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Cobalt nanoparticles have been synthesized via a novel, foam-based protocol. The foam is formed from an
aqueous mixture of Co>" ions, an anionic surfactant and oleic acid where the cobalt ions are electrostatically
entrapped by the surfactant at the thin borders between the foam bubbles and their junctions. The entrapped
cobalt ions may be reduced in-situ by a moderately strong reducing agent resulting in the formation of
nanoparticles with the foam playing the role of a template. The nanoparticles are immediately capped and
stabilized against oxidation by oleic acid present in the foam matrix. The oleic acid-capped Co nanoparticles
can be redispersed either in an aqueous or organic medium making this procedure very attractive. The cobalt
nanoparticles are readily converted to CocoreAgshenr Nanoparticles by simple addition of a silver salt to the Co
nanoparticle solution, the cobalt atoms on the nanoparticle surface acting as localized reducing agents for

the silver ions.

1 Introduction

Transition metal nanoparticles, especially those of Fe, Co and
Ni are considered to be very important for many technological’
and catalytic? applications. When synthesized in an aqueous
medium, these nanoparticles are favored for various biological
applications.> However, one of the drawbacks of the synthesis
of Fe, Co and Ni nanoparticles in an aqueous medium is that
they are highly unstable and undergo oxidation necessitating
their use immediately after preparation.* To overcome the
problem of oxidation, attempts have been made to synthesize
these nanoparticles in an organic environment with suitable
protective agents.” In this paper we restrict our discussion to
cobalt nanoparticles although the general chemistry involved in
the nanoparticle synthesis of other two metals, namely Fe and
Ni, is rather similar. The general synthetic procedure adopted
for the synthesis of cobalt nanoparticles generally proceeds
along two pathways: (i) a reverse micelle-based method, and (ii)
purely organic solution-based methods. Reverse micelles are
water droplets in oil stabilized by a monolayer of surfactant.
Preparation of cobalt nanoparticles by this method involves
multiple steps with the preparation of Co(AOT), [AOT =
bis(2-ethylhexyl) sulfosuccinate] being the first step.®* Sub-
sequently, micellar solutions of Co(AOT), with Na(AOT) and
sodium borohydride in water with Na(AOT) are mixed to carry
out the reduction of Co®" ions. They are then extracted under
anaerobic conditions, covered with trioctylphosphine and
redispersed in pyridine.®* Purely organic-based methods also
involve complex synthetic procedures and high temperatures
where [Co,(CO)g] is reduced with the hot trioctylphosphane-
oxide (TOPO) reagent.®” The resulting Co nanoparticles are
stabilized by the TOPO itself or in several cases by organic
carboxylic acids like oleic acid and lauric acid, etc., which are
taken together with TOPO. High temperature polyol processes
in which a high boiling point alcohol is used both as solvent
and as reductant have also been successful in synthesizing
cobalt nanoparticles.” Here, the typical synthetic procedure
involves the addition of 1,2-dodecanediol to hydrated cobalt

acetate in diphenyl ether, in presence of oleic acid and trioctyl-
phosphene at 250 °C, where particle size control is achieved by
changing the relative concentrations of cobalt acetate and oleic
acid. The above procedures have been quite successful in
obtaining good quality Co nanoparticles in organic solvents
and generally result in the formation of ordered arrays of
superlattices upon drying on suitable substrates.>”’ However,
the complexity involved in the above synthetic procedures is
quite evident, requiring many steps (reverse micelle method)
and the use of non-regular chemicals (purely organic-based
methods). It is also clear that scaling up of these synthetic
procedures will be rather cumbersome. As mentioned above,
for biological applications as well as scaling up purposes the
synthesis of these nanoparticles in an aqueous medium is pre-
ferred. For these reasons we have been looking for alternative
avenues for the synthesis of Fe, Co and Ni nanoparticles in
water using simple salts routinely available in the laboratory as
metal sources with an option for scaling up the yield relatively
easily.

