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A facile route for the synthesis of nickel nanoparticles in stable aqueous foams is reported. The Ni nanoparticles
were roughly 12-15 nm in size and were stable as aqueous suspensions or powders when oleic acid was used as a
capping agent. These Ni nanoparticles were subsequently coated with a silver shell in view of the extra stability and
the enhanced manipulative ability afforded by the silver nanocoating. This was accomplished by a simple
transmetallation reaction wherein the nanoparticle surface nickel atoms act as localized reducing agents for the
silver ions in solution. As the silver shell is formed through the surface reaction a reduction in the average size of
the Ni.oe occurs. After the core—shell structure formation, the Ni.,. has an average diameter of 10-20 nm while
the Aggen has a thickness of 2-4 nm. The pristine oleic acid coated Ni and NigoAggnenn Nanoparticles were probed
for their magnetic characteristics by a vibrating sample magnetometer. The nascent, oleic acid coated Ni
nanoparticles display a low superparamagnetic blocking temperature, Tg, of 20 K. The field dependent magnetic
behaviour above and below Tz displays the standard features corresponding to superparamagnetism, as expected
for very small Ni crystallites suggesting again that each 12 nm particle is polycrystalline. The magnetic
contribution in the NigorcAgnen System comes from only the Ni core and predictably, the blocking temperature of
this system is below 12 K due to the smaller size of the Ni core.
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Introduction

Nanoscale magnetic particles are expected to be one of the key
components in the nanotechnology revolution in the biological,
electronic and catalytic arenas.! Depending on the mode of
application the presence of nanomagnetic materials in different
environments is preferred.> For example, in the electronic
industry, dispersions of nanomagnetic materials in organic
media might be essential due to the easy processability and
excellent coating and drying capabilities of organic solvents.
On the other hand, catalytic and biological applications require
aqueous preparative procedures for these materials owing to
the great synthetic flexibility and availability of greater access
to bulk quantities of active materials.®> Apart from this, for any
biological or drug delivery application aqueous suspension is a
prerequisite.*

Research on the synthesis of different types of magnetic
nanomaterials is a major thrust area today. Excellent
procedures are available to synthesize different nanomagnetic
materials and great control over the size and shape has been
achieved.” However, above 90% of these procedures are carried
out in organic media and at relatively high temperatures
especially if the methods pertain to single element magnetic
materials like Fe, Co and Ni. Among these magnetic materials,
cobalt based systems have received more attention probably
due to their greater stability towards oxidation when compared
to Fe and Ni systems.® Most of the literature concerned with Ni
based nanoparticles is on support systems which were
synthesized with their catalytic applications in view.” In fact,
there are very few reports on the synthesis of free nickel
nanoparticles in either aqueous or organic environments.®

We have reported on the use of a foam-based method for the
synthesis of various nanomaterials.”'! The list of nanomater-
ials so far synthesized using this novel yet simple aqueous
medium based route include mf:tals,9 minerals,'® and oxides.""
In this paper we report on the synthesis of Ni nanoparticles via
this technique, their subsequent conversion to NicoreAgshel

systems and their structural characterization and magnetic
measurements. To our knowledge, this is the first totally
aqueous based synthesis method at room temperature resulting
in discrete nanoparticles of nickel that are not bound to a
support. The typical foam-based synthesis of metal nano-
particles involves the following steps: 1) generation of a liquid
foam from the mixture of metal salts and a suitable surfactant
(if the metal is in cationic form then the surfactant taken is
anionic and vice versa); 2) removal of excess liquid by drainage
to get a dry foam, and 3) reducing the metal ions in situ by
exposure of the foam to suitable reducing agents. While this
general procedure works for most of the noble metal
nanoparticles, for magnetic metal nanoparticles a slight
modification of the procedure was required in the sense that
we needed to take oleic acid along with the surfactant inside the
foam matrix. We have observed that this leads to the immediate
capping and stabilization of the metal nanoparticles with oleic
acid as soon as they are formed in the foam.

