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a b s t r a c t

Ag/Co bimetallic nanoparticles in the form of hierarchical spherical structures were prepared by the polyol
process using oleic acid and oleylamine as surfactants. The Ag/Co nanoparticles so obtained were char-
acterized by X-ray diffraction (XRD), field-emission scanning electron microscope (FESEM), transmission
electron microscope (TEM), UV–vis spectroscopy (UV–Vis), small angle X-ray scattering (SAXS), vibrat-
ing sample magnetometer (VSM) and super-conducting quantum interference device (SQUID). The XRD
results in complement with the UV–vis studies indicated the absence of Ag–Co alloy formation during
the synthesis. The FESEM observations depicted dense and uniform spherical granular structures for the
Ag/Co nanoparticles; while the TEM studies apparently revealed a bimodal distribution of nanoparticles
g/Co
ranular alloys
pherical aggregates
olyol process

exist in the Ag/Co samples. The SAXS analysis on the Ag/Co colloids further validated the TEM results. The
VSM studies showed typical ferromagnetic characteristics for the Ag/Co nanoparticles at room tempera-
ture; whereas the SQUID measurements demonstrated superparamagnetic nature for these nanoclusters
with a blocking temperature close to 250 K. The synthetic route presented in this work represents a simple
means of producing bimetallic composite superstructures of Ag/Co nanoparticles in the form of spherical
granules on a large scale. These spherical aggregates have the potential to be important building blocks for

tures
more complex nanostruc

. Introduction

Much attention has been paid on the nanocrystalline alloys
f noble-ferromagnetic immiscible metal systems such as Ag–Co,
g–Fe and Ag–Ni, owing to their interesting physical properties
nd applications in magnetic recording, optical devices and sensors
1–4]. The formation of nanocrystalline alloys of immiscible met-
ls can be achieved through non-conventional techniques such as
puttering, thermal evaporation, ion-beam mixing, laser ionization
nd electrodeposition [5–8]. These nontraditional methods facili-
ate the synthesis of particles in the nanometer size range and allow
he fabrication of alloys from the immiscible metals. Nevertheless,
he particle size of the nanosized or the granular alloys prepared by
hese techniques is rather large and may not be suitable for realiz-
ng sizable giant magneto-resistance (GMR). Both particle size and

heir separation are the key parameters, which affect the GMR char-
cteristics and of course, these parameters must be smaller than the
pin-dependent electron mean free path [9].
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and would be interesting for magnetic studies and catalytic applications.
© 2010 Elsevier B.V. All rights reserved.

Of relevant interest when using the nanosized alloys, is how
to decrease the particle size of the material. Generally, particle
size of the nanosized alloys prepared by the vapor or the sputter
deposition and the melt quenching is rather large [10]. In this con-
text, a great deal of attention has been focused on the granular
alloys, employing numerous chemical methods including sol–gel,
metal salt reduction and thermal decomposition. For instance, it
is known that Ag and Co are immiscible in all proportions due
to the difference in surface free energy and large atomic size dif-
ferences. The segregation between Co and Ag occurs because of
the surface free energy of Co (2.71 J/m3) is more than twice as
that of Ag (1.30 J/m3) causing the Co to cluster [11]. There is a
very poor lattice match since FCC-Ag has lattice parameter that
is 15% larger than that of FCC-Co. The heat of formation between
Co and Ag is positive (+26 kJ/g atom) so that there is no ten-
dency for the formation of the compound Ag–Co or for alloying
[12]. Nevertheless, with the aid of chemical methods, the forma-
tion of Ag–Co granular alloys can have three possibilities [13]:
(i) core–shell type particles, Ag-core with Co-shell or vice versa

[14]; (ii) phase-separated composites, which are made of partly
Ag and partly of Co; and (iii) physical mixture of mono-metal par-
ticles [15]. A series of nanocrystalline CoxAg100−x solid solutions
with average particle size of ∼20 nm have been prepared by NaBH4
reduction of their corresponding metal salts at room temperature
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http://www.sciencedirect.com/science/journal/09258388
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ig. 1. TG curve of Ag/Co granular alloy. The vertical lines demarcate the region of
eight losses corresponding to solvent at ∼230 ◦C and surfactant at ∼320 ◦C.

