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ABSTRACT

Tetrapod-shaped maghemite nanocrystals are synthesized by manipulating the decomposition of iron pentacarbonyl in a ternary surfactant
mixture under mild thermal conditions. Adjustment of the reaction parameters allows for the systematic tuning of both the width and the
length of the tetrapod arms, which grow preferentially along the 〈111〉 easy axis direction. Such degree of control leads to modulation of the
magnetic behavior of the nanocrystals, which evolves systematically as their surface magnetization phase and shape anisotropy are progressively
increased.

Colloidal inorganic nanocrystals (NCs) represent model
systems for assessing the foundations of dimensionality-
dependent physical-chemical laws of nanosized matter.1 They
also hold promise as versatile building blocks in the
fabrication of innovative materials and devices.2

To date, wet-chemistry methods have allowed refined
control over both the size and shape of NCs for a variety of
materials, by delicately balancing thermodynamic parameters
(e.g., structure stability and surface energy of the seeds) with
kinetically limited growth processes (e.g., active species
diffusion, facet-selective surfactant adhesion).3,4 Further
advances toward structural complexity and versatility have
been recently achieved with the preparation of nanocrystal

multipods (such as of CuCl,5 CdSe,6 MnO,7 PbS,8 Au,9 Pt,10

CdTe,11 CdS,12 and ZnSe13), which are particles comprising
linear branches connected through a central region. Among
such topologies, nanocrystal tetrapods (TPs), in which four
arms project out at tetrahedral angles from a branching point,
have been already exploited practically in the fabrication of
asymmetric nanostructures on surfaces,14 of nanoscale tran-
sistors,15 and of solar cells with enhanced electron transport.16

Yet, the high yield synthesis of TP-shaped NCs represents
an open challenge, as in most cases their formation has been
restricted to semiconductor materials exhibiting poly-
morphism6,11-13 or multiple twinned boundaries11 that are
difficult to control straightforwardly. Single-crystalline TPs
have been reported even more rarely for some noble
metals.9b,10 This contribution demonstrates the feasibility of
extending the tetrapod shape to iron oxide NCs, for which a
rather limited morphological control has been reported so
far.17-20 Such a class of nontoxic magnetic materials pos-
sesses unique properties at the nanoscale, which are currently
paving the way to technologically relevant applications such
as, for instance, in catalysis,21 high-density recording media,22
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and biomedical diagnostics.23 Herein a simple and robust
chemical approach is presented, by which it is possible to
synthesize colloidal iron oxide TPs in high yields (>90%),
with tunable geometric parameters and distinguishable size-
dependent magnetic behavior.

In this work, the decomposition of Fe(CO)5 is carried out
at T e 240°C in octadecene (ODE) in the presence of three
different surfactants, namely, oleic acid (OLAC), oleylamine
(OLAM), and hexadecan-1,2-diol (HDIOL) at 3:3:5 molar
ratio, respectively. After the decomposition of the precursor,
oxidation of the resulting product is completed under air at
80 °C.24 The degree of size and shape control achievable by
this strategy is demonstrated by the transmission electron
microscopy (TEM) overview in Figure 1, which reports the
results of various syntheses, all based on the slow heating
of a reaction mixture up to a target temperature. Upon
increase of the initial Fe(CO)5 concentration in the flask, a
deviation from the spherical geometry is observed, as

multiarmed particles are formed (with up to a maximum of
four branches per particle) and anisotropic growth is progres-
sively enhanced. The tetrapod morphology can be easily
inferred from those NCs for which three arms are touching
the carbon grid while the fourth arm is pointing upward and
is therefore almost parallel to the electron beam. In such
cases, a much higher contrast is indeed observed in the
central region of the NCs. Remarkably, a continuous tuning
of the arm lengths is obtained (from∼3 to ∼30 nm) by
simply varying the amount of Fe(CO)5 added, while the arm
diameter remains almost fixed at around∼3-3.5 nm.
Alternatively, the synthesis of TPs can be accomplished by
a fast injection of a Fe(CO)5 solution into the same surfactant
mixture as above, but already heated at the target tempera-
ture. Also in this case the arm length depends on the amount
of precursor injected. This technique, on the other hand,
yields slightly fatter TPs, with arm diameters as thick as∼5
nm.24