In the dry foam condition the liquid volume fraction is at its
minimum allowed limit and hence the liquid lamellae between
the foam bubbles are very thin and possibly in the nanometer
regime.'? Therefore, any reaction happening in this restricted
space would result in the restriction of the sizes of particles
obtained. This is the reason why we observe nanometer sized
particles when we carry out the reduction of Ni** ions in the
foam matrix. The presence of oleic acid along with the foaming
surfactant results in the immediate stabilization of the
nanomaterials formed. The conversion of pure Ni to an
NicoreAgshen System was accomplished by a simple transme-
tallation reaction.!®> This reaction occurs since the redox
potentials of Ni® oxidation and Ag* reduction are such that
Ni® + 2Ag* — Ni** + 2Ag" is a spontaneous reaction and a
simple mixing of Ni nanoparticles and Ag* ions resulted in
a NigoreAgsnen System capped by oleic acid. The presence of a
silver shell capped with oleic acid gives the nickel nanoparticles
an additional degree of freedom in that the NigoreAgshen
nanoparticles could be readily transferred to a non-polar
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organic solvent.' This is in stark contrast to the behaviour of
pure oleic acid capped nickel nanoparticles that did not
undergo any phase transfer. This is one of the several
advantages of the NigAgen structure that we would like
to highlight.

The magnetic characteristics of the pristine oleic acid capped
Ni nanoparticles and their NicoeAgsnen counterparts were
investigated further. The magnetic properties reveal that the
nickel nanoparticles display superparamagnetic characteristics
with a blocking temperature of about 20 K. The magnetization
vs. field curves above and below this blocking temperature

Fourier transform infrared (FTIR) spectroscopy measurements

FTIR spectra were recorded from drop-coated films of the
nanoparticle samples deposited on Si (111) substrates 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.

Transmission electron microscopy measurements

TEM measurements were performed on a JEOL model
1200EX instrument operated at an accelerating voltage at

again support the presence of superparamagnetism in these
samples. Coating a thin silver shell around the Ni nanoparticles
shifts the blocking temperature below 12 K. This is easily

120 kV. Each sample was prepared from an aqueous
suspension of the nanoparticles by placing a drop of the
solution on a carbon-coated copper grid. The films on the TEM

explained based on the fact that during the shell formation, a
few layers of Ni atoms on the Ni core are consumed in the
transmetallation reaction resulting in a reduction in the size of
the Ni nanoparticles. Presented below are details of the

grids were allowed to dry for 2 min following which the extra
solution was removed using a blotting paper.
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investigation.

Experimental

Materials

Silver sulfate (Ag,SO,), sodium borohydride (NaBH,), oleic
acid (9-octadecenoic acid), nickel nitrate hexahydrate
(Ni(NO3),-6H,0) and sodium dodecyl sulfate (SDS) were
purchased from Sigma Aldrich and used as received.

Preparation of Ni and Ni.,reAgsnen Nanoparticles

These nanoparticles are prepared by the foam based protocol
which is explained in detail elsewhere.’ In a typical experiment,
arectangular column of 50 cm height and a square base of 10 x
10 cm? with sintered ceramic discs embedded in it was made
using pyrex and was used for the generation of foam. An
aqueous mixture of 50 ml of 1 x 1072 M nickel nitrate
solution, 10 ml of I x 1073 oleic acid in methanol and 40 ml of
1 x 107! M SDS was placed in the base and the foam was 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
+ Ni(NO3); solution in the foam, the nickel ions in the foam
were subjected to reduction by spraying sodium borohydride
solution into the foam. As the nickel ions were reduced and
nanoparticle formation progressed, the foam changed from
gray to black and gradually collapsed. The collapsed foam
solution containing the oleic acid capped Ni nanoparticles was
collected through an outlet provided at the bottom of the
column. This solution was then subjected to centrifugation at
5000 rpm for 30 minutes following which the pellet and
supernatant were separated. The pellet was washed several
times with ethanol before further characterizations were
carried out. For the preparation of core-shell particles, the
pellet of oleic acid-stabilized Ni nanoparticles (5 ml) after
centrifugation was washed several times with ethanol and then
dispersed in water. 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.