n Ar gas flow [16]. Crisan et al. [17], prepared different com-
ositions of Ag–Co nanoparticles such as Ag30Co70 and Ag55Co45
hrough thermal decomposition method, in the presence of oleic
cid/tri-dodecylamine as surfactants. Core–shell morphology of the
g–Co nanoparticles having mean size of 15.2 nm with coercivity
alue of 150 Oe was achieved at room temperature. Similarly, Sobal

t al. [18], synthesized monodisperse bimetallic Ag/Co compos-
te nanocrystals by colloidal chemistry using tridodecylamine as
surfactant. The measured particle size for the Ag/Co particles was
round 12 nm. Despite of these progresses in the synthesis of granu-

Fig. 3. FESEM micrographs of Ag/Co spherical aggregates. (a) As-prepared an
Fig. 2. Evolution of Ag/Co crystalline phases as a function of annealing temperature.
lar Ag/Co solids, a suitable method for producing single-nanometer
size particles of AgCo (i.e. size of range < 10 nm) is still lacking. In
this context, herein we report such an effort to yield very fine par-
ticles of Ag/Co adopting the polyol process. During our attempts to

d (b), (c) and (d) annealed at 400, 600 and 700 ◦C for 1 h, respectively.
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ig. 4. (a) TEM micrograph Ag/Co bimetallic nanoparticles and (b) their correspond-
ng histogram showing bimodal distribution of particles.

ynthesize Ag/Co nanoparticles stabilized by oleic acid and oley-
amine, we observed a formation of spherical granular composite
tructures from very fine primary Ag/Co nanoparticles. The spher-
cal aggregates so obtained are surprisingly dense and uniform on

large-scale and could be easily dispersible in toluene and hex-
ne. Such materials would be interesting for studying the effect of
ssembly and mesostructure on cooperative magnetic phenomena.

. Experimental

Oleic acid (90%, technical grade), oleylamine (90%, technical grade), silver nitrate
AgNO3, >99%) and cobalt acetate (Co(CH2COO)2; 98%) were purchased from Aldrich.
rganic solvents such as ethylene glycol, ethanol and toluene used were analytical
rade and obtained from various sources. All the chemicals were used as-received
ithout any further purification.

The Ag/Co bimetallic nanoparticles were synthesized by the polyol process, i.e.
imultaneous reduction of cobalt acetate and silver nitrate in a coordinating solvent
ontaining oleic acid and oleylamine under Ar atmosphere. In a typical synthesis,
mixture of cobalt acetate (0.4 M), AgNO3 (0.6 M), oleic acid/oleylamine (1:1) in

00 mL of deoxygenated ethylene glycol was heated to 200 ◦C under N2 atmosphere
ith vigorous stirring. After 60 min of refluxing, the mixture was cooled down to

oom temperature and then the particles were precipitated by washing several times

ith ethanol and centrifuging. The supernatant was discarded by decanting. The

xtracted Ag/Co nanopowders can be redispersed in toluene or hexane, reversibly.
The crystal structure of the as-synthesized Ag/Co nanoparticles was charac-

erized by X-ray powder diffractometry (XRD) (Philips, Cu-K� radiation). Both
lemental analysis and morphology of the Ag/Co nanoparticles were performed
Fig. 5. Small angle X-ray scattering results for Ag/Co granular alloy. (a) Experimental
scattering intensity plot: log I(q) vs. scattering vector log q and (b) experimental pair
distance distribution function p(r) vs. radial distance r.

using energy dispersive X-ray (EDX) analysis attached with a field emission scan-
ning electron microscope (FESEM/EDAX-S4300 SE/N). The actual composition of
the Ag/Co nanoparticles was quantitatively determined by an inductively coupled
plasma atomic emission spectrometer (ICP-AES). Transmission electron microscopy
(TEM) and selected area electron diffraction (SAED) measurements were performed
with a 300 kV JEOL 3010 transmission electron microscope. For UV–vis spectroscopy
(UV–vis) studies, samples were dispersed in toluene and filled in 10 mm path-
length quartz cuvette and the spectra were recorded on a Perkin-Elmer Lambda
900 spectrometer using toluene, for background correction. Thermogravimetric (TG)
measurements were carried out with a Mettler-Toledo instrument in the tempera-
ture range of 100–800 ◦C under N2 atmosphere at a heating rate of 5 ◦C/min. Small
angle X-ray scattering (SAXS) measurements for the Ag/Co colloidal samples were
performed with the help of PW3830 X-ray generator (Anton-Paar, Austria) operated
at 40 kV and 50 mA with Cu target. The scattering data collected were used to cal-
culate size, shape and distribution of the Ag/Co nanoparticles. Data were obtained
in the form of scattered X-ray intensity ‘I’ as a function of the scattering vector,
q = (4� sin(�)/�), where � is the scattering angle and � is the wavelength of the inci-
dent beam [19]. The data analysis was performed using GIFT computer program.
Magnetic measurements were performed with a vibrating sample magnetometer
(VSM) (ADE make, model EV9) up to a maximum field of 2 T. Field cooled (FC) and
zero field cooled (ZFC) thermomagnetic curves were measured from 10 to 350 K
in an applied field of 100 Oe using a superconducting quantum interference device
(SQUID) magnetometer.

