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Fractal Iron Oxide

Single-Crystal Dendritic Micro-Pines of Magnetic
o-Fe,0;: Large-Scale Synthesis, Formation
Mechanism, and Properties**

Minhua Cao, Tianfu Liu, Song Gao, Genban Sun,
Xinglong Wu, Changwen Hu,* and Zhong Lin Wang*

Hierarchical self-assembly of nanoscale building blocks
(nanoclusters, nanowires, nanobelts, and nanotubes) is a
technique for building functional electronic and photonic
nanodevices."? Fractal structures are common in nature
across all length scales, from self-assembled molecules, to the
shapes of coastlines, to the distribution of galaxies, and even
to the 3D shapes of clouds. On the nanoscale, dendritic
fractals are one type of hyperbranched structure which are
generally formed by hierarchical self-assembly under non-
equilibrium conditions.®* Investigation of hierarchically self-
assembled fractal patterns in chemical systems has shown that
the distinct size, shape, and chemical functionality of such
structures make them promising candidates for the design and
fabrication of new functional nanomaterials,”! but it is
challenging to develop simple and novel synthetic approaches
for building hierarchically self-assembled fractal architectures
of various systems.
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Magnetic nanomaterials have been the subject of increas-
ing interest due to their physical properties and technological
applications."® In the past few years, research has focused
primarily on zero- and one-dimensional (1D) magnetic
nanomaterials such as magnetic metals, alloys, and metal
oxides and has led to substantial advances including the
assembly of 2D or 3D superlattices from spherical nano-
particles or nanorods.”'¥ However, to the best of our
knowledge, the hierarchical self-assembly of magnetic nano-
materials has not been reported. Here we present the
spontaneous, large-scale, hierarchical self-assembly of den-
dritic nanostructures of magnetic Fe,O; (so-called micro-pine
structure). The a-Fe,O; micron-pine dendrites were synthe-
sized by hydrothermal reaction of K;[Fe(CN),] in aqueous
solution at suitable temperatures. The method is based on the
weak dissociation of [Fe(CN)]*~ ions under hydrothermal
conditions. The resulting structures display exquisite fractal
features, which morphologically resemble a type of pine tree.
The structure was formed as a result of fast growth along six
crystallographically equivalent directions, and this process is
different from the reported formation mechanism of general
fractal structures. The magnetic properties of the nano-
structure show a lower Morin transition temperature of
216 K. The reported structures could have important appli-
cations in biomedical science and magnetism.

The micro-pines were synthesized on a large scale and in
high purity. Figure 1 shows typical SEM images of a-Fe,0O;
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Figure 1. Electron microscopy images and chemical characterization of
o-Fe,0; fractals synthesized with a K;[Fe(CN),] concentration of
0.015m at 140°C. a) Low-magnification SEM image of fractals showing
the high yield and good uniformity. b) SEM image of a single a-Fe,O;,
fractal taken from one side. c) SEM image of a single a-Fe,O; fractal
taken from the other side. d) A higher magnification image of a single
a-Fe,0; fractal showing striking periodic corrugated structures on the
main trunk. ) XRD pattern of the sample confirming formation of a
pure o-Fe,0; phase. | =intensity. f) Méssbauer spectrum of the
sample recorded at room temperature. A= absorption.
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micro-pine dendrites obtained with a K;[Fe(CN)] concen-
tration of 0.015m at 140°C. The low-magnification image in
Figure 1a shows that the product consists almost entirely of
such dendritic structures, and this indicates the high yield and
good uniformity achieved with this approach. The high-
magnification images in Figure 1b and c¢ show the morphol-
ogy of a single dendrite in two opposite directions. They
reveal a clear and well-defined dendritic fractal structure with
a pronounced trunk consisting of corrugations and highly
ordered branches distributed on both sides of the trunk.
Figure 1d shows striking periodic corrugated structures on
the trunk of a single dendrite. The lengths of the dendrite
trunks are 3-5 um, and those of the branch trunk range from
50 nm to 1.5 um. Note that the protrusion direction of the
dendrite trunk and those of the branches are opposite, as is
clearly shown by the SEM images (Figure 1b and c), and all
dendrites have similar structure. The micro-pine dendrites
were shown by powder XRD (Figure 1e) to consist of pure o-
Fe,O; phase (hematite), which has a rhombohedral structure
with lattice parameters of a =0.50355 and ¢ =1.3747 nm. The
XRD peaks are labeled by using the three- and four-index
systems, as for hexagonal nanostructure. The four-index
system facilitates the discussion below.

