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A facile hydrothermal reduction route based on a precipitate slow-release controlled process was

developed to fabricate highly ordered dendritic cobalt microcrystals using cetyltrimethylammonium

bromide (CTAB) in high alkali media. The shape, structure, and magnetic properties of the final products

were investigated by X-ray diffraction (XRD), scanning electron microscopy (SEM), energy dispersive

X-ray spectroscopy (EDS), transmission electron microscopy (TEM), electron diffraction (ED), and

vibrating sample magnetometry (VSM). The results showed that the sample is hexagonal close-packed

Co coexisting with cubic close-packed Co; the length of the main trunk is about 8mm and diameter of

the branches is 0.5–2mm. Magnetic measurement at 300 K showed that these microstructures exhibited

ferromagnetic character. The probable formation mechanism of the microcrystals was discussed on the

basis of the experimental results.

& 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Magnetic materials have become the focus of intense research
owing to their potential applications in high-density data storage,
medical diagnosis, and bioseparation [1–5]. In most cases, the
magnetic nanocrystals are superparamagnetic at room tempera-
ture because of their small dimensions and, thus, are not usable
for many applications, such as magnetic recording. One way to
increase the magnetic anisotropy of the particles is to modify their
shape [6]. Another possible way to improve the magnetic
anisotropy is to assemble nanocrystals into mutlidimensional
morphologies [7–9].

Ferromagnetic cobalt has received considerable attention both
theoretically and experimentally due to its extraordinary elec-
trical, catalytic, and magnetic properties, which are of interest for
basic scientific research and potential technological applications
in, for example, high-density information storage, magnetic
sensors, etc. [10–14]. It is well known that the properties of the
products significantly depend on their morphologies and struc-
tures, so current research is focused on fabrication of ferromag-
netic cobalt with specific morphologies and functions. In recent
years, ferromagnetic cobalt with a wide range of morphologies
such as wires [15,16], rods [7–9,17], disks [18], and rings [19,20]
have been successfully synthesized. Various synthetic methods,
ll rights reserved.
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including thermal decomposition of cobalt carbonyl [18,21,22]
and organometallic precursors [7], template-mediated synthesis
[23], solvothermal methods [24,25], and direct reduction method
at room temperature [26], have also been proposed and demon-
strated to prepare ferromagnetic cobalt. In addition to one-
dimensional (1D) or two-dimensional (2D) assembled structures,
some efforts have been focused on fabricating curved structures
such as dendritic structures. Recently, Srivastava et al. [27] stated
that bowl like cobalt was prepared by the infiltration of precursors
in the interstitials of a colloidal template of polystyrene spheres.
Imre and Balázs [28] synthesized tree like cobalt using an
electrodeposition method. Hou et al. [29] synthesized uniform
Co spherical assemblies by a facile hydrothermal reduction
approach in the presence of surfactants of SDBS and found that
the ordered spheres exhibit a high surface area and ferromagnetic
character. Liu et al. [30] synthesized the highly ordered snowflake
like metallic cobalt microcrystals via a hydrothermal reduction
route in which it is easy to control the morphology and structure
of snowflake like metallic cobalt nanocrystals by adjusting process
parameters such as hydrothermal time and aqueous hydrazine
concentration. Although the cobalt complex structures were
synthesized by the above groups, design of a general method for
the preparation of metal microstructures with a broad range of
well-defined and controllable morphologies is still needed in
order to fully exploit their peculiar properties and unique
applications. In our previous work [31], we synthesized uniform
Ni dendritic nanostructures by a facile hydrothermal reduction
approach using cetyltrimethylammonium bromide (CTAB) as
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surfactant in high basic media. It is significant to utilize this
method to synthesize other ordered metallic dendritic structures,
such as cobalt.

Herein we present the spontaneous, large-scale and hierarch-
ical self-assembly of ordered cobalt microstructures. The ordered
cobalt nanostructures were synthesized by hydrothermal redu-
cing reaction in highly concentrated NaOH solution under mild
conditions. In this synthetic system, soluble hydrated cobalt
chloride was employed to supply a Co source, sodium hydroxide
was used as a precipitator, aqueous hydrazine was used as a
reducing agent, and CTAB was used as surfactant. These cobalt
microstructures can be expected to bring new opportunities in
vast research and application fields, such as sensors, microdevices,
and magnetic cells.
2. Experimental

All reagents were analytic grade from Beijing Chemical Reagent
Ltd. and were used without further purification. Cobalt microsized
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Fig. 1. XRD pattern of the sample prepared by hydrothermal method at 160 1C in

10 mol/L NaOH solution for 8 h.