3. Results and discussion
The thermal stability and the weight loss occur during the heat
treatment of granular Ag/Co solids were studied using thermo-
gravimetric analysis. The TG curve for granular Ag/Co solids showed
a two-step weight-decline pattern with the inflexion points at
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Table 1
Crystallite size, lattice parameter, coercivity and magnetization values of Ag/Co nanoparticles processed at various annealing temperatures.

Samples of Ag/Co nanoparticles Crystallite size, dxrd (nm) Lattice parameter (Å) Coercivity, Hc (Oe) Magnetization,
Ms (emu/g)

Ag Co Aga Coa

As-prepared 4.9 8.7 4.0892 – 123 63.9
400 ◦C 27.7 42.3 4.0778 3.5390 151 91.9

849
778

a # 89

a
t
l
T
a
A
t
c
A
4
c
T
o
t
t
T
p
i
l
w
m

F
o

were calculated for the Co phases are significantly higher than that
of the Ag phase. These observations can be substantiated with the
TEM and SAXS analysis.
600 ◦C 48.8 88.3 4.0
700 ◦C – – 4.0

Lattice parameter of pure Ag: 4.0855 (JCPDS#89-3722) and pure Co: 3.5442 (JCPDS

round ∼230 ◦C and ∼320 ◦C (Fig. 1); the former corresponding
o the desorption of solvent molecules (ethylene glycol) and the
atter due to the degradation of surfactant (oleic acid/oleylamine).
he observed weight losses for the solvent and surfactant coating
re ∼18% and ∼16%, respectively. The chemical composition of the
g/Co granular solids was evaluated by both EDX and ICP-AES and

he composition values are in close agreement with the expected
omposition (Ag: 0.6; Co: 0.4) within 1–4% error. With the ICP-
ES measurements, elemental composition of 58.56 wt% (Ag) and
1.44 wt% (Co) was determined; whereas with the EDX analysis,
omposition of 59.21 wt% (Ag) and 40.79 wt% (Co) was estimated.
hough the ICP-AES composition values are slightly lesser than that
f the EDX values, the former can be considered as more quantita-
ive in view of its sensitivity. Fig. 2 shows the XRD patterns for
he granular Ag/Co solids as a function of annealing temperature.
he XRD patterns of both as-prepared and annealed samples dis-

lay peaks of the pure bulk-like FCC-Ag and FCC-Co phases. That

s understandable since Ag and Co are immiscible. The calculated
attice parameters for the Ag and Co phases are quite comparable

ith of the pure Ag and Co (Table 1)—indicating that no alloy for-
ation occurred during the synthesis. Using Scherer’s equation, the

ig. 6. Room temperature hysteresis curves of Ag/Co granular alloy samples
btained at different annealing temperatures.
3.5379 172 95.7
3.5395 174 100.2

-7093).

average crystallite size of the as-synthesized and annealed Ag/Co
samples was calculated for the Ag and Co phases and the results
are listed in Table 1. The average crystallite size values obtained
for the Ag and Co phases are quite different and the values which
Fig. 7. (a) Magnetic field dependence of magnetization of Ag/Co nanoparticles at
5 K and 300 K. Inset shows, close view of coercivity build up at 5 K. (b) Temperature
dependence of FC and ZFC dc magnetization measured under an applied magnetic
field of 100 Oe.
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Fig. 8. UV–vis spectrum of Ag/Co bimetallic nanoparticles.

The morphology of both as-prepared and annealed Ag/Co
anopowders was studied using FESEM and the representative
icrographs are shown in Fig. 3. It can be seen that a very

ne agglomerated nanoparticles appear in the form of spheri-
al granules in the size range of 50–200 nm; with each spherical
ranule consisting of several individual nanoparticles. The granu-
ar morphology of the Ag/Co nanoparticles did not affect with the
nnealing, i.e. in terms of structure and size (Fig. 3b–d). We pre-
ume that the spherical granular nature of the Ag/Co nanoparticles
ay be due to the strong magnetic dipolar interaction between

he individual Ag and Co nanoparticles during the solvent evapo-
ation stage and the fact can be validated with the following TEM
nd SAXS results. In order to observe the morphology of individual
anoparticles by TEM, a low concentrated solution of nanoparticles
1/3000) was deposited on a carbon-coated TEM grid and a typical

icrograph is shown in Fig. 4a. It can be seen that the nanopar-
icles are non-agglomerated and spherical with diameter in the
ange of 2.3–8.2 nm. Besides, one can notice that there are two dis-
inct peaks in the histogram (Fig. 4b); one is at 2.5 nm and another
s at 7.4 nm—indicating the presence of bimodal distribution of
anoparticles in the as-prepared Ag/Co samples.