Figure 1. Low resolution TEM overview of iron oxide nanocrystals synthesized by slowly heating the reaction mixture up to 240°C. The
flask contained 30 g of ODE, 3 mmol of HDIOL, 1.8 mmol of OLAM, 1.8 mmol of OLAC, and varying amounts of Fe(CO)5: (a) 0.8; (b)
1.4; (c) 2; (d) 2.6; (e) 3.2; (f) 4 mmol.
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To further assess the peculiar three-dimensional morphol-
ogy of the branched NCs, electron holography experiments
were performed in the TEM microscope. Off-axis electron
holography is based on the interference between a reference
electron wave that has passed through vacuum and one that
has been phase shifted following its interaction with an
object.25 The analysis of the resulting interference pattern,
called a hologram, allows the local phase shift of the electron
beam to be recovered. The phase shiftφ is sensitive to the
electric and magnetic fields in the sample25,26aand is given
by the expression

wherex and y lie in the plane of the sample andz is the
incident electron beam direction,CE is a wavelength-
dependent constant (CE ) 7.29 × 106 rad V-1 m-1 at 200
kV), V0 is the mean electrostatic potential, andB⊥ is the
component of the magnetic induction (both inside the sample
and in the surrounding leakage fields) which is perpendicular
to both x and z. For the tetrapods of interest here, the
electrostatic contribution toφ is associated solely with the
mean inner potential (MIP), i.e., the local composition and
thickness of the sample.26 Within the high magnetic field of
the objective lens (about 1.5 T) parallel to the optic axis,
the possible magnetization of the tetrapod will be parallel
to z, and the magnetic contribution toφ will be therefore
zero. If the sample has a uniform composition,φ becomes

whereV0 is the MIP for iron oxide andt(x,y) is the thickness
of the tetrapod. In panels a and b of Figure 2, a hologram
recorded on a single tetrapod and the corresponding phase
image are shown, respectively. Assuming that the arms of
tetrapod are symmetric, the value of the projected width (i.e.,
diameter) of the arms in panel a can be taken as the estimate
of the arm thickness. Then, the measurement of the phase
shift φ across one arm whose diameter is of∼4 nm allows
determination of a MIP value by using eq 2. We measured
V0 ) 17 V. Moreover, according to eq 2,φ is proportional
to the sample thickness, so that the phase image reflects the
three-dimensional (3D) morphology of the particle. There-
fore, the phase image can be translated into a surface 3D
plot, as displayed in panel c. The maximum phase shift
measured at the tetrapod center is about 0.7 rad, which
corresponds to a particle thickness of∼6 nm by using the
calculatedV0. This feature can be hence attributed to the
fourth arm pointing perpendicular to the surface, which
appears as long as the others.

Figure 3 reports a series of high-resolution TEM (HRTEM)
micrographs of branched iron oxide NCs. From their fast
Fourier transform (FFT) analysis, the NCs are monocrystals,
regardless of their size, in the spinel cubic structure of either
magnetite (Fe3O4) or maghemite (γ-Fe2O3), which cannot
be discriminated due to subtle differences between the
respective lattice spacings.17-20,26,27The NCs in panels a and

b are symmetrical branched particles with a projected 3-fold
symmetry and are observed along their 6-fold〈111〉 zone
axis. The darker contrast observed in the center of the particle
indicates that the fourth arm is pointing perpendicular to the
grid plane, parallel to the zone axis. The TPs clearly exhibit
〈111〉-oriented branches, although the latter often come less
straight in more elongated TPs. Similar deduction on the TP
growth mode can be confirmed from the analysis of particles
captured in other zone axes (panels c-e). For instance, the
TP shown in panel c is studied along its〈211〉 zone axis and
the (111) planes are perpendicular to the axis of the long
arm pointing down. Panels d and e display symmetrical NCs
in their 〈23h3〉 and〈2h11〉 zone axis, respectively. The image
contrast at the corresponding branching points suggests that
the former is a tetrapod, whereas the latter is more likely a

φ(x) ) CE ∫ V0(x,z) dz - e
p
∫∫ B⊥(x,z) dx dz (1)

φ(x,y) ) CEV0t(x,y) (2)

Figure 2. (a) Electron hologram obtained on a tetrapod. (b) Phase
shift calculated from the hologram in (a) and from a reference
hologram (not shown). (c) 3D surface plot of the phase image in
(b).
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tripod with 〈111〉 elongated branches. Finally, panel f presents
an example of a twisted particle, for which, however, no
unique growth direction of the arms can be assigned under
the observed〈2h11〉 zone axis.