Fig. 2. SEM images of dendritic Co microstructures prepared by a hydrothermal reduci

microstructures.
dendrites were synthesized by hydrothermal method at suitable
temperatures. In a typical procedure, an aqueous solution of
35 mL was first prepared by dissolving CoCl2 �6H2O (1.5 g) and
CTAB (3.0 g) in deionized water. After adding 5 mL N2H4 �H2O
solution (v/v 80%) and 40 mL NaOH solution (20 mol/L) step by
step into the above solution, the mixture was vigorously stirred
for 10 min and then transferred into a teflon-lined stainless-steel
autoclave with a capacity of 100 mL for hydrothermal treatment at
160 1C for 8 h. After the autoclave had cooled down to room
temperature naturally, a black fluffy solid product was deposited
at the bottom of the Teflon cup, indicating the formation of
metallic Co. The final product was centrifuged, washed with
deionized water and absolute ethanol several times to remove any
alkaline salt and surfactants that remained in the final product,
and then dried under vacuum at 40 1C for 48 h. The parameters
that are essential for the special dendrite formation were studied
by varying temperature, concentration of NaOH and the reaction
time.

XRD analysis was carried out on a Regaku D/max2500
diffractometer at a voltage of 40 kV and a current of 200 mA with
Cu-Ka radiation (l ¼ 1.5406 Å), employing a scanning rate
0.021 s–1 in the 2y ranging from 51 to 901. Transmission electron
microscope (TEM) images and electron diffraction (ED) patterns
were recorded on a Hitachi-600 TEM at an accelerating voltage of
200 kV. The scanning electron microscopy (SEM) images and
electron dispersive X-ray spectrum (EDX) were obtained using a
HITACHI S-4300 microscope and EMAX Horiba, respectively.
Magnetic measurements were carried out at 300 K using a
vibrating sample magnetometer (VSM, Lakeshore 7307, USA) with
a maximum magnetic field of 10 kOe.
3. Results and discussion

Fig. 1 is the XRD pattern for the as-prepared Co sample
synthesized via hydrothermal method in a high NaOH concentra-
tion solution system at 160 1C for 8 h. The peaks are assigned to
diffraction from the (10 0), (0 0 2), (10 1), (10 2), (110) and (10 3)
planes of hexagonal close-packed (hcp) Co, respectively, which are
ng reaction. (a) Low magnification; (b) high magnification; (c) EDX spectrum of Co
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in agreement with the values in the JCPDS card (no. 05-0727).
From the pattern, other characteristic peaks presenting cubic
close-packed (ccp) Co have been observed, which indicates that
both hcp and ccp phases of Co coexist in the sample. Generally,
cobalt is stabilized in the hcp structure. The presence of ccp Co
can be explained by the fact that the rapid growth of these
Fig. 3. TEM photograph (a) and ED patter

Fig. 4. SEM images of the samples prepared under different NaOH concen
structures causes considerable tensile stress. Though the hcp
structure is the most stable phase for bulk Co at room
temperature, ccp and hcp phases coexists in the same cobalt
sample as relatively stable phases, as reported by Sun and Murray
[32]. The ccp and hcp phases of cobalt are close-packed structures
that differ only in the stacking sequence of atomic planes in the
n (b) of Co dendritic microstructures.

trations. (a) 2 mol/L; (b) 5 mol/L; (c) 15 mol/L; (d) 4 h; (e) 6 h; (f) 12 h.
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Fig. 5. (a) SEM image of the sample prepared without CTAB; (b) schematic

drawing of the formation mechanism for the cobalt microstructures.
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Fig. 6. Hysteresis loops of cobalt nanostructures at 300 K.
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cubic [111] direction. Low stacking faults energy could easily lead
to the formation of both phases in the same sample.

Figs. 2a and b are the SEM images of the sample with different
magnifications. The images show that the as-prepared samples
are dendritic morphologies and most of the leaf like flakes
exhibit radiating arrangement from the center. The uniformity of
crystalline Co shows a good growth environment for Co dendrites.
The chemical composition (atomic percent) is determined by EDX
analysis under N2 atmosphere. Fig. 2c shows a representative EDX
spectrum of Co microstructures. In addition to the cobalt peaks, an
oxygen and a carbon peak are also present; the low oxygen
content may result from the Co surface oxidized by O2 in the air
because of high reaction activity of elementary Co, while the
carbon content is ascribed to the conductive resin used to hold the
sample.

The structure of the product was further examined with TEM
and ED, as shown in Fig. 3. TEM image (Fig. 3a) demonstrates that
the length of the main trunk is about 8mm and diameters of the
branches are 0.5–2mm. The angles between the main trunk and
side branches are close to 601. ED pattern of an individual side
branch reveals that it has two crystal structures with hcp and ccp
phases. Furthermore, the ED patterns of the dendrite in different
areas of an individual dendritic flake are almost the same. The ED
pattern is matched with the XRD results.

The reduction mechanisms of Co element were described in
detail in the literatures [26,30]. Before the hydrothermal treat-
ment, soluble cobalt ions will first react with sodium hydroxide
solution to form Co(OH)2 precipitate, which can dissociate in
water and form Co2+ slowly. Then N2H4 �H2O can reduce Co2+ into
metal Co via hydrothermal treatment.

