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Self-assembly, structural order and mechanism of
c-Fe2O3@SiO2 ellipsoids induced by magnetic fields
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synthesis, reduction–oxidation and SiO2 coating. The magnetic field induced self-assembly processes
are designed and carried out in different conditions. Influences of magnetic field strength, solvent, temperature,
concentration and substrate are carefully investigated and evaluated by SEM and reflective spectra. The
optimal self-assembly conditions of g-Fe2O3@SiO2 ellipsoid ordered structures are confirmed to be
dispersed in ethanol at 0.06 mol L

1

followed by evaporation on a glass substrate in a magnetic field of

strength 5000 Oe at 35 1C. Finally, an air–liquid interfacial mechanism is suggested to understand the
www.rsc.org/njc

self-assembly processes.

Introduction
Owing to controllable magnetic properties, magnetic nanoparticles (NPs) have attracted a great deal of interest and have
been applied in many areas, i.e. magnetic storage, targeted drugs,
cancer diagnoses and magnetron devices.1–4 The ordered structures could supply these NPs with novel optical and electrical
properties.5 Self-assembly methods could effectively fabricate the
ordered structures of magnetic NPs. Herein, the monodispersity
of magnetic NPs, i.e. their shapes, structures and sizes, could
significantly influence the ordered degrees of assembled
structures.6 For low symmetrical ellipsoids, the self-assembly
method is also very important to fabricate the ordered structures.
The regular ellipsoid ordered structures must be assembled in
the extra magnetic fields.
Recently, researchers have successfully fabricated the ordered
structures of magnetic NPs, which display the higher ordered
degrees, along the c-axis orientation using the vertical
deposition,7,8 liquid–liquid interface growth9 and magnetic
assembly10,11 methods. However, the preferred orientation of
g-Fe2O3@SiO2 ellipsoid ordered structures could significantly
influence the optical properties. It has been reported that, the
a-axis orientation of ellipsoids is better for optical applications.12
Thus, more effective and adaptable methods are necessary
a
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to be created and improved.13 In the past, we have prepared
monodispersed a-Fe2O3@SiO2 and g-Fe2O3@SiO2 ellipsoids.14,15
In this paper, we developed a novel magnetic-induced selfassembly approach to fabricate large area g-Fe2O3@SiO2 ellipsoid
ordered structures along the a-axis orientation. Influence factors of
the structural order are carefully evaluated by SEM and reflective
spectra. The optimal conditions are determined by self-assembly
processes in diﬀerent conditions. Finally, we further explain the
self-assembly mechanism of the g-Fe2O3@SiO2 ellipsoids in an
ethanol solvent. We believe this self-assembly approach would be
extensively applied in photonic crystals, magnetic sensors and
electrical devices.

Experimental
2.1

Preparation of c-Fe2O3@SiO2 ellipsoids

Firstly, the spindle a-Fe2O3 NPs were prepared by hydrothermal
synthesis from FeCl3 in de-ionized water. Using the Stöber method,
the monodispersed a-Fe2O3@SiO2 ellipsoids with various SiO2 shell
thicknesses could be fabricated with strict control of the reaction
time and stirring rate. Then, the as-prepared a-Fe2O3@SiO2 ellipsoids were thermally treated to transform the g-Fe2O3 ellipsoids by
reduction in H2/Ar (volume ratio = 5 : 95) mixture gas and oxidation
in oxygen gas.16 In this study, we chose the g-Fe2O3@SiO2 ellipsoids
as study objects in a mean diameter of 384 nm and a ellipticity of
1.38. Finally, the g-Fe2O3@SiO2 ellipsoids were homogenously
dispersed in ethanol, isopropanol, acetone and de-ionized water
with various concentrations by sonication.
2.2

