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Solvated 2D nanosheets of dodecylsulphate intercalated a.-cobalt hydroxide in 1-butanol are solvothermally
reduced to hexagonal close packed (hcp) Co metal multipods in the presence of oleylamine. 1-Butanol,
being a reducing solvent, facilitates the formation of Co metal. In addition to being a reducing agent,

. oleylamine also acts as a base which converts the metastable a-cobalt hydroxide nanosheets into f-
iizzgﬁ% ﬁtt: ?Izt\?ebi;?;gm hydroxide sheets. These sheets yield face centered cubic (fcc) CoO spheres which eventually grow into
hcp Co metal multipods. All the pods are single crystalline with growth direction being [001], making the

DOI: 10.1039/c6ra25309a multipods resemble stellated polyhedra with overgrown branches. The stellated Co metal multipods
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1 Introduction

Magnetic nanostructures exhibit size and shape dependent
unique magnetic properties.’” As a result, they are attractive
materials in ultra-high density magnetic recording,'*** catal-
ysis,"** sensing” and biomedicine."® Anisotropic nano-
structures of magnetic metals are known to exhibit high
remanence and coercivity."” This is because the high aspect ratio
of anisotropic structure creates a high demagnetizing field."”
Nanocubes of Ni exhibit four times enhancement in magnetic
saturation in comparison to superparamagnetic spherical Ni
particles of similar size.'® Cubic Co nanoskeletons exhibit higher
coercivity (145 Oe) compared to Co hollow shells (75 Oe).* CoPt
nanopolypods exhibit a coercivity of 525 Oe at room tempera-
ture, much higher compared to CoPt nanowires.*

Although well-defined multipods of semiconductor mate-
rials (CdS/Se/Te) are well documented, synthesis of multipods
of metals like Pt, Pd, Au, Ag and Rh has been challenging due to
the high degree of symmetry in the face centered cubic (fcc)
crystal structure.”**> The fact that existence of polymorphism
supports the synthesis of branched nanostructures was recently
demonstrated in the case of magnetic transition metal, Ni,
which is known to crystallize in fcc and hexagonal close packed
(hcp) phases.” It should be possible to synthesize multipods of
Co, which too exhibits a similar polymorphism. Besides the
interesting size-dependent structural, magnetic, electronic and
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exhibit high coercivity (H.), of 880 and 552 Oe at 2 K and 300 K respectively, due to shape anisotropy.

catalytic properties, the exponential dependence of magnetiza-
tion relaxation time on the volume and shape anisotropy has
triggered a lot of interest in the synthesis of cobalt nano-
structures for magnetic storage devices."

Multipods or branched metal structures with high surface
area are also attractive for sensor based applications and
have been shown to exhibit enhanced catalytic/electrocatalytic
activity.”*

Zero dimensional (nanocrystals," hollow spheres*/particles*),
one dimensional (nanorods,”® nanobelts,” nanowires,” nano-
chains®**), two dimensional (nanodisks,>* nanoplatelets,*
superlattices®*’) and three dimensional (flower-like,*® hyper-
branched?®) structures of cobalt metal have been synthesized and
are known to exhibit unusual intrinsic properties in comparison
to bulk. Synthesis and magnetic properties of multipods or highly
branched structures of cobalt metal are largely unexplored.

Exfoliation of layered transition metal hydroxides in
solvents yields colloidal dispersions of two-dimensional (2D)
metal hydroxide nanosheets.*® Solvated hydroxide nanosheets
can be chemically reacted at room temperature or under sol-
vothermal conditions to yield oxide nanostructures of inter-
esting morphologies.”***** Single step reaction, employing
solvated hydroxide nanosheets as precursor, results in unusual
shapes and interesting properties in contrast to multi-step
reactions involving metal salts/complexes and surfactants. In
this work, we describe the synthesis of hcp Co metal multipods
through solvothermal reduction of solvated 2D nanosheets of
dodecylsulphate (DS) intercalated «-cobalt hydroxide in the
presence of oleylamine. Here, the hcp Co multipods are formed
in the absence of fcc Co nuclei as intermediates and these
multipods exhibit high shape anisotropy due to high pod
density and the high crystallinity of the individual pods.
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2 Experimental