Herein we report the synthesis of cobalt nanoparticles using
liquid foams as a template. Liquid foams have been restricted
to the domain of physicists so far, where the majority of studies
have been carried out to understand the physics of foams with
respect to their formation and stability.® Davey and co-workers
have used foams as templates for the nucleation of calcium
carbonate crystals’ but the possibility of carrying out chemical
reactions in foams as a means of synthesis of materials with an
in-built, scale-up option is still in its infancy. We have recently
embarked on a program aimed at understanding the use of
liquid foams in the synthesis of nanomaterials. Our strategy
involves the formation of foams with aqueous solutions of
metal ions and a suitable anionic or cationic surfactant (depend-
ing on the charge of the metal ion) as the first step as shown
in Scheme 1. Subsequently, the desired chemical reaction
such as reduction (for preparation of metal nanoparticles)
or complexation (for the preparation of minerals) is carried
out resulting in the formation of the required nanomaterials
within the foam. The first studies on the formation of gold
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Scheme 1 Drawing showing the different steps involved in the foam-based synthesis of stable cobalt nanoparticles. Steps 1 and 2 are described in

the text in detail.

nanoparticles in foams have yielded interesting results with
some indication of morphology variation in the gold nano-
particles that reflects the complex structure of the foam.'® In
this paper, we extend this process for the synthesis of cobalt
nanoparticles. Initial studies on the formation of Co nano-
particles by complexing Co>" ions with pure sodium dodecyl
sulfate (SDS) as the foaming surfactant did not yield stable
nanoparticles in water. We then revised our strategy and oleic
acid was taken along with SDS to form the foam. The resulting
Co nanoparticles from this revised strategy were quite stable in
both aqueous as well as organic media.

We have also devised a simple strategy to prepare core—shell
structures of cobalt and silver, respectively. Preparation of
core—shell nanomaterials assumes significance for two reasons:
(i) improved stability of the nanoparticles, and (ii) flexibility in
surface modification. It is recognized that it is quite easy to
modify the surfaces of noble metal nanoparticles like gold and
silver using simple thiol or amine chemistry.!' We envisaged
that if we can prepare core—shell structures of Co (core) and Ag
(shell), it would not only render the cobalt nanoparticles more
robust chemically but also provide us with the manipulative
ability to modify the surface properties of the Co nanoparticles.
To make the Co,,cAgsney Nanostructures, we have employed a
simple transmetallation'? reaction wherein the cobalt atoms
residing on the surface of cobalt nanoparticles were effectively
used as reductants for aqueous silver ions. Thus, the use of
surface cobalt atoms as a reducing agent would yield core—shell
structures thereby obviating the need to employ an external
reducing agent for Ag ions. The Co and Co.oreAghen NAN0-
materials were characterized by transmission electron micro-
scopy (TEM), selected area electron diffraction (SAED),
Fourier Transform Infrared (FTIR) spectroscopy, UV-visible
spectroscopy and powder X-ray diffraction methods. Presented
below are details of the investigation.

2 Experimental details
2.1 Chemicals

Cobalt chloride hexahydrate (CoCl,-6H,0), SDS (sodium dodecyl
sulfate), silver sulfate (Ag,SQOy), oleic acid (cis-9-octadecenoic acid,
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C;7H33COOH) and sodium borohydride (NaBH,) were
obtained from Aldrich Chemicals and used as-received.

2.2 Preparation of cobalt-silver nanocrystals in aqueous SDS/
oleic acid foam

In a typical experiment, a rectangular column of 50 cm height
and a square base of 10 x 10 cm? with sintered ceramic discs
embedded in it were used for generation of the foam. An
aqueous mixture of 50 ml of 1 x 1073 M cobalt chloride
solution, 10 ml of 1 x 1073 oleic acid in methanol and 40 ml of
1 x 107! M SDS was taken in the rectangular column and the
foam built up by injecting nitrogen at a pressure of 1-5 psi
through the porous ceramic disc fixed to the bottom of the
foam column. Stable foams of up to 50 cm height could be
routinely obtained. After carefully draining out the excess
aqueous SDS/oleic acid and CoCl, solution in the foam, the
cobalt ions in the foam were subjected to reduction by spraying
sodium borohydride solution into the foam. As the cobalt ions
were reduced and nanoparticle formation progressed, the foam
changed to a gray color and gradually collapsed. The collapsed
foam solution containing the cobalt nanoparticles was col-
lected through an outlet provided at the bottom of the column.
This solution was then subjected to centrifugation at 5000 rpm
for 30 min following which the pellet and supernatant were
separated. The pellet was washed several times with ethanol
before further characterizations were carried out. This pellet
could be easily redispersed either in water or organic solvents
like toluene. In a control experiment the foam was formed
without prior addition of oleic acid and the reduction carried
out. Although the experiment progressed exactly the same way
as in the presence of oleic acid, the final cobalt nanoparticle
solution was extremely unstable and, except with TEM, no
further characterization could be carried out.