The phase composition is further supported by the room-
temperature Mossbauer spectrum (Figure 1 f), which shows a
single sextet with an isomeric shift of 0.44 mms~!, a quadru-
pole splitting of —0.23 mms~', and a hyperfine field of
516.8 KOe and thus provides clear evidence for the presence
of a-Fe,O; rather than y-Fe,O, or Fe;0,."") Moreover, the
results of many experiments show that this approach has
excellent reoproducibility, and the resulting structures are
highly stable, without morphological or compositional change
over several months when stored in air.

The dendrite micro-pines have a single-crystalline struc-
ture. Figure 2a shows a TEM image of a micro-pine. The
TEM observations revealed that the micro-pine dendrites
occasionally show a sixfold-symmetric structure (Figure 2b),
like a snowflake. Further structural characterization of the
dendrite was carried out by high-resolution TEM (HRTEM).
Figure 2c—g show HRTEM images taken from the areas
labeled c—g in Figure 2a; they respectively show the lattice
structures at the tip of the dendrite, the trunk of the dendrite,
the tip of the dendrite branch, the trunk of the dendrite
branch, and the junction between the trunk of the dendrite
and that of the dendrite branch. They all show clear lattice
fringes that indicate single-crystallinity of the entire dendrite
structure. The lattice spacing of 2.5177 A between adjacent
lattice planes in each of these images corresponds to the
distance between two {1120} crystal planes. The selected-area
electron diffraction (SAED) pattern (Figure 2g) taken from
the entire dendrite clearly shows a single-crystalline structure.
The diffraction pattern indicates that the dendrite is oriented
along [0001] with the three branches along [1010] (or [100]),
[1100] (or [110]), and [0110] (or [010]) (Figure 2a). Thus, the
sixfold-symmetric structure shown in Figure 2b is a result of
growth along +[1010], +[1100], and + [0110].

The reaction temperature and the concentration of Kj;-
[Fe(CN)] significantly affect the morphology of the product.
For example, when the temperature was increased from 140 to
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Figure 2. TEM images of the same a-Fe,O; fractals as shown in
Figure 1. a) Image of a fractal exhibiting hyperbranches. b) TEM image
of a sixfold-symmetric dendritic structure. c—g) High-resolution TEM
images recorded in different regions of the dendritic structure in (a)
showing the well-defined single-crystalline nature of the entire den-
dritic structure (scale bar: 1 nm). h) Electron diffraction pattern
recorded from the entire dendritic structure in (a) which also shows
the single-crystalline nature of the entire dendritic structure.

200°C while keeping the concentration of K;[Fe(CN)y]
constant at 0.015M, the morphology of the sample changed
continuously from hyperbranched dendrites at 140°C (Fig-
ure 3a) to slightly branched dendrites at 170°C (Figure 3b),
and finally nanorod-branched dendrites at 200 °C (Figure 3c¢),
somewhat similar to ZnO nanowire comb structures.'! The
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Figure 3. Evolution of crystal shape under different reaction conditions.
a—c) TEM images of a-Fe,O; dendrites obtained with a concentration
of K;[Fe(CN)g] of 0.01 M and reaction temperatures of 140, 170, and
200°C, respectively. d—f) TEM images of a-Fe,O; dendrites obtained at
a reaction temperature of 140°C and concentrations of K;[Fe(CN)¢] of
0.04, 0.06, and 0.1 ™, respectively.
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reaction temperature must be higher than 140°C, otherwise
the reaction is very slow. When the concentration of Kj;-
[Fe(CN)¢] was varied between 0.005 and 0.025m while
maintaining a constant reaction temperature of 140°C, a-
Fe,O; micro-pine dendrites such as that shown in Figure 2a
were the major product. However, on gradually increasing the
concentration of K;[Fe(CN)¢] while maintaining the reaction
temperature at 140°C, a continuous transition from thin to
thick nanorod-branched dendrites was observed. Figure 3 d—f
show TEM images of samples that were synthesized at
concentrations of K;[Fe(CN)s] of 0.04, 0.06, and 0.1m,
respectively. The higher the concentration of K;[Fe(CN)],
the thicker the nanorod branches of the dendrites. These
results suggest that it is possible to control and tune the shape
of a-Fe,0; dendritic nanostructures by controlling the kinetic
parameters of the reaction process, that is, temperature and
concentration.