2.1 Synthesis of dodecylsulphate intercalated a-cobalt
hydroxide

Co(OH); 67(DS)o.33-1.1H,0, was synthesized as described in our
earlier work.”” A solution (35 mL) containing cobalt acetate
(1.24 g) and sodium dodecylsulphate, DS (1.44 g) was added to
50 mL of 0.5 M aqueous NH; solution with constant stirring.
The green precipitate obtained was immediately centrifuged,
washed free of anions with water and then with acetone and
dried in air at room temperature.

2.2 Synthesis of Co metal multipods

A mixture of 40 mg of DS intercalated a-cobalt hydroxide and
45 mL of 1-butanol was subjected to sonication, for 45 min. To
the resulting colloidal dispersion, 5 mL of oleylamine was
added and sonication was continued for another 15 min. The
dispersion was transferred into a Teflon lined autoclave. The
autoclave was sealed and heated at 220 °C for 24 h. The black
solid obtained was washed with ethanol and dried at room
temperature under vacuum. In order to observe the interme-
diate stages, the reaction was carried out for different time
durations - 4, 8 and 16 h. As control experiments, the synthesis
was repeated (i) in the absence of oleylamine and (ii) with cobalt
acetate in the place of DS intercalated a-cobalt hydroxide.

2.3 Characterization

All the samples were analyzed by recording powder X-ray
diffraction (XRD) patterns using PANalytical X'pert pro diffrac-
tometer (Cu Ko radiation, secondary graphite monochromator,
scanning rate of 1° 20 min'). Scanning electron microscopy
(SEM) images were recorded on a Hitachi S4800 electron
microscope operating at 15 kV. Transmission electron micros-
copy (TEM) images were recorded using a JEOL F3000 micro-
scope operated at 300 kV. The isothermal magnetization [M(H)]
at 2 K and 300 K was measured using a superconducting
quantum interference device (SQUID-VSM) magnetometer.

3 Results and discussion

A series of 00! reflections in the XRD pattern (Fig. 1a) of the
precursor, DS intercalated a-cobalt hydroxide, suggests that
the layered solid is well ordered along the stacking direction.
The basal spacing of 25.8 A, calculated from these reflections,
confirms the incorporation of DS anions. DS intercalated
a-cobalt hydroxide readily exfoliates in 1-butanol, on sonica-
tion, resulting in a colloidal dispersion of the hydroxide
nanosheets. The absence of 00/ reflections and presence of
only in plane 2D reflections at 26 ~33° and 60° in the XRD
pattern of the dispersion (Fig. 1a, inset) indicate that solvation
causes the a-cobalt hydroxide layers to separate out and behave
as independent 2D nanosheets.*” The XRD pattern of the
black powder, obtained on solvothermal reduction of DS
intercalated a-cobalt hydroxide nanosheets in the presence of
oleylamine (Fig. 1b), could be indexed to pure hcp Co metal
(JCPDS no. 5-727).
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Fig. 1 XRD patterns of DS intercalated a-cobalt hydroxide (a) and Co
metal obtained on solvothermal reduction (24 h) of colloidal disper-
sion of DS intercalated a-cobalt hydroxide (b). The in situ XRD pattern
of the colloidal dispersion of DS intercalated a-cobalt hydroxide in 1-
butanol is shown as inset in (a).

The hcp Co metal obtained on solvothermal reduction
of dodecylsulfate intercalated a-cobalt hydroxide exhibits
a uniform morphology of three dimensional multi-pod assem-
blies (Fig. 2). Each assembly consists of multiple pods origi-
nating from a common core. The mean diameter and length
of the pods are ~130 nm and ~320 nm respectively. The tips of
the hcp Co metal pods are flat and in the shape of hexagons of
~190 nm width. Though the pods are of uniform dimensions
the assemblies vary in the density of pods. Most of the multi-
pods have more than ten pods.

