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Hierarchical structures of metal oxides compnsed of nano-
particles. nanorods, and nanobelts as building blocks have
attracted great interest due to their novel structures. properties.
and applications. " However, the preparation of high-quality
crystals with hyperbranched structures 1s a challenging 1ssue.
The majority of these structures are formed by hierarchical
self-assembly mechamsms. and the snowflake-like morphology
1s a typical example of a hyperbranched structure. Considerable
effort has been devoted to the synthesis of metal oxldes and
metal sulfides with snowflake-like morphologies.””

o-Fe-O3 15 an n-tvpe semiconductor with a band gap of
2.1eV. and is used today in catalysis. sensors. magnetic record-
ing media. rechargeable lithium batteries. and as a plgmem
Various techniques have been used to synthesize o-Fe-Os
withrod. wire, spindle. flower, and dendntic morphologies.’ e
However. relatively httle 1s known of fabncating «-Fe-Oa
with a snowflake-like morphology. and all successful attempts
to date have mvolved the hvdrothermal decomposition of
K;[Fe(CN)s). whichmakes it difficult to examine the evolution
of hyperbranched structures due to the difficulty of controlhing
the decomposition rate of Ka[Fe(CN)s].' "' Here we report a
simple method for producing hyperbranched structures of o-
Fe-O; based on a hydrothermal reaction in aqueous solutions
containing KCN and FeCls.

Experimental Section

FeCl36H-O (Aldnch) and KCN (Aldnch) were used as
received. In a typical procedure. a mixed solution containing
40 mL of 0.03 M FeCly6H~0 and 40 mL of 2.00 M KCN was
placed ina Teflon-sealed autoclave at 140 °C for 16 h. Inorder
to investigate the evolution of the morphologies of the a-
FeA0; crystals produced. different KCN concentrations (0.25
M. 0.50 M, 1.00 M. and 2.00 M) were used at fixed 0.05 M
FeCls. To investigate the effects of concentration of FeCla.
different FeCls concentrations (0.001 M, 0.005 M. 0.01 M,
and 0.03 M) were also used at fixed 1.50 M KCN. The pro-
ducts were filtered and washed with ethanol several times.
and then dried at 60 °C for 12 h m an oven,

a-Fe-Ojcrystal structures were analvzed by powder X-ray
diffraction (XRD. Rigaku DMAX-IITA) using Cu Kot radiation.
and crvstal morphologies were charactenzed by scanmng
electron microscopy (SEM. Hitachi $-4300). The Raman
spectra of the products were obtamed with a Raman spectro-
meter (HORIABA Jobin Yvon T64000) using radiation of
514.5 nm from an argon ion laser.

Results and Discussion

Figure 1 shows the XRD patterns and Miller mdices of the
o-Fe-0s crystals obtained from an aqueous mixture containing
40 mL of 0.05 M FeClx6H-O and 40 mL of 2.00 M KCN
reacted at 140 °C for 16 h. Most of peaks were assigned to the
rhombohedral phase of «-Fe»03 and concurred with literature
data (JCPDS 33-0664. a= 5035 A, c = 13.740 A). The peaks
asterisked around at 14° and 22° are unidentified. There are
many tron oxides and iron oxyhydroxides such as hematite (a-
Fe-0;). magnetite (Fe;0.). wustite (FeO). goethite (a-FeOOH),
lepidocrocite (y-FeOQOH). Since iron oxides and iron oxy-
hydroxides have their unique Raman spectra. Raman spectro-
scopy 1s a good method to examne iron oxides and iron
oxvhyvdroxides. Figure 2 shows the Raman spectrum of the
as-prepared product obtamed from an aqueous nuxture
containing 40 mL of 0.05 M FeCl»6H-~0O and 40 mL of 2.00 M
KCN. All of Raman peaks correspond to those of a-Fe:Os. In
the Raman spectrum of ¢-Fe-Qs. the peak at 225 and 498 ¢!
were assigned to .4, modes. The peaks at 247. 293, 412, and
613 cm’™ \x ere also assigned to £, modes. The intense peak at
1320 cm™ is assigned to a two-magnon scattering which arise
from the nteraction of two magnons created on antiparallel
close spin sites.™ No other peaks were detected. mdicating
that this simple method yields only ¢-Fe-Os free from other
1ron oxides and 1ron oxyhydroxides.
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Figure 1. XRD pattem of snowtlake-like ¢-Fe:Os synthesized at

(FeCly] = 0.05 M and [KCN] = 2.00 M under hy drothermal condi-
tions for 16 h at 140 °C.
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Figure 2. Raman spectrum of snowtlake-like u-Fe:Os synthesized at
| ecl:l = 0.05 M and [KCN| = 2.00 M under hy: drothermal condi-
tions for 16 hat 140 °C.

