneto-acceleration of Ostwald
ripening according to the theory that the state variation of the
material advances toward the direction where the free energy is
the lowest.”” To clarify the intrinsic mechanism of magnetic field
effect, theoretical calculation and further experiments on such issue
should be done in the future.

Conclusions

In summary, we report the magnetic field induced acceleration of
Ostwald ripening in Fe;0, nanospheres for the first time. As an

This journal is © The Royal Society of Chemistry 20xx

independent parameter, the external magnetic field are found to be
an alternative tool to control the crystallite size, hollow structure,
and pore diameter of the mesoporous Fe;0, nanostructures.
Reduction of surface energy of nanospheres and negative magnetic
free energy caused by external magnetic field were discussed for
the explaining of such acceleration effect. Our results suggest that
the magnetic field can be a novel approach to control the
fabrication of hollow and porous nanostructures with the
advantages of a simple yet very efficient and contact-free, which
might be very useful for future technological applications.
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