Bright field TEM images of the multipods shown in Fig. 3a
and b reveal that neither the pods nor the core is hollow. The
selected area diffraction (SAED) patterns of multiple pods
(Fig. 3c) and of a single pod (Fig. 3d) suggest that the pods are
single crystalline in nature and the growth direction of indi-
vidual pods in the assemblies could be [001]. The hexagonal
facets at the ends of the pods as seen in the SEM image (Fig. 1b)
further indicate that the growth direction of the pods is [001].
Thus the multipods resemble stellated polyhedra with the pods
overgrown along [001] from the core.

Fig. 2 SEM images of stellated Co metal multipods.

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 Low (a) and high (b) magnification bright field TEM images of
stellated Co metal multipods and electron diffraction pattern from
multiple pods (c) and a single pod (d) of the multipods.

In order to understand the growth mechanism of the stel-
lated Co metal multipods, intermediate structures were isolated
by quenching the reaction at different time intervals. The XRD
pattern (Fig. 4A(a)) and TEM image (Fig. 4B) suggest that
intermediate obtained at the end of 4 h consists largely of
B-Co(OH), nanosheets. Oleylamine, as a reactant, contributes to
the basicity of the reaction mixture thus inducing de-
intercalation of DS anion of a-cobalt hydroxide leading to top-
otactic transformation of the metastable a-cobalt hydroxide
nanosheets to more stable B-Co(OH), nanosheets.

As the reaction proceeds (8 h), B-Co(OH), is decomposed to
fec CoO (Fig. 4A, b) and during this dehydroxylation step, the
thin nanosheets role into spheres of varying sizes, ~200-
500 nm in diameter (Fig. 4C and D). The full width at half
maximum (fwhm) of the Bragg reflections in XRD (Fig. 4A(b))
and the diffuse ring electron diffraction (ED) pattern (ESI,
Fig. S11) suggest that these spheres are polycrystalline aggre-
gates of CoO nanocrystals. The reducing nature of butanol and
oleylamine not only support the formation of fec CoO compared
to the more stable spinel Co;O, but also facilitates further
reduction of fcc CoO to hep Co metal (Fig. 4A(c)), as the reaction
proceeds further (16 h). TEM images of the intermediate ob-
tained at the end of 16 h (Fig. 4E and F) reveal that the dense
spheres germinate into pods of hcp Co metal in all directions
(Fig. 4E and F) thus indicating that these spheres act as nucle-
ating cores. The smaller spheres result in less dense multipod
assembly compared to the larger spheres (Fig. 4F).

The control experiment using cobalt acetate salt as precursor
under similar experimental conditions results in the formation
of spherical flower-like aggregates of thin flakes of fcc Co (ESI,
Fig. S2%), indicating that using DS intercalated of o-cobalt
hydroxide nanosheets as precursor seems to be crucial for the

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 (A) XRD patterns of the intermediates obtained on solvothermal
decomposition of DS intercalated a-cobalt hydroxide in 1-butanol in
the presence of oleylamine at the end of 4 (a), 8 (b) and 16 h (c). Bright
field TEM images of the intermediates obtained at the end of 4 h (B),
8 h (Cand D) and 16 h (E and F).

formation of hcp Co multipod assemblies. When the reaction
was carried out starting from a-cobalt hydroxide nanosheets but
in the absence of oleylamine there was no conversion and the
a-hydroxide remained almost intact. This suggests that the
basicity and the reducing action of oleylamine are important for
the formation of the multipods.