Magnetic field induced self-assembly process

The suspension of g-Fe2O3@SiO2 ellipsoids was evenly cast on a
clean glass substrate with an area of 1 cm  1 cm, which was
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placed between two parallel magnets with the magnetic field
strength of 5000 Oe or 2500 Oe. The diﬀerent materials, e.g.
silicon, polyimide (PI), polytetrafluoroethylene (PTFE) and polyethylene terephthalate (PET), could be studied by substituting the
glass as substrates. The assembled g-Fe2O3@SiO2 templates were
obtained after naturally drying for 10–30 min. Furthermore, the
self-assembly processes at different temperatures, concentrations
and solvents were carried out in a furnace.
2.3

Characterization methods

Morphologies of the self-assembled g-Fe2O3@SiO2 samples
were observed by a field emission scanning electron microscope
(FE-SEM, Q 2000, FEI) with an accelerating voltage of 40 kV.
Reflective spectra of the g-Fe2O3@SiO2 samples were measured
with a visible and near infra-red spectrometer (Maya 2000, Ocean
Optics). The reflective rates and relative band gap width were
evaluated in the wavelengths between 400 and 1100 nm.

Results and discussion
Fig. 1 shows the schematic of the magnetic field induced selfassembly process of g-Fe2O3@SiO2 ellipsoids. With evaporation
of solvents, the g-Fe2O3@SiO2 ellipsoid arrays would be aggregated in the interface between air and liquid states.17 The major
axis (a-axis) of g-Fe2O3@SiO2 ellipsoids is oriented along the
magnetic induction line in a uniform magnetic field. The interactive squeeze could perform the closed packing structures of
g-Fe2O3@SiO2 ellipsoids. The self-assembly process would be
carried out until evaporation of the entire solvent. Finally,
ordered structures of g-Fe2O3@SiO2 ellipsoids are prepared after
natural drying at room temperature.
Fig. 2a–c show the SEM micrographs of g-Fe2O3@SiO2 ellipsoid
templates under different magnetic field strengths (B). Under a
stronger magnetic field, the g-Fe2O3@SiO2 ellipsoid template
exhibits higher structural order than when prepared under a
weaker magnetic field. The insets in the SEM micrographs
evidently exhibit the locally ordered orientation of ellipsoid arrays,
where the white line indicates the direction of the magnetic
field.18 Without any magnet, the as-prepared ellipsoid template
displays short-range order and freedom of arrangement. Thus, the

Fig. 1 Schematic of magnetic field induced self-assembly process of
g-Fe2O3@SiO2 ellipsoids.

Fig. 2 SEM morphologies of ellipsoid templates under diﬀerent magnetic
field strengths: (a) with a magnet of 5000 Oe, (b) 2500 Oe and (c) without a
magnet. The insets in (a–c) are the corresponding magnified SEM images.

adapted magnetic field strength could be contributing to optimize
the self-assembly process.19
Fig. 3 shows the reflective spectra of ellipsoid templates under
diﬀerent magnetic field strengths. The relative band gap width
(d) could quantitatively evaluate the orderities of these ellipsoid
templates; it is calculated by the following formula (1):
d = Dl/l  100%

(1)

where d is the relative band gap width of ellipsoid template,
Dl is the peak width at half height, l is the wavelength corresponding to the reflection peak center position.
The relative band gap width of the ellipsoid template with a
magnet field strength of 5000 Oe, of which the value could be
reached up to 17.2%, is higher than that of the others. This
means that the magnetic field could improve the g-Fe2O3@SiO2
ellipsoid to orientate along the level direction on the substrates.
A Higher magnetic field strength is more suitable for the

Fig. 3 Reflective spectra of ellipsoid templates under diﬀerent magnetic
field strengths.
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Fig. 5

Reflective spectra of the ellipsoid templates with diﬀerent solvents.