The existence of bimodal distribution of nanoparticles in the
g/Co samples can be further confirmed with the SAXS analysis. The
xperimental scattering function I(q) obtained for the as-prepared
ranular Ag/Co nanoparticles is shown in Fig. 5a—indicates that
he shape of the particles are spherical, based on the power law
20]. The particle size calculated from the pair distance distribution
unction, p(r), which is given by the equation [21]:

(r) = 1
2�2

∫
I(q) · qr · sin(qr) · dq

here p(r), is the pair distance distribution function, I(q), is the
ntensity as a function of scattering vector (q); q, is the length of
he scattering vector; r, is the size of particle. Fig. 5b shows the
lot of p(r) vs. radial distance r for the Ag/Co colloidal dispersion
nd it can be seen that the curves exhibit distinct peaks for the
imodal distribution of Ag/Co nanoparticles with mean particle size
alues of 2.4 and 7.0 nm. Since the SAXS results are considered to be

uch better statistical average in comparison to that of TEM results,

he former exhibit the real size of the particles. Further, with the
ppearance of p(r) vs. r curve, one can easily recognize nature of
olloidal dispersion, i.e. core–shell and single metallic nanoparti-
les. In the case of core–shell structures, a dip in p(r) vs. r curve is
Compounds 509 (2011) 3880–3885

usually obtained—due to the change in electron density profiles of
dissimilar metal systems. In the present case, two continuous peaks
are seen without any dip in the curve—indicating the absence of
core–shell formation in the Ag/Co colloidal dispersion [19,22].

The room temperature hysteresis curves obtained for Ag/Co
granular alloy samples annealed at different temperatures are
shown in Fig. 6. The hysteresis curve displays a typical ferromag-
netic characteristics with saturation magnetization (Ms), remanent
magnetization (Mr), and coercivity (Hc) values of 64 emu/g,
∼2 emu/g and 123 Oe, respectively. Considering that there is 0.40 g
Co in 1 g Ag/Co granular alloy; if it has 60% Ag atoms and 40% Co
atoms, and that 1 g crystalline Co has a 161 emu saturation magne-
tization moment at room temperature, 0.40 g crystalline Co should
have 64.4 emu magnetic moment under the intense applied field.
Thus, the Ms value of 64 emu/g obtained for the as-synthesized
Ag/Co nanoparticles is in quantitative agreement with the satu-
ration magnetization deduced from the atomic ratio of sample.
Further, the Ms value tends to increase with the annealing tem-
perature; a maximum value of 100 emu/g was obtained at 700 ◦C.
Fig. 7a shows the applied magnetic-field dependence of magnetiza-
tion measured at 300 and 10 K. At temperatures of 300 K, it appears
that the magnetization saturates like any ordinary ferromagnet for
fields in excess of 10 kOe. However, at 10 K, the magnetization does
not saturate, even at 70 kOe. This unusual behavior is due to the two
component systems present in the Ag/Co granules: (i) a ferromag-
netic component consisting of all the magnetic particles that exceed
the critical size for ferromagnetic behavior and (ii) a paramagnetic
component consisting of all magnetic particles small enough to be
considered superparamagnetic or paramagnetic. At 10 K the para-
magnetic component may be discerned at large magnetic fields as
a non-saturating component, since its amplitude grows inversely
with temperature. Fig. 7b shows the temperature dependence of
FC and ZFC magnetization curves acquired for the as-synthesized
Ag/Co granules with an applied magnetic field of 100 Oe. These data
indicate a blocking temperature (TB) close to 250 K. As expected for
uniaxial, single-domain nanoparticles ZFC and FC curves diverge
when the temperature decreases below TB with FC that decreases
smoothly towards zero values with the temperature.

