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Monodisperse superparamagnetic (SP) nanostructures have drawn
significant attention because of their weak magnetic interaction in
suspension, high dispersibility in solvents, and large surface area.1

When the size is below a critical value (typically <10 nm),
nanoparticles behave as a single magnetic domain, exhibiting SP
behavior above the so-called blocking temperature.2 The individual
nanoparticles possess a magnetic moment but, because of thermal
activation, behave like a giant paramagnetic atom. They respond
rapidly to an applied magnetic field, while exhibiting negligible
remanence and coercivity. These features make SP nanoparticles
(nanocrystals) attractive for a broad range of biomedical applica-
tions, primarily because agglomeration resulting from strong
magnetic interaction is avoided. However, a low magnetization per
particle caused by the small size (∼10 nm) limits their usage in a
number of practical applications since they cannot be effectively
separated and controlled by using moderate magnetic fields.
Increasing the particle size increases the saturation magnetization,
but at the expense of inducing the SP-ferromagnetic transition, and
thus the nanoparticles are no longer readily dispersible in solution.
Much effort has therefore been focused on the preparation of large-
size SP particles using composites.2 An alternate strategy of forming
large complex structures of SP nanocrystals linked by organic chains
appears more attractive because of the advantage of increasing the
magnetization in a controllable manner while retaining the SP
characteristics.3

Herein, we report on the shape- and structure-controlled synthesis
of self-supported monodisperse cobalt ferrite (CoFe2O4) SP nano-
structures of both spherical and cubic morphology. The individual
nanostructures are composed of intergrown spherical or rod-like
CoFe2O4 nanocrystals. We recently reported on a simple thermolysis
route for the synthesis of monodisperse ferrite nanocrystals in a
high boiling-point solvent utilizing a mixed metal oleate precursor.4a

By varying the reaction conditions the crystal shape can be readily
tuned.4b Additional experiments have surprisingly revealed that
introduction of boiling bursts by periodic injection of a small
amount of hexane during the heating and aging steps can induce
self-assembly and secondary growth of the CoFe2O4 nanocrystals.
This results in the formation of larger more complex nanostructures
with tunable morphology, size, structure, and magnetic properties.

The shape, size, and structure of the as-synthesized CoFe2O4

nanostructures have been investigated using transmission electron
microscopy (TEM). Figure 1 shows typical TEM images of two
different nanostructures obtained by aging at 320 °C for 2 min. By
merely changing the heating rate, the product shape and size vary
from being spherical (40.5 ( 4.5 nm, Figure 1a-c) to cubic (36.5
( 2.5 nm, Figure 1d-f). These nanostructures are composed of
individual spherical nanocrystals of <5 nm in size (Figure 1c) or
nanorods with dimensions of ∼3.6 nm in diameter and <25 nm in
length (Figure 1f), respectively. They can form highly ordered two-
dimensional (2D) assemblies over a large area (SI 1-2).

To better understand the formation mechanism, we studied the
nucleation, self-assembly, and secondary growth of the CoFe2O4

nuclei leading to the formation of the nanostructures shown in
Figure 1. Without hexane injection, only monodisperse nanocrystals
are formed through initial homogeneous nucleation and subsequent
diffusion-controlled growth of the initial nuclei.5 With interval
injection of hexane into the reaction mixture during the heating
cycle, novel types of complex nanostructures (Figure 1) are pro-
duced. This is likely because the burst boiling accompanied by a
temperature drop slows down the growth of the nuclei and pro-
motes their assembly to form clusters by particle coalescence (from
interaction between the nuclei)5 or oriented attachment6 to de-
crease the surface energy. The uniform nuclei initially formed at
305 °C during synthesis of both types of nanostructures are the
same as those formed without hexane injection but are difficult to
observe because of the very small size (<2 nm). However, with
increasing the temperature to 314 °C, novel monodisperse nano-
structures composed of assembled nanocrystals are produced, which
is very different from the monodisperse single-crystalline nano-
crystals formed in a steady heating process without hexane
injection.4,7

At 314 °C, spherical nanostructures are formed from assembly
of 2D agglomerates of tens of nanocrystals by “particle coalescence”
(Figure 2a).5 On further heating to 320 °C, they grow larger,
forming three-dimensional (3D) nanocrystal agglomerates with
similar morphology as the final product but are nonuniform in size
(Figure 2b). Interestingly, by aging at 320 °C for just 2 min, the
uniformity is considerably improved, resulting in monodisperse 3D
spherical nanostructures of assembled spherical nanocrystals (Figure
1a-c). By prolonging the aging time, the nanocrystal subunits
increase in size and become more densely packed, but the
nanostructures’ overall shape and size are maintained (SI 3). This
is also reflected in the systematic narrowing of the (400) XRD peak
with increased aging time (SI 4).