For the preparation of core—shell particles, the pellet of oleic
acid-stabilized Co nanoparticles (5 ml) after centrifugation was
collected, washed several times with ethanol, and to this 1 ml of
5 x 107> M Ag,SO, solution was added. The color of the
solution immediately changed to brownish yellow indicating
formation of the Ag shell.
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2.3 UV-vis spectroscopic studies

The optical properties of the cobalt and CogoreAgnenr NAnNo-
particle solutions were monitored using a Jasco UV-vis spectro-
photometer (V570 UV-VIS-NIR) operated at a resolution of
2 nm.

2.4 Fourier transform infrared (FTIR) spectroscopy
measurements

FTIR spectra were recorded from drop-coated films of the
samples deposited on a Si (111) substrate on a Perkin Elmer,
Spectrum-One Spectrometer operated in the diffuse reflectance
mode at a resolution of 4 cm ™! The spectrum of pure oleic acid
was also recorded for comparison.

2.5 X-Ray diffraction (XRD) measurements

XRD measurements on the Cogore and CocoreAgshenr NANO-
particles were performed by casting the respective nanoparticle
solutions in the form of films on glass substrates by simple
solvent evaporation. The diffraction measurements were carried
out on a Philips PW 1830 instrument operating at 40 kV and a
current of 30 mA with Cu Ka radiation

2.6 Transmission electron microscopy (TEM) measurements

TEM measurements were performed on a JEOL model
1200EX instrument operated at an accelerating voltage of
120 kV. Samples for TEM studies were prepared by placing a
drop of the solutions on carbon-coated copper grids. The films
on the TEM grids were allowed to dry for 2 min following
which the extra solution was removed using a blotting paper.

3 Results

Fig. 1A shows the TEM image of cobalt nanoparticles pre-
pared with just SDS and cobalt ions as the foam constituents.
Particles with typically tape-like morphology are observed
along with a smaller percentage of spherical particles. The
SAED from these particles is shown in Fig. 1B, which clearly
supports the formation of crystalline cobalt nanoparticles. It is
important to note here that this particular sample was imaged
immediately (within minutes) after the sample preparation. The

100 nm

Fig.1 (A) TEM pictures of cobalt nanoparticles. These were
obtained when the foam was formed from the aqueous mixture of
Co*" ions and SDS. (B) Selected area electron diffraction from the
same particles. The diffraction could be indexed to the fcc phase of
cobalt.

cobalt nanoparticle solution prepared with only SDS as the
foaming agent was generally grayish-black immediately after pre-
paration. However, within minutes this solution was observed
to turn green. Powder X-ray diffraction analysis (results not
included here) of a film prepared from this green solution
revealed the formation of cobalt oxide. Hence this procedure
was abandoned and we have used an alternative strategy for
obtaining stable cobalt nanoparticles in aqueous/organic
solutions.

The TEM micrographs of the nanoparticles obtained by
the alternative strategy where oleic acid was added to the
surfactant/cobalt ion solution prior to the formation of foams
are displayed in Fig. 2A and B. A perceptible change in the
morphology and arrangement of the nanoparticles is clearly
visible. This suggests an important change in the environment
around the cobalt ions when the reduction is taking place inside
the foam. The particles are predominantly spherical and of
uniform size. Analysis of the particle size histogram obtained
from measurement of the diameters of over 250 particles
revealed the average size to be 11 + 3 nm (Fig. 2C). These
particles are also highly crystalline as can be clearly seen from
the electron diffraction which can be well indexed to fcc phase
cobalt (inset Fig. 2A).% Further evidence for the existence of
the fcc phase is given in the XRD pattern of solution-cast films
of oleic acid-stabilized Co nanoparticles (curve 1, Fig. 2D).
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Fig.2 (A), (B) TEM pictures, from different areas on the grid, of cobalt nanoparticles obtained when oleic acid was added to the Co?* and SDS
aqueous mixture prior to the formation of foam. The SAED pattern indexed to fcc cobalt is included as the inset in (A). (C) A particle size histogram
of Co nanoparticles. (D) XRD patterns recorded from films of Cogre (curve 1) and CocoreAgshen Nanoparticles (curve 2) solution-cast onto glass