X-ray diffraction (XRD) experiments and simulations on
iron oxide nanocrystal powders confirm the TEM assign-
ments. In Figure 4, the measured powder XRD patterns of
iron oxide NCs with varying geometric parameters are
reported. Owing to significant line broadening, the patterns
can be attributed to the cubic spinel structure of bothγ-Fe2O3

and Fe3O4. It is remarkable that the XRD profiles of TPs
exhibit substantial alteration in the relative peak intensity
(Ihkl) and widths of several reflections, in comparison with
the pattern of roughly spherical iron oxide NCs. A gradual
increase in theI440:I311 ratio accompanies the transition from
the spherical to the TP shape with progressively longer
branches. Also, the widths of the (400) and (440) peaks
become narrower than those of other reflections and, in
addition, the (111) and (220) peak maxima slightly shift to

higher angles. Similar features emerge also in the XRD
patterns simulated on atomistic models of TPs with branches
elongated in different directions,24 which additionally suggest
that in our samples TPs with〈111〉 oriented arms could
coexist with TPs with〈110〉 oriented arms.

A clearer insight into the crystalline phase composition
of the NCs is provided by Mo¨ssbauer spectroscopy measure-
ments. In Figure 5 Mo¨ssbauer spectra are reported for three
representative samples. As shown in the top panel, the
differently shaped NCs exhibit the same spectrum at 6 K.
The bottom panel reports the temperature-dependent spectra
for a TP sample. For the interpretation of the 6 K data
(spectrum h), the parameters obtained for reference materials
(namely, bulk magnetite, maghemite, and hematite) have
been used.24 Only the effective magnetic field (that deter-
mines the maximum splitting) and the spectrum area have
been varied. The data are explained quite satisfactorily by
the γ-Fe2O3 phase. However, if a 10% contribution from
Fe3O4 is taken into account, the fit improves slightly. It can
be concluded that the sample contains mainlyγ-Fe2O3 with
maximum 10% of Fe3O4. This is also consistent with the
Mössbauer spectra above 80 K (spectra a-d) which show a
quadrupole splitting in agreement with the literature values
for γ-Fe2O3.27,28Similar conclusions can be drawn from the
analysis of other samples.

The effects of size/shape modulation on the magnetic
properties of the NCs can be inferred from the data reported
in Figure 6 and summarized in Table 1. Figure 6A shows
the room-temperature hysteresis loops for a series of samples.
These curves show no remanence nor coercivity, regardless
of the nanocrystal size and shape, and therefore indicate a
superparamagnetic behavior. In all samples, the saturated
magnetization (MS) values fall below that of bulkγ-Fe2O3

Figure 3. High-resolution TEM images of iron oxide tetrapods in
different zone axis. In the insets, the calculated fast Fourier
transform of the respective images are reported. The interplanar
distances most frequently measured are 0.25, 0.29, and 0.48 nm,
which correspond to the (311), (022), (111) planes, respectively,
of both magnetite and maghemite.

Figure 4. XRD patterns of iron oxide nanocrystals: (a) spheres
(corresponding to the sample shown in Figure 2S-b in the
Supporting Information); (b-e) tetrapods with increasing dimen-
sions (corresponding to samples in parts b, c, e, and f of Figure 1,
respectively).
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(83.5 emu/g). For spherical particles (samples S1-S2),MS

is reduced as the size decreases, as found previously.29,30

Interestingly, in TPs theMS drops become even more
pronounced as the arms elongate (samples TP1-4) and/or
their diameter narrows (samples PP1-3). Therefore, the more
anisotropically the TPs grow, the moreMS is depressed,
despite of the actual increase in the nanocrystal volume. Such

results clearly indicate that the magnetic states of the NCs
evolve gradually as a function of both the particle’s size and
shape.