Measurements
UV-Vis spectroscopic studies

The optical properties of Nigore and NigoreAgshen Nanoparticle
solutions were monitored on a Jasco UV-Vis spectrophoto-
meter (V570 UV-VIS-NIR) operated at a resolution of 2 nm.
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X-Ray diffraction (XRD) measurements

XRD measurements of the Ni and NigoeAgnenn Nanoparticles
were performed by casting the respective nanoparticle solutions
in the form of films on glass substrates by simple solvent
evaporation. The X-ray diffraction measurements were carried
out on a Philips PW 1830 instrument operating at 40 kV and a
current of 30 mA with Cu K, radiation.

Thermogravimetric analysis (TGA)

TGA analyses of the dried Ni and NigoreAgshenn powders were
done on a TGA-7 Perkin Elmer instrument in the temperature

range 30-800 °C at a scan rate of 10 °C min "

Magnetic measurements

The magnetic characteristics of the Ni and NigoreAgshel
nanoparticle powder samples were measured using a EG&G
PAR 4500 vibrating sample magnetometer. Zero-field-cooled
(ZFC) magnetization curves were obtained after cooling the
sample from room temperature to 12 K without any external
magnetic field and then measuring the magnetization while
warming the sample under an external field of 50 Oe. For field-
cooled (FC) measurements, the sample was cooled to 12 K
under an external field of 50 Oe and the magnetization was
measured while warming in the same field. Magnetization as a
function of magnetic field was measured by varying the field
between —10000 Oe and 10000 Oe, at different temperatures in
the range 12-300 K.

Results and discussion

As mentioned briefly in the introduction, we carry out
reduction of metal ions inside the foam matrix after draining
the excess liquid. This often leads to very stable dry foams
where the bubbles generally tend to assume polyhedral shapes.
In this condition, the dihedral angles where three faces of the
bubbles meet are around 120° and those where four faces meet
are around 109°. This confirms that we are at the dry limit of
the foam and these features along with the high stability of the
dry foam suggest that the foam is in its mechanical equilibrium
geometry. In this scenario the liquid lamellae between the faces
of the bubbles are very thin and the regions between these
surfactant layers where the metal ions are encapsulated are
probably in the range of few nanometers.!? In actual
experiments, we have two surfactants present in the system,
namely SDS and oleic acid. Both are anionic surfactants and
due to purely entropic considerations we can expect that both
SDS and oleic acid are present in these lamellar layers
complexed to the Ni?* ions. As the Ni®* ions are being
reduced, it is expected that the oleic acid binds to the nascent Ni
nanoparticles thereby stabilizing them in situ. The TEM images
of the nickel nanoparticles thus prepared are displayed in
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Fig.1 A-C: Representative TEM images of Ni nanoparticles from
several areas of the grid. The selected area diffraction and the indexing
of the rings to the fcc phase of nickel are provided in the inset of B. Note
the diffuse spot pattern obtained (see text for more details). The particle
size distribution (D) reveals the average size to be around 12-15 nm.

Fig. 1A-C. It is clear from the TEM images that the Ni
nanoparticles prepared by the above procedure are polydis-
perse in nature with an average size of 12-15 nm (Fig. 1D). The
selected area electron diffraction pattern (SAED) from these
nanoparticles revealed a diffuse ring structure with spots
superimposed (inset of Fig. 1B). This suggests that the
nanoparticles formed are quite polycrystalline. The d values
calculated from the positions of the electron diffraction rings
agreed well with the d values reported for fcc Ni. It is worth
noting here that no diffraction patterns corresponding to nickel
oxides were observed. We could not get good X-ray diffraction
patterns from Ni nanoparticle samples possibly due to the
small size of the Ni crystallites. The nickel particles are capped
by oleic acid as they are being formed in the foam matrix and
this could be the reason for the extra stability of Ni
nanoparticles against oxidation in the aqueous dispersion
form as well as in the powder form.