Figure 1. TEM images of monodisperse self-supported (a-c) spherical
and (d-f) cubic nanostructures composed of intergrown spherical and rod-
like CoFe2O4 nanocrystals, respectively.
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The cubic nanostructures are formed when using a lower heating
rate (5 °C/min) than that used for the spherical variant (10 °C/
min). They evolve from small 3D dendrite-like nanocrystals with
a few branches at 314 °C (Figure 2c) to larger and more complex
dendridic nanostructures with a full complement of branches at 320
°C (Figure 2d). By aging at 320 °C for 2 min, the mature cubic
nanostructures of assembled nanorods are formed (Figure 1d-f),
likely resulting from “oriented attachment”.6 By prolonging the
aging time, the nanorods tend to convert to more spherical shapes
and fuse together to form a more densely packed structure to lower
the surface energy (SI 5).

The room-temperature magnetization curves (Figure 3a) display
relatively high saturation magnetization values of 40.2 and 49.5
emu/g for the spherical and cubic nanostructures, respectively, after
2 min of aging at 320 °C. These values are, however, somewhat
lower than the bulk value (71.2 emu/g). The unique self-supported
nanocystal assemblies exhibit SP behavior at room temperature even
though the size of an individual assembly exceeds 10 nm. The
hysteresis loop shows essentially no coercivity (HC) for the spherical
nanostructures and a low value of 134 Oe for the cubic nanostruc-
tures, suggesting that the crystalline subunits are magnetically
decoupled. Based on LangeVin fits8 to the magnetization loops at
300 K (SI 6), the estimated sizes are 3.9 nm in diameter for the
spherical nanostructures and 8.2 nm in length (assuming a 3.6 nm
rod diameter) for the cubic nanostructures, respectively. These
values match well with the average sizes of the nanocrystal subunits
observed by TEM. The thermal energy can overcome the anisotropy
energy barrier for these sizes and the net magnetization of the
nanocrystal assemblies in the absence of an external field averages
to zero. After prolonged aging for 3 h, both the saturation

magnetization and the coercivity for the spherical nanostructures
at room temperature increase to 50.6 emu/g and 540 Oe, respectively
(SI 7). Similarly, the saturation magnetization for the cubic
nanostructures increases to 62.3 emu/g, and the coercivity to 1200
Oe (SI 7). Thus, improved coalescence of the crystallites in the
nanostructures results in increased magnetic coupling and higher
magnetization.

The coercivity is actually tunable by varying the aging time. As
seen in Figure 3b, a rapid increase in the HC is initially observed
for both types of nanostructures because of the rapid growth of the
nanocrystals during the initial stage. By further increasing the aging
time, the spherical nanocrystals grow more slowly, and thereby the
HC of spherical nanostructures essentially maintains a stable value.
In contrast, the nanocrystal subunits of the cubic nanostructures
experience a simultaneous rodlike-to-spherical shape change and
a size increase with longer aging. This is reflected in the somewhat
more complex variation in the coercivity, resulting from the
combined influence of changes in the shape anisotropy and surface
magnetic disorder/pinning.4c,9

In summary, we have synthesized highly ordered, self-supported
magnetic nanostructures composed of spherical and rod-like col-
loidal CoFe2O4 nanocrystals with uniform size. The nanostructures
exhibit SP properties at room temperature and respond much more
strongly to an external magnetic field than the individual nano-
crystals due to their higher moment. The uniform size, complex
shapes and structures, and SP properties make these nanostructures
attractive for biomedical and other applications. We believe the
present synthetic strategy and the results are extendible to the
synthesis, shape control, and surface modification of nanocrystals
of a variety of other magnetic oxides.
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Figure 2. TEM images of intermediate products formed at (a, c) 314 °C
and (b, d) 320 °C without aging show the formation of (a, b) spherical and
(c, d) cubic self-assembled nanostructures. HRTEM images (the insets) of
the dominant nanostructures show the increasing number and length of rod-
like subunits resulting in the formation of near-cubic nanostructures.

Figure 3. (a) Room-temperature hysteresis loops of spherical and cubic
nanostructures after 2 min aging at 320 °C. (b) The change in the coercivity
of spherical and cubic nanostructures versus aging time.
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