It is known that in nanosized iron oxide, a phase with 3-4
orders of magnitude lower magnetization is associated with
surface atoms which may not be coherently spin-coupled with
the inner atoms (due to easy axis anisotropy and/or surface
disorder) or which are bound to surfactant molecules.31 Our
results can be explained well by this concept. The surface-
to-volume ratio (S/V) is higher in a tetrapod than in a sphere,
and it increases further as the arms grow longer. It follows
that the measuredMS values scale down with increasing the
particleS/V, as they indeed reflect the proportional increase
in the surface phase, which is characterized by a reduced

Figure 5. (top) Mössbauer spectra at 6 K for the three iron oxide
samples, corresponding to the nanocrystals shown in Figure 1a
(triangle), Figure 1c (diamond), and Figure 1e (circle), respectively.
(bottom) Temperature dependence of the Mo¨ssbauer spectrum of
the sample shown in Figure 1e: (a) 200 K; (b) 160 K; (c) 125 K;
(d) 80 K; (e) 50 K; (f) 40 K; (g) 20 K; (h) 6 K. Spectrum h is
fitted with 90% maghemite and 10% magnetite (thin lines).

Figure 6. Magnetic measurements for different iron oxide samples
(see Table 1 for further details): (A) Hysteresis loops at 300 K
(S1, S2 are referred to the lefty axis; other samples are referred to
the right y axis); (B) Temperature-dependent ac magnetization
susceptibility measured at a field of 20 Oe and a frequency 500
Hz; (C) Imaginary part of the ac susceptibility.
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magnetization. Further support to this interpretation is
provided by the recognition of a clear paramagnetic com-
ponent (i.e., a linear dependence ofMS vsH) which prevents
the hysteresis curves from becoming flat at saturation,
especially in the samples with the lowestMS values (see also
Table 1).

Figure 6B reports temperature dependence of the ac
magnetization susceptibilityø. In all samples,ø exhibits a
maximum in the 40-70 K region, in correspondence of the
average blocking temperature,TB. Accordingly, in Figure
6C the imaginary part ofø (i.e., the component out-of-phase
with the driving alternate magnetic field), which is related
to hysteresis, indeed shows significant values only below
this temperature. TheTB values are therefore fully consistent
with the superparamagnetic behavior observed at 300 K. It
is worth noting that a progressively higherTB is measured
for more anisotropic TPs. The blocking temperature is given
by the following expression

whereVNC is the nanocrystal magnetic volume,KB is the
Boltzmann constant, and the anisotropy constantKA com-
prises several contributions.17-20,29-32 The TB value for the
TPs scales up with the particle volume as in spheres,28-31

although the associatedMS varies in the opposite direction.
Such peculiarTB dependence can be accounted for by
considering the effects of the specific morphology on the
magnetic states of the NCs. The tetrapods possess arms
elongated in the〈111〉 easy axis direction of maghemite,
along which the spins will therefore tend to align preferen-
tially.32 In a branched shape, turning the magnetization into
directions different from that along the easy axes will require
higher energy than that available in spheres.18b,19,31This fact
could lead to increase inKA and, in turn, in the measured
TB. In addition, the TP shape will naturally favor stronger
dipolar interactions among the NCs that could contribute to
further enhanceTB,17-20,29,30 thus compensating for the
reduced magnetic volume as compared to the case of spheres.
In branched NCs with less than four arms, as well as in
nanorods, such interactions can be attenuated due to the
reduced shape anisotropy,32 which can account for the
intermediateTB values measured for these samples (samples
PP1-3).