ﬁgune 3. SEM images of u-l'e20x produets obtained at [FeCly] —
.05 M using difterent concentrations of KCN: (a) 0.23 M. (b} 0.30
M (¢) 1.00 M_and (d) 2.00 M.

Figure 3 shows SEM images of the ¢-TFe:Ox crystals obtained

by reacting aqueous solutions of different concentrations of

KCN and 0.05 M FeCla, When the concentration of KCN is
0.25 M. pine tree-like ¢-I'eaOn ervstals ol average length 2 um
were fommed (Migure 3a). This pine tree morphology exhibits
symmetrically disposed branches and side- branches about a
single central axis. The crystals began to resemble snowtlakes
with a six-fold center of svimnetry and an average arm length
of 3.5 pmat 0.50 M KCN (Figure 3b). When the concentration
of KCN s increased to 1.00 M, these crystals increased in size
(o an average amm length of 4 pm. As might be expected, the
main arms of the erystals were at almost 60° 10 cach other, and
similarly, side-branches also tormed an angle of 60° with the
main ervstal arms (Figure 3¢). At 2.00 M KCN, the side-branches
grew more so and hecame interconneeted and adopled a
snowtlake-like appearance with an average arm length of 5.5
pm (Figure 3d). Therefore, as the concentration of KCN was
increased from 0.05 M to 2.00 M, while keeping the con-
centration of TeCls constant at .05 M, the momphology ol the

u-Fe-0s changes [rom the pine tree-like crvstals of 2 um
length (o sharp snowilake-like ervstals of 3.5 um length, and
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Figire 4. SEM imagces of a-Fe:Os products obtained at [KCN] — [.50
M using different coneentrations of I'eCla (a) (1001 M. (b) 0.005 M.
() 0.01 M. and (d) 2.00 M.
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Figire 3. (a) Schematic illustration of the shape evolution of ¢-FeOs
crvstals.

[inally (o smooth snowilake-like crvstals of 5.5 um length.
To mvestigate the effect of concentration of FeCls, the a-
[e:05 erystals wore prepared by reacling aqueous solutions of
different concentrations of FeCly with fixed 1.50 M KCN as
shown n Figure 4. When the concentration of FeCla was
0.001 M. star-like a-Fe-O; crystals were formed (Figure 4a).
The three dimensional star-like a-Fe:0: crvstals have six
arms with 1.5 pm lengths extending outside rom a center.
When the concentration of FeClx was increased to 0.005 M.
the product was a mixture of paired three-leat crystals and
patred six-leal crvstals (Figure 4b). The length ol each leal 15
about 2.5 ium. As we can see from Figure 4b that one side of
the leal 1s smooth, whercas the other 1s striped. These paired
cryvstals have face-lo-tace crvstal growth pattem. The stnpped
lace tends o par with another stipped face. Therefore, the
paired three-leaf and six-leaf erystals have two-dimensional
structures such as paired plates. When the concentration of
FeCla was further increased to 0.01 M, the paired six-leat
crystals were formed with cach leat’ ol 4 um length (Thigure
4c). Finally, the snowflake-like arvstals of 3.3 umlength without
any paired three-leat and six-leaf crvstals were obtained at
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.05 M FeCla (Figure 4d). Therefore, as the concentration of
FeCl; was increased from 0.001 M to 0.05 M at fixed 1.50 M
KCN. the morphology of the «-Fe-O; changes from the small
size of three dimensional star-like crystals to the middle size
of two dimensional paired three-leaf and six-leaf shaped
crvstals. and finally to the large size of snowflake- like crvstals.
Fig. 5 shows schematically the shape evolution of o-Fe-Os
from the pine tree-like to the snowflake-like and from the
star-like to the snowflake-like with increasing the concentra-
tions of KCN and FeCls. respectively.