Fig. 4 SEM morphologies of as-prepared ellipsoid templates assembled
in diﬀerent solvents: (a) ethanol, (b) isopropanol, (c) acetone, (d) water. The
insets in (a–d) are the corresponding magnified SEM images.

self-assembly of the g-Fe2O3@SiO2 ellipsoids to form the ordered
arrays.
Fig. 4 shows the SEM micrographs of g-Fe2O3@SiO2 ellipsoid
templates assembled in diﬀerent solvents. Using ethanol as
solvent, the prepared ellipsoid template displays higher order
and regularity. Importantly, the g-Fe2O3@SiO2 ellipsoids are
almost oriented along the same direction with the magnetic field
strength. The polarity of ethanol molecules could improve the
correlation of the g-Fe2O3@SiO2 ellipsoids.20 Similarly, the isopropanol solvent could also improve the correlation of these
ellipsoids, but the ellipsoid template demonstrates more defects
than that for ethanol as a solvent. Using acetone as the solvent,
the volatilization rate is too rapid for self-assembly of ellipsoids.
These ellipsoids would be forced into each other and compressed
formations would be produced.21 For the de-ionized water, the
as-prepared ellipsoid template appeared with several micro-cracks
and gaps, due to which the self-assembly process became slower
than that in other solvents.
Fig. 5 shows reflective spectra of the ellipsoid templates
assembled in diﬀerent solvents. The as-prepared template in
ethanol solvent possesses the highest reflective rate. The value
of the reflective rate reached 32.5% and the reflective peak was
centered at 550 nm. The template with isopropanol solvent also
exhibits a high reflective rate, which is in good agreement with
SEM micrographs. It indicates that the hydroxyl group (–OH) is
a significant factor to improve the self-assembly process, which
would supply a more steady dispersion of ellipsoids.22 Thus,
ethanol is the optimal solvent for self-assembly of g-Fe2O3@SiO2
ellipsoids.
Fig. 6a–e shows the SEM morphologies of ellipsoid templates
prepared on different substrates. Usually, the compatibility between
ellipsoids and substrates would demonstrate an important influence
on the structural order.23 The glass substrate has good compatibility
with the ellipsoids, owing to its similar surface structures with the
shell g-Fe2O3@SiO2 ellipsoids. The as-prepared template on glass
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Fig. 6 SEM morphologies of the ellipsoid templates prepared on diﬀerent
substrates: (a) glass, (b) silicon, (c) PI, (d) PTFE and (e) PET. The insets in (a–e)
are the corresponding magnified SEM images.

substrate exhibits the obvious ordered orientation. The silicon
substrate displays a lower compatibility for ellipsoids. The main
defect types are the structural dislocations and lack of vacancies,
which are highlighted in the inset of Fig. 6b. Furthermore, the
templates on polymer substrates appear to contain more defects
than others. The bend arrangement of ellipsoids is presented
due to the ellipsoids crowding with each other.24 The ‘‘bend arc’’
morphologies are highlighted in the insets of Fig. 6c–e.
Fig. 7 shows the reflective spectra of ellipsoid templates
prepared on diﬀerent substrates. The reflective rate on the glass
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Fig. 7 Reflective spectra of ellipsoid templates prepared on diﬀerent
substrates.

substrate, which was more than 42%, is the highest among the all
substrates. The main reflective peak is centered at 584 nm.
Particularly, the template prepared on the glass substrate exhibits
a sharper relative band gap width, which is lower than 12.32%.
Thus, the glass substrate is an optimal substrate for the selfassembly of g-Fe2O3@SiO2 ellipsoids.
Fig. 8 shows the morphologies of the as-prepared ellipsoid
templates assembled at temperatures ranging from 25 1C to
50 1C. At lower temperatures, the as-prepared templates exhibit

Fig. 8 Morphologies of as-prepared ellipsoid templates at diﬀerent temperatures: (a) 25, (b) 30, (c) 35, (d) 40, (e) 45 and (f) 50 1C. The insets in (a–f)
are the corresponding magnified SEM images.
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Fig. 9 Reflective spectra of as-prepared ellipsoid templates at diﬀerent
temperatures.