The TEM images of the NicoreAgshen System are presented in
Fig. 2A-C. The particles clearly show a dark core capped with
a lighter shell indicating the formation of a NigcoreAgshel
structure. The core-shell structure is more clearly seen in the

20 nm

Fig.2 A-C) Representative TEM images of the NicoreAgshen System.
D) SAED diffraction pattern from the NigoeAgsnenn Nanoparticles with
rings indexed with respect to fcc silver.
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Fig.3 (A) UV-Vis spectra of Ni (curve 1) and NigoreAshen
nanoparticle dispersion in aqueous medium (curve 2). (B) TGA
curve of the oleic acid capped nickel nanoparticles. The inset in B is the
first derivative of the weight loss curve indicating that the maximum of
weight loss occurs at 315 °C.

highest magnification image (Fig. 2C). The core—shell particles
range in size from 15-30 nm, the increase in average size
measured with respect to the Ni nanoparticles providing
further proof for deposition of an Ag shell on the Ni particles.
The SAED pattern recorded from the NigoreAgshen Nano-
particles is shown in Fig. 2D. The pattern is characteristic of
polycrystalline particles and the rings could be indexed with
reference to the fcc silver structure. This indicates that the shell
is reasonably thick (as inferred from the TEM images) and
prevents penetration of the electron beam to the Ni core. The
UV-Vis spectrum of the pristine oleic acid capped Ni
nanoparticles (Fig. 3A, curve 1) is almost featureless with a
monotonic increase in the absorbance with decrease in
wavelength and agrees well with those reported for Ni
nanoparticles.'”> The development of a surface plasmon
resonance peak around 415 nm attributed to silver in the
nanoscale regime is observed once the transmetallation
reaction is carried out (Fig. 3A, curve 2). This result, along
with the contrast difference in TEM images, clearly suggests
that a silver shell is formed around the Ni core. The formation
of a silver shell is also confirmed indirectly from the magnetic
measurements where a shift in the blocking temperature to
lower values is observed after the shell formation (vide infra).

Thermogravimetric analysis was carried out to determine the
amount of capping agent (oleic acid) present per gram of the
sample. As shown in Fig. 3B the pristine oleic acid capped Ni
nanoparticles show a small weight loss at around 100 °C
(probably due to loss of water) that is followed by a more
significant weight loss of about 18% around 315 °C. This
weight loss is attributed to the desorption/decomposition of
oleic acid present on the surface of the Ni nanoparticles.
Assuming that the oleic acid forms a close packed monolayer
on the surface of the Ni nanoparticle and an area per carboxylic
unit of roughly 21.4 A” (ref. 16), each nanoparticle would be
covered by 2000-3250 molecules of oleic acid for the 12-15 nm
particles. This translates into roughly 10-12 weight% of oleic
acid. Our TGA analysis shows that there is a slight excess of
oleic acid on the surface compared with what was expected. A
number of factors such as uncertainty in the nanoparticle
surface area due to polydispersity could contribute to this
discrepancy. Such results have been observed earlier for ligands
capping nanoparticle surfaces and have been explained on the
basis of either smaller areas occupied by the ligand on the
nanoparticle surface or the due to the presence of excess ligand
at interstitial sites of nanoparticle aggregates.!”

The temperature dependence of the magnetic susceptibility
for the Ni and NioeAgshen Nanoparticles are shown in Fig. 4A
and B, respectively. In all the cases, the applied magnetic field
was 50 Oe and the temperature was varied between room
temperature and 12 K. Curve 1 in Fig. 4A corresponds to the
susceptibility vs. temperature plot for the pristine Ni system in

[ J. Mater. Chem., 2004, 14, 2941-2945 _
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Fig.4 (A) Temperature dependent magnetization of nickel nano-
particles in the zero field cooled (ZFC, curve 1) and field cooled (FC,
curve 2) modes. The divergence between the two curves at 20 K is related
to the blocking temperature. The applied magnetic field was 50 Oe.
(B) The temperature dependent magnetization of the NigoreAgshern
nanoparticles under the same external field.