substrates.
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This is in agreement with earlier reports wherein it was
observed that while bulk cobalt assumes an hcp phase, smaller
particles, especially in the nanoscale regime, crystallize in the
fcc phase.'® These Co nanoparticle solutions were highly stable
in aqueous medium against oxidation and sedimentation
and could be stored as solutions for long periods of time. An
aqueous/organic dispersion of these nanoparticles could be
readily obtained by separating the nanoparticles from water by
centrifugation and redispersing the resulting paste-like pellet in
water/organic solvents such as toluene. Efrima and co-workers
obtained similar results where oleic acid-capped silver nano-
particles were found to be dispersible in both aqueous as well as
organic media."* Thus, this simple foam-based synthetic
procedure yields stable dispersions of cobalt nanoparticles in
aqueous as well as organic media.

As mentioned in the introduction, preparation of cobalt core
and noble metal shell nanoparticles improves their stability as
well as providing one with the additional manipulative ability
associated with noble metal shells. For the preparation of
CocoreAgsnen Nanoparticles, we have used a simple transmetalla-
tion'? reaction taking advantage of their respective redox
potentials (vide infra). The striking difference in the contrast of
the TEM pictures recorded from the Co nanoparticle solution
after addition of silver salt (Figs. 3A-C) clearly reveals the
darker Co core and lighter Ag shell. The electron diffraction
from the core—shell structures (Fig. 3D) could be indexed based
on the fce structure of silver. The SAED pattern did not show
any reflections that could be associated with the core cobalt
nanoparticles. While this is not fully understood at this stage, a
possible explanation could be that the presence of a thick Ag
shell (ca. 5-10 nm thick) prevents efficient electron scattering
from the cobalt core. Such penetration depth issues would
not be important in XRD analysis of the core—shell structures.
The XRD pattern recorded from a solution-cast film of the
COcoreAgsnenn Nanoparticles is shown as curve 2 in Fig. 2D. In
addition to the Coc.. Bragg reflections, the crystalline Aggen
contributes to the signal. The silver Bragg reflections could be
indexed on the basis of the fcc structure as shown in the figure.
The optical properties of the oleic acid-stabilized Co nano-
particle and the CocoreAgsnen solutions were probed by UV-vis
spectroscopy (Fig. 4A, curves 1 and 2, respectively). Cobalt
nanoparticles do not have any noticeable absorption in the
UV-visible region (curve 1) and the spectrum obtained matches
well with reported UV-vis spectra of cobalt nanoparticles.'
After reaction of the Co nanoparticle solution with Ag,SQOy, a

111m

Fig.3 (A), (B) and (C) TEM pictures of CocoreAgshen Nanoparticles
from different areas of the TEM grid. (D) Selected area electron
diffraction from these particles.
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Fig.4 (A) UV-vis spectra of the cobalt nanoparticle (curve 1)
solution and that of the CooeAgsnen Nanoparticle solution (curve 2).
(B) FTIR spectra of pure oleic acid (trace 1), Co nanoparticles capped
with oleic acid (trace 2), and Co.oeAgsnen Nanoparticles capped with
oleic acid (trace 3).

clear peak around 410 nm is observed and is attributed to the
formation of metallic silver in the nanoscale regime. This
absorption band arises due to excitation of surface plasmon
vibrations in the Ag shell. The FTIR spectra obtained from
pure oleic acid, Co nanoparticles covered with oleic acid and
CocoreAgshenn Nanoparticles are displayed in Fig. 4B (spectra 1,
2 and 3, respectively). The carboxylic acid band around
1707 em™ ! in pure oleic acid is shifted to 1553 cm™ ! in the
presence of Co nanoparticles and to 1611 cm™! after the Ag
shell is formed. These shifts clearly indicate that the chemical
environment in which the carboxylic acid is present is different
in each step of our synthesis: in the first step it is on the surface
of the Co nanoparticles and then in the CocoreAgshen case it is
bound to the Ag surface. Although it is difficult to unequivo-
cally ascertain the formation of core-shell structures from
UV-vis and FTIR studies alone, these results in conjunction
with the TEM pictures and X-ray diffraction results, and the
fact that the reduction of Ag' ions can take place only on
the surface of cobalt nanoparticles, clearly provide evidence for
the formation CocoreAgsnen Structures.