The parameters that are essential for the special dendrite
formation were studied by varying the hydrothermal temperature,
the concentration of NaOH, the reaction time and CTAB, keeping
other conditions unchanged. It can be seen from Figs. 4a–c that
the concentration of NaOH has great influence on the formation of
Co microstructures. When the concentration of NaOH is 2 or
5 mol/L, Co plate like structures are produced. While the
concentration of NaOH increases to 15 mol/L, the morphology of
the product is similar to dendritic structure, but the branches are
plate like. It can be explained from the above results that NaOH
concentration affects the reaction kinetics through tuning the
dissolution–deposition equation of Co(OH)2 and further affects
the morphology of products. According to Peng’s theory [33], the
high chemical potential generated by a high monomer concentra-
tion in the growth solution favors grown along a certain direction.
However, the higher NaOH concentration does not favor the
formation of Co dendritic structures but prefers plate like
structures. It is possible that the increase of the reactant
concentration causes the increase of solution viscosity and the
decrease of Co nuclei, which results in the formation of plate like
Co structures. We have also performed the experiments by
changing hydrothermal temperature. However, the temperature
does not show obvious effect on the morphology of the final
products. (The SEM images are omitted.) Figs. 4(d–f) show Co
dendrites prepared at different times, keeping other conditions
unchanged. When the hydrothermal reaction time is 4 or 6 h,
similar dendritic structures appeared (Figs. 4d and e), but the
branch length is very short. It can be found that the microcrystal
size increases with the increase of the reaction time. While the
time elongates to 12 h, the dendritic structures together with
platelike Co microcrystal were obtained. It can be concluded that
the reaction time had great influence on the growth of Co
dendritic microstructures.

To investigate the influence of the surfactant, comparision
experiments without CTAB were performed. It can be observed
from Fig. 5a that the platelike Co particles were formed, indicating
that the use of CTAB played a role in forming the dendritic
structures. As we know, CTAB as a cation surfactant can combine
with the growth unit, i.e. Co(OH)2, due to the action of coulomb
force [34]. However, the capsule of CTAB cannot be formed in the
aqueous solution at 200 1C, which is higher than 180 1C based on
the previous report [35]. Therefore, CTAB can absorb on the
surface of the growth unit as shown in Fig. 5b. Due to the
hydrophobic group around the circumference of CTAB, the growth
of cobalt is preferential. Finally, Co dendritic microstructures are
obtained due to the direct reduction under hydrothermal treat-
ment. Therefore, with a reduction of hydrazine in high basic
solution, highly ordered Co microstructures can be produced
under suitable conditions. High basic media can provide the
special environment favorable for the nucleation and growth of
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cobalt microcrystals with anisotropic morphologies. Meanwhile,
the strong crystalline intrinsic anisotropy of hexagonal cobalt
itself also influences the crystal structure and the final shape in
the present synthetic route [21].

As well-known, the physical and chemical properties of
functional materials strongly depend on the size, size distribution,
defect structures, and dimensions. The magnetic properties were
investigated by the magnetization dependence of applied fields at
300 K, as shown in Fig. 6. It can be observed that the sample
shows hysteresis behavior, revealing that the Co microstructures
are ferromagnetic. The saturation magnetization (Ms), remanent
magnetization (Mr), and coercivity (Hc) for the sample are
138.6 emu/g, 16.2 emu/g and 175 Oe, respectively. All these are
much lower than the corresponding values of the bulk cobalt
(Ms ¼ 168 emu/g, Hc ¼ 1500 Oe), and the coercivity value of the
sample is different from the coercivity of the reported data [30].
We thought that all the magnetic features different from the bulk
Co and other Co particles may be attributed to their special shape.
The present product has a relatively small coercivity, even though
it consists of hcp Co microstructures with high shape anisotropy.
This might be partly due to the multidomain structure and partly
due to surface oxidation. Generally, the Ms for magnetic materials
is lower than that for bulk material because the spin disorder on
the surface and surface oxidation would significantly reduce the
total magnetic moment. However, the magnetization hysteresis
loop is symmetric with respect to the zero fields. This suggests
that there is no exchange biasing effect caused by CoO, because
the exchange coupling between ferromagnetic Co and the
adjacent antiferromagnetic CoO would otherwise result in a shift
of the hysteresis loop. It also indicates that the as-obtained Co
microstructures have no significant oxidization.
4. Conclusions

In summary, we have successfully synthesized the highly
ordered metallic cobalt dendritic structures via hydrothermal
reduction method. The experimental results demonstrated that it
is possible to control the morphology and structure of metallic
cobalt crystals by adjusting process parameters such as NaOH
concentration. The shape, structure and magnetic properties of
the final products were investigated, and the formation mechan-
ism of metallic cobalt microstructures was also discussed. The
ordered microstructures exhibited ferromagnetic character. The
material can be expected to have promising applications for
catalysts and other related devices.
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