In the absence of the formation of fcc Co nuclei at any stage
of the reaction, we may explain the formation of the multipods
by a pair of pseudotopotactic transformations. The arrange-
ment of Co atoms in [001] direction of the hexagonal B-cobalt
hydroxide is the same as that of the [111] planes of the cubic
Co00.” Thus the hydroxide is converted into the cubic CoO
readily in a pseudotopotactic fashion. During this trans-
formation the erstwhile hydroxide sheets roll up to give CoO
spheres. These polycrystalline spheres are aggregates of CoO
nanocrystals with their [111] facets exposed on the surface of
the sphere. The growth of the Co metal pods originates from
these [111] facets of CoO. As the arrangement of Co atoms in
hep Co metal in the 001 direction is the same as that of the [111]
planes of the cubic CoO* the growth direction in the pods is

RSC Aadv., 2017, 7, 1413-1417 | 1415
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[001]. The high surface energy of the [111] facets of CoO facili-
tate the preferential nucleation of hep Co on these facets.”
Magnetization measurements were carried out on the stellated
hep Co multipods as the unique arrangement of these multipods
is expected to play an important role on the magnetic properties.
The temperature dependence of the magnetization (ESI, Fig. S37)
shows no magnetic transitions in the 2-300 K temperature range,
as pure Co presents a Curie temperature around 1400 K. Magnetic
hysteresis loops [M(H)] (Fig. 5a) were measured on the powder
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Fig. 5 Magnetic properties of stellated Co multipods. (a) The hyster-
esis loops of the Co multipods at 2 and 300 K. (b) The comparison of

coercive fields at 2 and 300 K. (c) The comparison of the coercive fields
for the different cobalt nanostructures with bulk.
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sample such that the individual stellated multipods are randomly
oriented.>**** The saturation magnetization (Ms) at 2 and 300 K of
the stellated Co multipods are 141.9 and 139.2 emu g, respec-
tively. The Mg is about 17% lower than the value reported for Co
bulk (168 emu g ').?® While the presence of synthesis-related
impurities or antiferromagnetic oxides on the surface can never
be completely ruled out,***® the lower Mg may also be understood
as a consequence of this particular multipod arrangement.

Here, each pod is a single crystalline, hexagonal-based pillar,
where the long growth axis corresponds to the 001 c-axis which
is the easy magnetization direction in Co. These pods are rigidly
attached to a core as to form a radial or stellated structure,
where each pod will have their easy magnetization axis along
their own growth direction. Due to magnetocrystalline anisot-
ropy, when a magnetic field is applied to the stellated Co mul-
tipod, the contribution of each pod to the net magnetization
will depend on the angle between the c-axis of that pod and the
external magnetic field. The larger the angle between a pod's ¢-
axis and the applied magnetic field, the larger the component
perpendicular to the field of the individual pod magnetization
will be, thus lowering the net magnetization. Notice that there is
a symmetry point perpendicular to the applied field, ie. the
pods pointing down in relation to the magnetic field will
contribute in the same way as those pointing up. The stellated
multipod arrangement should also give rise to larger shape
anisotropy, resulting in high coercive fields.

This is indeed observed, as the coercive fields (Fig. 5b) of the
stellated Co multipods at 2 and 300 K are 880 and 552 Oe,
respectively. The coercive field at 300 K is greatly enhanced,
compared to the bulk (10 Oe)*® as well as other nanostructures.
In Fig. 5c coercive field values at 300 K for bulk, nanochains,**°
nanoparallelepipeds,”® nanoskeletons," nanowires,*® hyper-
branches® and nanobelts® are presented for comparison.

4 Conclusions

In summary, a pseudotopotactic transformation of cobalt
hydroxide nanosheets under solvothermal conditions yields
single crystalline stellated cobalt metal multipods. Analysis of
the intermediates indicate the transformation of hydroxide
nanosheets to fcc CoO spheres and subsequently its conversion
to hep Co multipods. Due to shape anisotropy, the stellated Co
multipods exhibit high coercivity in comparison to the bulk as
well as other nanostructures of cobalt. This study opens up
possibilities to explore 2D nanosheets of metal hydroxides as
macromolecular precursors to synthesize nanostructures of
metastable phases of metals and metal alloys.
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