At this juncture, it is very much essential to probe the nature
of alloying action of Ag–Co nanoparticles, as well as their bimodal
mixture. As previously mentioned in Section 1, during chemical
synthesis, the formation of Ag–Co granular alloys can have three
possibilities [13]: (i) core–shell type particles, Ag-core with Co-
shell or vice versa [14]; (ii) phase-separated composites, which
are made of partly Ag and partly of Co; and (iii) physical mixture
of mono-metal particles [15]. The formation of either core–shell
type of nanoparticles or the phase-separated composite cannot
be assigned to the Ag/Co nanoparticles obtained with the present
approach. This presumption can be probably drawn based on the
UV–vis spectra obtained with the Ag/Co nanoparticles dispersion
and a representative UV–Vis spectrum is shown in Fig. 8. In Fig. 8,
appearance of sharp absorption peak band at ∼424 can be noticed
for the characteristic surface plasmon resonance of Ag nanoparti-
cles. The occurrence of both the alloy and the core–shell structures
of Ag/Co nanoparticles is usually reflected in the UV–vis spectra.
In the case of core–shell type Ag/Co or phase-separated Ag/Co col-
loidal particles, one can expect peak broadening associated with
blue shift of Ag plasmon band [18]. In the present study, neither
a blue shift nor a broadening of the Ag plasmon wavelength is
seen in Fig. 8; this suggests that that the Ag/Co nanoparticles pre-
pared by the present approach are probably a physical mixture of

mono-metal nanoparticles. Among the bimodal mixture of Ag and
Co nanoparticles, we ascribe smaller size distribution for the Ag
particles; while slightly larger size distribution for the Co particles.
As the standard reduction potential (E0) of Ag (0.80 V) is more pos-
itive than that of Co (−0.297 V), the velocity of reduction of Ag+
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ons is faster than the velocity of reduction of Co2+ ions. Therefore,
he tendency for reduction of more number of fine particles during
he polyol process is highly favorable in the case of Ag. The above
act can be apparently corroborated with the crystallite size values
stimated with the XRD analysis.

The bimodal mixture of Ag/Co nanoparticles obtained in this
tudy is in high yield and it is useful to comment on the for-
ation of spherical aggregate structures. The driving force for

tabilizing the spherical aggregates is the solvent (ethanol), which
s used in the present study. This conclusion is drawn based on
he following fact. Our attempts to form spherical aggregates
n other solvents such as ethylene glycol failed; only discrete
anocrystals were formed. Apparently, the solvent is impor-
ant for stabilizing the spherical aggregates and the aggregate
tructures take place only at the time of solvent evaporation
tage. This may be due to the solvent–surfactant interactions
hat change its conformation and mobility in solution in a
ay that modifies its ability to induce nanoparticle aggrega-

ion [23]. Similar observations on the spherical aggregates have
een earlier made in the case of Pd [24], Pt [25] and Au–Pt [26]
anoparticles.

At this stage, it is also necessary to discuss about the
ature of bimodal mixture of Ag/Co nanoparticles. The agglom-
rates can be either mixture of Ag/Co or individual Co and
g nanoparticles. However, we suppose that the aggregates
ould be probably a mixture of Ag/Co nanoparticles and not
ndividual Ag and Co; as the recent studies on the synthe-
is of Ag [27] and Co [28] nanoparticles showed that there
s no such evidence of obtaining spherical aggregates of indi-
idual Co or Ag nanoparticles. Further, the present synthetic
pproach is co-synthesis yielding both Ag and Co nanoparti-
les simultaneously, the dipolar interaction exists between the
g and Co nanoparticles could be another possible reason for
tabilizing the aggregates, in addition to the surfactant–solvent
nteractions.

. Conclusions

Ag/Co bimetallic nanoparticles in the form of spherical aggre-
ates were synthesized through adopting a modified polyol
rocess, using oleic acid/oleylamine as stabilizers. Both XRD and
V–vis studies demonstrated the occurrence of individual particles
f Ag and Co in the Ag/Co colloids. Formation of dense and uni-
orm spherical aggregates was evident in the FESEM micrographs
nd these superstructures also appear to be thermally stable. These

pherical aggregates, which generally have diameters between 50
nd 200 nm, are built from primary Ag and Co particles of size
–8 nm. Accordingly, a bimodal distribution of nanoparticles in the
g/Co colloids was revealed by the TEM studies and these results
ere substantiated with the SAXS analysis, in terms of both parti-

[

[
[

ompounds 509 (2011) 3880–3885 3885

cle size and distribution. Magnetic measurements showed typical
ferromagnetic characteristics for the as-prepared Ag/Co nanopar-
ticles with blocking temperature close to 250 K. The nanoparticle
aggregates, such as those obtained in the present study could be
important systems for studying the influence of catalytic activity
and cooperative magnetic properties on interparticle separation
and nanostructure.
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