The formation of the dendrites could be explained by the
model proposed in Figure 4. From the crystal structure, (1010)
are six equivalent directions. For reasons of spatial confine-

A
il
c:| }"'\3{
p S i \V\
g Hico) by d ]
" ) FalX AL <
Hrioa) pigig R el
| o~ 8 ~ O .
i \ o z 'lrﬁ, » L_ff-* Y f}“‘"}:k
| d . MiX
i ' '
| i M=l
e) f) [ﬁfo]

Figure 4. Proposed formation process of the micro-pine dendrite
structure by fast growth along the six crystallographically equivalent
directions (1070).

ment, one of the directions, for example, [1100], initiates fast
growth, and formation of a needle is possible if the growth
along [1100] is much faster than along the other directions
(Figure 4 a). Subsequent growth along the other two crystallo-
graphically equivalent directions, [1010] and [0110], leads to
the formation of main and possibly symmetric branches on
both sides (Figure 4b). As growth continues, each side branch
can initiate growth along +[0110] and =+[1010] to form
minibranches (Figure 4c). With further growth, all of the
branches become thicker and finally interconnected (Fig-
ure 4d), and form the micro-pine dendrite structure observed
in Figure 1. If growth is symmetric along the six crystallo-
graphically equivalent directions (1010), a sixfold-symmetric
“snowflake” structure would be formed (see Figure 2b).

To understand the reasons why the six (1010) directions
are the directions of fastest growth, we start from the crystal
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structure of hematite. Figure 4e shows a projection of the
crystal structure along [2110], which is parallel to the c plane.
It is apparent that the Fe** and O? ions are arranged
alternatively parallel to the ¢ plane, which is thus terminated
with either Fe>* or O*" and has a net ionic charge on the
surface (so-called polar surface). Therefore, during synthesis
in solution, the ¢ plane will be immediately covered by
adsorbing molecules to neutralize the ionic charges, which
also terminate growth along [0001]. Therefore, the possible
structure is a platelet parallel to the (0001) plane. On the
other hand, the six crystallographically equivalent planes
{2110}/{1010} are neutral surfaces and are the most typical
low-energy facets for a hexagonal crystal lattice (Figure 4 f).
Growth parallel to the ¢ plane tends to enlarge the surfaces of
{2110}/{1010} and leads to the formation of side branches that
are dominated by {2110} and {1010} surfaces.

The magnetic behavior of a-Fe,O; dendritic micro-pines,
which is of importance for practical applications, was inves-
tigated for the sample obtained with a K;[Fe(CN),] concen-
tration of 0.015m at 140°C (Figure 1). The variable-temper-
ature (5-300 K) magnetic susceptibility (Figure 5a) displays
the characteristic behavior for o-Fe,O; but with a lower
Morin transition temperature Ty of 216 K, which is deter-
mined by the sharp peak in the dy,/dT curve. Normally bulk
hematite has the Morin transition from the low-temperature
antiferromagnetic phase to a weakly ferromagnetic phase at
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Figure 5. Magnetic measurements for the sample prepared with a
K;[Fe(CN)¢] concentration of 0.015m at 140°C. a) Temperature
dependence of magnetic susceptibility. b) Field dependence of
magnetization at 5 () and 300 K (m).
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260 K, and it was documented that annealing led to an
increase in Ty for small-sized hematite.'”’ The decrease in T,
here may result from some lattice strain and defects in the
dendrites obtained by low-temperature hydrothermal syn-
thesis. Superparamagnetic phenomena were not found for the
sample, since the sizes of the branch trunk are rather large
(50 nm to 1.5 ym) compared to the single-domain size of
hematite. The shoulder around 243 K in the dy,/dT curve may
indicate the presence of a larger trunk with higher 7. The
field dependence of the magnetization at 300 and 5K
(Figure 5b) confirm the antiferromagnetic state at low
temperature and weak ferromagnetism above Ty, The
coercive force at 300 K of 1510 Oe is larger than that of
1080 Oe for spherical hematite with a diameter of 160 nm,
which might be due to the shape anisotropy of the den-
drites.l'”]