Since CN ion is a very strong ligand, it was expected to
chelate Fe** to form [Fe(CN)s]”. The formation constant of
[Fe(CN)«)™ at 25 °Cisabout 1 x 10*."" However. [Fe(CN)s)™
dissociates slowly into Fe™ ions under hydrothermal conditions.
and these ions react with OH under basic conditions to form
Fe(OH)a. which on dehvdration forms o-Fe-O;. The set of
chemical reactions involved in the formation of a-Fe~Os are as
follows:

Fe' (ag) + 6 CN (aq) = [Fe(CN)e) " (aq) (1)
[Fe(CN)s]” (aq) — Fe* (ag) + 6 CN” (aq) 2)
Fe' (aq) + 3 OH (aq) — [Fe(OH)3] 3)
2 [Fe(OH)s] — ¢-Fe-0s + 3 H-0 o

The concentrations of KCN and FeCl; play important roles
in the formation of various morphologies such as a star, paired
three-leaf. paired six-leaf. pine tree. and snowflake. The
unique shaped crvstals of «-Fe-Os; could form because of the
slow release of Fe*~ions due to the stability of the [Fe(CN)«]™
complex. which allows sufficient time for self-assembly to
produce the crystals having morphologies of star, paired
three-leaf. paired six-leaf. pine tree. and snowflake.

As the concentration of FeCls is increased. the morphology
of the a-FeO; crystals varies from star-like to snowflake-like
via paired three-leaf and six-leaf shapes. In general. the shape
of crystals can be explained in terms of the growth rates along
<001> and <111>. For star-like ¢rystals having six arms to
form. the growth rate along <100> is almost equal to those
along <010> and <001>. This means that the ¢rystal growth
along x, v and z axes are preferred for the star-like crvstals.
However. paired three-leaf. paired six-leaf, and snowflake-like
shapes ¢-Fe~0s crystals have two-dimensional structures. For
these two dimensional shapes of a-Fe-O; crystals to form, the
growth rate along <001> is must be slower than those along
<100> and <010>. The cr¥stal growth along z axis is hindered
at higher concentration of FeCls: to form two dimensional
crystals. When the concentration of FeCls was increased to
0.003 M form 0.001 M. the crvstals tend to be grown along the
plane compared to the axis. The star-like cryvstals changed to
three-leaf shaped which have three leaves on the top plate and
other three leaves on the bottom plate. As the crystals are
grown further by increasing the concentration of FeCls. the
paired six-leaf shaped cryvstals are formed by splitting three
leaves to six leaves. Finally. the snowflake-like crystals are
formed by taking apart the paring of the paired six-leaf shaped
crystals. Therefore. FeCl; plays important role in change of
cryvstal morphology from three dimensional star-like crystals
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to two dimensional snowflake-like crystals.

The evolution of «-Fe:Os crystal morphologies with the
concentration of KCN from pine tree to snowflake can be also
explained by a simple crystal growth mechanism. As the
concentration of KCN increases. crystal momphology changed
from a pine tree-like to a snowflake-like morphology. On
increasing the concentration of CN ions. the self-assembly
reaction rate of ¢-Fe-0s increases and progressive branching
steps are initiated. The first crvstal growth started at the main
arm at an angle of 60° to form a pine tree-like shape. and when
branching crystal growth was started at arms with a six-fold
symumetry. the snowflake morphology was formed by secondary
growth. Finally they form snowflakes with wide branches by
the third phase of crystal growth. Furthermore. these morpho-
logies have two-dimensional structures. and thus. crystal growth
perpendicular to the crystal plane is appreciably slower than
that in the crystal plane. Therefore. KCN does not affect the
crvstal growth along z axis but the crystal planes. The formation
of two-dimensional hyperbranched structures appears to depend
on reaction rate in the crystal plane. When the concentration
of KCN was increased. the rate of formation of u-Fe-O; also
increased and higher-order hyperbranched crystals with wide
branches were formed.

In conclusion. we have synthesized various shapes of a-
Fe-0s crystals by hyvdrothermal reaction bettveen KCN and
FeCls in aqueous solution. The concentrations of KCN and
FeCla were found to substantially affect the shape of the
hyperbranched crystal structures produced. The shape evolution
of a-Fe-Os from pine tree-like to snowflake-like and from
star-like to snowflake-like can be explained by simiple crystal
growth mechanism.
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