4 Discussion

After the excess liquid has been drained out of the foam, there
are essentially two spatially distinct locations in the foam where
metal nanoparticle nucleation and growth could occur. One is
the extremely thin region between two air bubbles. Here, the
‘liquid lamellae’ are very similar to two Langmuir mono-
layers juxtaposed one on top of the other with the thickness
corresponding to a few nanometers. The second location is the
junction of four air bubbles (Scheme 1). This contains a slightly
larger liquid pool generally of micron dimensions. In both
these locations, Co>" ions are expected to be present through
electrostatic complexation with the anionic surfactant,
SDS. The presence of two types of locations for cobalt ions
may enforce a shape variation in the resulting nanoparticles.
For example, the entrapment of cobalt ions in the liquid
lamellae and their subsequent reduction might result in flat
nanoparticles. However, we would like to caution that a
number of other factors, such as preferential binding of surfac-
tant molecules with specific crystallographic faces, ezc., may
lead to anisotropic crystal growth. Further work is required to
conclusively establish the role of spatially distinct regions in
the foam in directing morphology variation and this is
currently in progress. Formation of such anisotropic nano-
particles has been reported earlier where the metal ions
immobilized at the air—water interface were subjected to reduc-
tion.'® On the other hand, the junction between four bubbles is
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much more isotropic in extent and no such shape anisotropy
would occur for cobalt nanoparticles nucleated and grown at
these sites. We observe both flat particles as well as spherical
particles in the case of cobalt nanoparticles obtained with just
SDS present in the foam column along with cobalt ions. Similar
results were also obtained for Au nanoparticles with the foam-
based synthesis.'® However, the cobalt nanoparticles obtained
with these experimental conditions were extremely unstable
and cobalt oxide is formed within minutes, preventing us from
carrying out any further analysis of this sample. This suggests
that SDS is not a good capping agent for the cobalt nano-
particles and cannot protect them against oxidation.

The presence of oleic acid in the foam column changes the
scenario drastically. Not only did we obtain very stable cobalt
nanoparticles, the shape of the nanoparticles observed is
different as well in that now more spherical particles are
obtained. Both SDS and oleic acid are anionic surfactants and,
hence, owing to purely entropic considerations we expect both
these molecules to be present in the foam lamellae. However, it
is not clear at this stage what percentage of the oleic acid
molecules present in solution are transported to the surface of
the bubbles. It is likely that a large fraction of oleic acid (and
indeed SDS) is present in the water channels of the foam.
During in-situ nucleation and growth of the Co nanoparticles,
the stability of the Co nanoparticles formed in the foam con-
taining oleic acid suggests that oleic acid binds more strongly to
the surface of the Co nanoparticles than SDS. This may be
rationalized in terms of electrostatic complexation of car-
boxylic acid groups in oleic acid with unreduced Co ions bound
to the surface of the Co nanoparticles. This is supported by the
shifts observed for the carboxylate bands in FTIR spectra from
1707 cm ™! in pure oleic acid to 1553 cm ™! in the presence of Co
nanoparticles (Fig. 4B). This strong binding of oleic acid to the
nascent Co nanoparticles could also be responsible for
inhibiting anisotropic growth of the Co nanoparticles.

We have utilized the redox potentials of Ag and Co to our
advantage to prepare the CocoreAgsnen Nanocomposites. From
the reported redox potentials, the reduction of silver ions by
cobalt metal can easily proceed and this forms the basis of
core-shell structure formation in our scheme:

Agt +e” — Ag° +0.80 V (1)

Co*t + 2¢7 — Co° -0.28 V Q)

Therefore,

Co® + 2Ag" — Co®t + 2Ag" +1.08V (3)
is an energetically favorable reaction. There are reports of using
a similar methodology for the formation of Co-Pt core—shell
structures in the literature.'> However, those reactions are
carried out at elevated temperatures and with slightly complex
reaction conditions.

In conclusion, an extremely simple and hitherto unexplored
foam-based synthesis of cobalt nanoparticles has been reported.
The instability of cobalt nanoparticles in aqueous medium is
overcome by using oleic acid as one of the constituents of the
foam. The oleic acid-stabilized Co nanoparticles are extremely
stable against oxidation and may be readily redispersed in both
water and non-polar organic solvents such as toluene. Utilizing
the redox potential matching of Co and Ag™ ions, CocoreAZshelr

nanocomposites were easily synthesized by simple reaction of
oleic acid-stabilized Co nanoparticles with Ag" ions. This
methodology is general and may be extended to the formation
of other nanoparticle core—shell systems.
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