We recently employed a soft-templating route for fabri-
cating well-crystallized 1D nanostructures based on self-
assembly of surfactants and inorganic precursors.'*2! How-
ever, the disadvantage of this method is that the presence of
the surfactants can easily result in the formation of byprod-
ucts, which may limit their applications. In the present study,
we emphasize the role of the K;[Fe(CN)4] complex as a single
precursor in the synthesis of nanomaterials. K;[Fe(CN)q]
plays a crucial role in the formation of dendritic fractal
structures; if other iron sources such as FeCl;, Fe(NOs);, and
Fe,(SO,);, are used, even under the same reaction conditions,
only particles are observed instead of micro-pine dendrites.
[Fe(CN)¢]*~ ions are very stable (K, =1.0x10*%) in aqueous
solution at room temperature, and almost no free Fe* ions
can be detected. However, in our case, we believe that a-
Fe,0; formation proceeds through three steps [Eq. (1)] under
the hydrothermal conditions: first, [Fe(CN),]>~ ions dissociate
slowly into Fe** ions; second, the Fe** ions are subsequently
hydrolyzed in aqueous solution to form FeOOH or Fe(OH);;
and finally, the resulting FeOOH or Fe(OH); decompose into
a-Fe,0;. This growth process might be determined by the first
step because of the weak dissociation tendency of [Fe(CN)4]*~
ions [Eq. (1)].

[Fe(CN)s]*” = Fe** — FeOOH/Fe(OH); — a-Fe,0, (1)

Dendritic fractals of several materials have been found
and investigated.?'?] Tt is generally accepted that fractal
aggregation arises in situations far from thermodynamic
equilibrium where high driving forces lead to the generation
of rough crystallites and random association.” In the past
few years the model known as diffusion-limited aggregation
(DLA) has been successfully developed to interpret this
ramified growth of different systems controlled by diffusive
processes.”®! In our system, the formation of micro-pine
dendrites of a-Fe,O; is a new growth process in which fast
growth along six crystallographically equivalent directions
forms single-crystal dendrites or snowflakelike structures.

We have described a distinct type of hierarchical a-Fe,O;
micro-pine dendrite. Formation of such structures requires a
suitable iron complex precursor that slowly dissociates to
yield Fe™* ions under the hydrothermal conditions. Our
experimental method also provides a simple and facile route
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for the preparation of a-Fe,O; nanostructures, which could
have important applications in biomedical science due to the
biodegradability of iron oxide. It could also be a general
approach for the large-scale, high-purity growth of dendritic
fractal structures of a wide range of materials.

Experimental Section

a-Fe,O; micro-pine dendrites were synthesized by hydrothermal
reaction of K;[Fe(CN)y] in aqueous solutions at suitable temper-
atures. In a typical synthesis, K;[Fe(CN),] was dissolved in distilled
water to form a clear solution of a certain concentration, which was
placed in a Teflon-sealed autoclave and maintained at a given
temperature for 2 d. The red product was isolated by centrifugation,
repeatedly washed with distilled water and absolute ethanol, and
dried at 50°C in air. The concentration of K;[Fe(CN),] was varied in
the range from 0.005 to 0.1mM, and the reaction temperature from 140
to 200°C.

X-ray diffraction (XRD) was performed on a Japan Rigaku D/
max YA X-ray diffractometer with graphite-monochromatized Cuy,
radiation (41=0.154178 nm). A JEOL JEM-2010F transmission
electron microscope operating at 200 kV accelerating voltage was
used for TEM (transmission electron microscopy) analysis. Scanning
electron microscopy (SEM) was performed with an Amray 1910FE
microscope. The Mossbauer spectrum was recorded on a conven-
tional Mossbauer spectrometer with a room-temperature *'Co source
(Rh matrix) in transmission geometry. Magnetic measurements were
performed on a Quantum Design MPMS-XL5 SQUID magneto-
meter.
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Fractal hematite dendrites with structures
resembling pine trees (see picture) were
obtained by hydrothermal treatment of
K;[Fe(CN)¢]. They are formed by a novel
process in which fast growth along six
crystallographically equivalent directions
forms dendritic or snowflakelike single-
crystal structures, which differs from the
mechanisms reported for other fractal
structures.
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