The mechanism through which theγ-Fe2O3 tetrapods are
formed is so far unclear. It is known that for the surfactant-
assisted Fe(CO)5 decomposition the energy barrier for the
formation of nanocrystal nuclei is higher than that for their
subsequent enlargment,17,29-30 as monomer species which
contribute to nucleation (i.e., polynuclear iron carbonyl
clusters) are distinct from those which participate in the
growth process (i.e., Fe-ligand complex molecules). Herein,
it has been found that the key strategy to promote tetrapod
growth is to combine a ternary surfactant mixture with
moderate temperatures. From the chemical point of view,
iron oxide is partly formed by thermal decomposition of iron
oleate,17,29-30 and partly is formed upon air oxidation of the
decomposition product of the other iron-ligand species.
Under the reaction conditions described in this work, the
iron precursor is coordinated strongly by OLAC but more
weakly by OLAM and HDIOL,17 which would translate into
(i) the availability of more reactive Fe-OLAM and Fe-
HDIOL complexes sustaining growth only and (ii) easier
ligand adsorption-desorption processes on the particle
surface, allowing for faster monomer addition to the growing
NCs. Increasing the initial amount of Fe(CO)5 injected should
therefore lead to greatly enhanced monomer fluxes and
promote anisotropic growth.3,4 However, reaction tempera-
tures as low as 240°C are required to prevent the TPs from
being thermally reshaped to more thermodynamically stable
spheres.24

It is difficult to decouple the specific role played by each
surfactant in the present system. Significant deviations (by
more than 30-40%) of the OLAC:OLAM:HDIOL ratio from
the optimized ratio of 3:3:5 or the absence of any of the
three surfactants suppress tetrapod growth, leading to ir-
regularly shaped or roughly spherical NCs.24 This indicates
that not only OLAC and OLAM but also HDIOL, which is
commonly employed as reductant in many high-temperature
nanocrystal syntheses,3 should act as shape-directing ligand.

Tetrapod growth does not seem to occur by oriented
attachment of initially formed isotropic particles. In fact,
branching is observed since the early growth stages and the
percentage of branched NCs remains almost constant over
time.24 Therefore, a facet-selective surfactant adhesion mech-
anism should be responsible for the shape control of the
maghemite NCs under diffusion-limited monomer supply.6,9-13

In addition, OLAC appears critical to control the degree of
branching, as a decrease in its content indeed promotes the
formation of a large fraction of tripods, bipods, and rods.24

Overall, the result of triggering tetrapod formation in a
complex surfactant mixture at a milder temperature than that
used for the synthesis of spherical NCs suggests that this
unusual morphology arises from a kinetically controlled
growth regime.4

In the spinel structure, all eight〈111〉 directions are
crystallographically equivalent, so that all (111) facets should
have identical growth rates. Hence, in the present case there
is no apparent reason why anisotropic growth should develop
only along four out of the eight directions, leading to the
observed tetrapod morphology. The mechanisms that govern
the shape evolution of these NCs are therefore rather

Table 1. Magnetic Parameters for the Iron Oxide Nanocrystals
Measured in Figure 6

sample
name TEM description

MS (1 T, 300 K)
(emu/g)

TB

(K)

S1 spheres (Figure 1S-b) 55 49
S2 spheres (Figure 1S-c) 40.1 26
TP1 tetrapods (Figure 1b) 14.3 43
TP2 tetrapods (Figure 1c) 13.8 51
TP3 tetrapods (Figure 1e) 12.4 54
TP tetrapods (Figure 1f) 9.2 56
PP1 multipods (Figure 4S-a)24 9.06 38
PP2 multipods (Figure 4S-b)24 8.4 37
PP3 multipods (Figure 4S-c)24 8.6 47

TB ) KAVNC/25KB (3)
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complicated and cannot be rationalized on the basis of mere
crystallographic considerations. Further studies are in progress
in our groups to understand the origin of the tetrapod shape
in iron oxide NCs.

In conclusion, we have developed a colloidal method for
the synthesis of monocrystalline maghemite tetrapods by
which we have achieved a fine-tuning of their geometric
parameters. This has allowed us to verify shape-dependent
magnetic properties that can be expected to extend the
technological applications of this class of nontoxic materials.
Indeed, tetrapod-shaped NCs are attractive owing to their
inherent property to self-align onto a substrate leaving just
one arm pointing upward.14-16 In addition, the distinguishable
magnetic properties are naturally combined with the potential
for site-specific NC functionalization (with either molecules
or domains of other materials).2,33 These features hold
promise for the creation of multifunctional nano-objects and
of unique hierarchical architectures with intricate spatial
arrangements.
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