the highly ordered orientation of g-Fe2O3@SiO2 ellipsoids.25 The
ellipsoid template prepared at 35 1C possessed perfect hexagonal
structures constituted with neighboring ellipsoids. Furthermore,
these ellipsoid templates present some staggered ellipsoids,
which are caused by cracks and dislocations. At higher temperatures, a lot of interspaces are intensively presented in these
ellipsoid templates, due to the rapid evaporation of solvent
molecules.26 The loose structures are formed, but they retain
their orientation along the direction of the magnetic field.
Thus, we need to choose the lower temperature as an optimum
temperature condition.
Fig. 9 shows reflective spectra of prepared ellipsoid templates at
diﬀerent temperatures. The ellipsoid templates prepared at 35 1C
exhibits the highest reflective properties.27 The value of reflective rate could reach 35.5% and the reflective peak is centered at
585 nm. The width of half peak is lower than 74 nm. Here, the
corresponding relative band gap width is lower than 12.65%.
Thus, the lower temperature is the optimal self-assembly condition
of ellipsoids.
Fig. 10 shows the morphologies of ellipsoid templates prepared
in diﬀerent concentrations. Obviously, the optimal concentration
of ellipsoids in ethanol solvent was 0.06 g L 1, where the ellipsoid
template displays higher order than that of the others. When the
concentration of ellipsoids is lower than 0.06 g L 1, the disordered
structures are broadly presented in the as-prepared ellipsoid
template. When the concentration is higher than 0.08 g L 1, the
ellipsoids would be easily be compressed with each other, which
causes structural transformations.28 Herein, the structural angulations would appear in the corresponding templates.
Fig. 11 shows the reflective spectra of the as-prepared ellipsoid
templates in diﬀerent concentrations. It indicates that the ellipsoid
template prepared in the concentration of 0.06 g mL 1 presents
a sharper relative band gap width.29 The reflective rate would be
more than 35% and the peak width at half height is 72 nm.
Thus, the optimal concentration for self-assembly of ellipsoids
is 0.06 g L 1.
Fig. 12 shows the mechanism and explanation of magnetic
field induced self-assembly processes of g-Fe2O3@SiO2 ellipsoids.
These processes could follow the air–liquid interface assembly
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mechanism.30 In the self-assembly processes, the bottom
g-Fe2O3@SiO2 ellipsoids would flow into boundary to supplement
the evaporated solvent and form a circulation, in order to retain
thermodynamic equilibrium. Furthermore, the ellipsoids would
be floating on the interface between the air and liquid when the
solvent is evaporating under optimal conditions. With the selfassembly process completed, the larger area ordered ellipsoid
templates would be fabricated on the certain substrates. Therefore, the self-assembly conditions are very important for obtaining
the high-quality ellipsoid ordered structures.

Conclusions

Fig. 10 SEM morphologies of the as-prepared ellipsoid templates in
diﬀerent concentrations: (a) 0.02 g mL 1, (b) 0.04 g mL 1, (c) 0.06 g mL 1
and (d) 0.08 g mL 1. The insets in (a–d) are the corresponding magnified
SEM images.

In this study, a facile magnetic field induced self-assembly
approach in the interface between air and liquid state was
followed to fabricate ordered g-Fe2O3@SiO2 ellipsoid templates.
The influencing factors on order of templates, including the
magnetic strength, solvents, substrates, temperature and concentration were investigated by SEM micrographs and reflective
spectra in visible and infrared ranges. These self-assembly process
reveal that the g-Fe2O3@SiO2 ellipsoids could be oriented along
the a-axis and form well-ordered templates. Optimally, the
templates with lower defects could be obtained in the conditions
under a magnetic field strength of 5000 Oe, in ethanol solvent,
with an ellipsoid concentration of 0.06 mol L 1, on the glass
substrate and at the temperature of 35 1C. The reflective peak of
this ordered ellipsoid template is centered at 585 nm and the
value of relative band gap width is lower than 12.6%. This
approach would significantly improve the optical applications
of these ordered materials.
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