the zero-field-cooled (ZFC) mode while curve 2 is the
measurement carried out in the field-cooled (FC) mode. As
can be clearly seen, the curves of temperature dependent ZFC
and FC susceptibilities are typical of magnetic nanoparticles.
Magnetic particles below a certain size regime behave as
superparamagnetic particles. The features characteristic of
superparamagnetic particles are: i) the zero-field-cooled DC
susceptibility, measured using very low magnetic fields,
displays a maximum in the susceptibility at a certain
temperature, called the blocking temperature, 7Tp; 1) a
divergence in the ZFC and FC susceptibility curves below
the blocking temperature and iii) magnetic hysteresis loop and
remnant magnetization below 73 whereas the magnetic
hysteresis behavior disappears above Tp. For the pristine
oleic acid capped nickel nanoparticles, the ZFC curve shows a
maximum at 20 K and the ZFC and FC curves show a
divergence below this temperature revealing that the blocking
temperature is 20 K. The blocking temperature is actually
related to the size of the magnetic particles and the
magnetocrystalline anisotropy constant (K) by the equation
K = 25kgTg/V where kp and V are the Boltzmann constant
and the volume of a single particle, respectively and T is the
blocking temperature. By substituting the values for a 12 nm
particle we deduce K to be 0.76 x 10° erg cm™ >, which is
comparable to that of bulk nickel (0.5 x 10° erg cm™*).'® The
small difference between the values is expected as we calculated
K using the average particle size and not the individual
crystallite size which actually controls the individual magnetic
directions of the grains and hence the blocking temperature.
Apart from this, several other phenomena related to the
nanoscale regime such as the structural disorder, surface
anisotropy, non-magnetic or weak magnetic interfaces, the lack
of surface coordination for the surface magnetic atoms and the
electron exchange between the capping agent and surface
atoms are also known to influence the magnetic properties.®
One or several of these phenomena in tandem could also have
led to the smaller values of the magnetic characteristics in our
systems.

The field dependent magnetic behavior data, measured at
12 K (below the blocking temperature, curve 1) and at 60 K
(well above the blocking temperature, curve 2) are displayed in
Fig. 5. Again, the features observed in the M—H curves are in
accordance with those expected for superparamagnetic parti-
cles, i.e. 1) no saturation was observed in the magnetization
even at very high fields (actually up to our instrument limit); ii)
magnetic hysteresis with a coercivity of 160 Oe and remnant
magnetization below the blocking temperature and iii)
disappearance of magnetic hysteresis above the blocking
temperature. All these features suggest again that the oleic
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Fig.5 Field dependent magnetization of Ni nanoparticles below (@,
12 K) and above (O, 60 K) the blocking temperature.

acid capped nickel nanoparticles prepared by the foam
technique indeed behave as superparamagnetic particles.

The curve in Fig. 4B is the temperature dependence of ZFC
magnetization observed for the NigoeAgshenr nanoparticle
sample. The silver shell around the Ni nanoparticles is
formed by a transmetallation reaction wherein a few layers
of the surface nickel atoms are oxidized to Ni** in the process
of reducing silver ions. This reduces the average particle size of
nickel. Since the as-prepared nickel nanoparticles are poly-
disperse in nature we observe a polydispersity in the core—shell
structures also with the average size of the NigoeAgshen particle
in the range of 15-30 nm comprising a core of 10-20 nm size. In
general the blocking temperature is expected to shift to lower
temperatures as the particle size is reduced. Accordingly, no
maximum in the ZFC susceptibility or no divergence between
the ZFC and FC susceptibilities is observed down to 12 K
(compared to Tp = 20 K for the 12 nm Ni particles) indicating
that the blocking temperature is now shifted to below 12 K (the
lower limit of our cryostat) which could be attributed to the
reduced Ni core size. In fact, the blocking temperature of
the 10 nm sized Ni nanoparticles is calculated as ~11 K
from the relation 75 = KV/25kp by using the deduced value of
K = 0.76 x 10° erg cm™> for the 12 nm Ni particles.

Conclusions

An easy foam based method for the synthesis of nickel based
nanoparticulate systems is reported. This is probably the first
method for a completely water-based synthesis of nickel
nanoparticles at room temperature. The magnetic character-
istics of the nickel nanoparticles are in accordance with those
expected for nanoscale superparamagnetic particles. The
blocking temperature where the magnetic directions of
individual grains essentially remain invariant was determined
to be 20 K for the oleic acid capped nickel particles. The nickel
nanoparticles were easily converted to NigoreAgshen Nanoparti-
culate structures following a transmetallation reaction. The
blocking temperature was shown to be shifted to lower
temperatures upon silver shell formation. Further studies
where the nanoparticle size could be controlled to different
sizes and variation of shell thickness are in progress.
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