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Abstract: Ag-Fe nanoparticles with a highly Ag rich average composition were synthesized by the sono-

chemical route. Silver-iron system exhibits a wide miscibility gap in the bulk materials. Interestingly, a graded

compositional profile along the nanoparticle radius was observed. Regions at and near the surface of the
nanoparticle contained both Ag and Fe atoms. The composition got relatively deficient Fe towards the center

of the particle with particle core made up of pure Ag. Alloying of Ag and Fe is confirmed by the absence

of diffraction signal corresponding to pure Fe phase and presence of a paramagnetic phase in nanoparticles

containing a diamagnetic (Ag) and ferromagnetic (Fe) elements.
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Introduction

Scientific and technological research endeavors in
nanoscience and nanotechnology have gained significant
momentum in the recent years. The growing inter-
est is primarily due to two important incentives; (a)
tunable functional properties and (b) realization of mi-
crostructures that cannot be obtained in the bulk sys-
tems with similar compositions and under similar con-
ditions. With respect to the novel microstructures,
one significant observation has been the formation of
solid solution between atoms with a large difference in
sizes (>14%) and a high positive enthalpy of mixing
[1,2]. Such component atoms do not form a single phase
solid solution in bulk for certain or overall composition
ranges. This phenomenon is known as miscibility gap
[3]. Nano-size induced miscibility has been reported for
several bulk immiscible binary systems such as Ag-Pt
[4], Ag-Ni [5], Ag-Co [6], Au-Pt [7], Pt-Ru [8] etc.

For isolated nanoparticles, the extent of miscibil-
ity and thus the resultant particle microstructure is
primarily controlled by the particle size and particle
composition. For spherical nanoparticles, particle size

provides thermodynamic stability to the solid solution
phase due to the energetic contribution from the curva-
ture [9,10]. Increase in the curvature enhances solid sol-
ubility in accordance with the Gibbs Thompson effect
[9,10]. Compositional dependence stems from the fact
that energetic contribution from the positive enthalpy
of mixing increases with composition achieving maxi-
mum value for the equi-atomic composition [11]. There-
fore, a nano-sized particle in which one of the com-
ponent element atoms is present in a relatively lower
amount as solute can possibly retain a thermodynam-
ically stable single phase solid solution microstructure
from the synergetic effect of nano size and lower posi-
tive enthalpy of mixing value.

The present work investigates the nanoparticle mi-
crostructure for Ag-Fe nanoparticles containing very
low concentration of Fe as solute. The nanoparticles
were synthesized by the sonochemical route [12]. Tt
should be noted that the silver-iron system in bulk ex-
hibits a wide miscibility gap extending into the liquid
region [13]. The wide immiscibility between Ag and
Fe is primarily due to the large atomic size difference
(~14%) and a positive enthalpy of mixing value of 28
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kJ/mol [13].
Experiment

To synthesize the Ag-Fe nanoparticles, silver ni-
trate (AgNOs) and ferric nitrate (Fe(NOs)2-9H50)
were used as precursors for Ag and Fe respectively.
Calculated quantities of the precursors together with
Polyvinylpyrrolidone (PVP) surfactant were trans-
ferred into a three neck round bottom flask contain-
ing de-ionized water acting as solvent. Synthesis re-
action was carried out in an inert (argon) atmosphere.
The round bottom flask containing the reaction mixture
was placed in a bath sonicator. The reaction mixture
was sonicated for about 10 minutes to facilitate uniform
mixing of the precursors and flushing out of the oxygen
from the flask. After 10 minutes, a reducing agent that
was alkyl solution of sodium borohydride was added
dropwise into the reaction mixture. After the addi-
tion of the reducing agent, sonication was continued for
about another one hour. After one hour the reaction
mixture was allowed to cool down to the room tem-
perature under the argon atmosphere, following which
the reaction mixture was dropped into a flask contain-
ing 100ml of ethanol. The nanoparticles settled at the
bottom of the flask were then separated by centrifuging
and repeatedly washed in ethanol.

Average composition of the nanoparticle disper-
sion was determined by the energy dispersive spec-
troscopy (EDS) technique using a Quanta ESEM scan-
ning electron microscope (SEM) operating at 20 kV.
A 300 keV field emission FEI Tecnai F-30 transmis-
sion electron microscope (TEM) was used for obtain-
ing bright field images, selected area electron diffrac-
tion patterns, and compositional information from as-
synthesized nanoparticles. Sample for the TEM based
analysis was prepared by drop drying a highly dilute
dispersion of the as-synthesized nanoparticles on an
electron transparent carbon coated Cu grid. The mag-
netic hysteresis loop for the as-synthesized nanoparti-
cles was obtained using a Lakeshore Vibrating Sample
Magnetometer (VSM).

Result and discussion

Average composition for the as-synthesized nanopar-
ticle dispersion obtained from the SEM-EDS analysis
was 97 wt% Ag. A representative SEM-EDS profile ob-
tained from the as-synthesized nanoparticles is shown
in Fig. 1. Bright field TEM image of the as-synthesized
nanoparticles is shown in Fig. 2. It can be seen from the
Fig. 2 that the as-synthesized nanoparticles are nearly
spherical shaped. Average particle size and standard
deviation of particle size distribution obtained from the
analysis of about 300 particles was 16 nm and 3 nm
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Fig. 1 Representative SEM-EDS curve for as-synthesized
nanoparticles.
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Fig. 2 TEM bright field image of as-synthesized nanopar-
ticles.
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Fig. 3 Selected area electron diffraction pattern from as-
synthesized nanoparticles.
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respectively. Figure 3 shows selected area electron
diffraction (SAED) pattern obtained from a large group
of nanoparticles. The selected area electron diffraction
pattern does not show any peak corresponding to the
pure iron or magnetite phase. The absence of pure iron
or magnetite phase diffraction signals indicate the non-
detectable amounts of pure Fe or FesO,4 phase in the
as-synthesized nanoparticle dispersion. The d-spacing
corresponding to the different planar spacings in the
crystal of the pure Fe and Fe3O,4 can be found in the
JCPDS file numbers 85-1410 and 86-1362, respectively.

Scanning transmission electron microscopy (STEM)
image of the as-synthesized nanoparticles is shown in
Fig. 4(a). STEM-EDS compositional profile obtained
along the diameter of an individual nanoparticle is
shown in Fig. 4(b). In the STEM-EDS experiment,
compositional information was obtained by analyzing
the X-rays emitted from scanning a nano-sized electron
probe (~1 nm in diameter) along the line denoted by
AB in the Fig. 4(a). It can be seen from the compo-
sitional profile in Fig. 4(b) that the regions near the
particle surface contain both Ag and Fe atoms. Near
surface regions are relatively richer in Fe as compared
to the inside of particle and the amount of Fe gradually
decreases towards the center of the particle. The center
of the particle is composed of almost pure Ag.
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Fig. 4 (a) STEM image of nanoparticles, (b) compositional
line profile plot obtained from the compositional analysis
along the line AB in figure 4(a).

Field dependent initial magnetization curve (prin-
ciple curve) for the as-synthesized nanoparticles mea-
sured at the room temperature using a 2 tesla field
is shown in Fig. 5(a). The whole magnetic hysteresis
loop showing the presence of magnetic coercivity (~30
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Oe) in the as-synthesized sample is shown in Fig. 5(b).
The initial magnetization curve reveals a rapid increase
in the magnetization followed by a linearly increasing
trend with a constant slope for the higher field values.
Profile of the magnetization curve and the presence of
magnetic coercivity thus clearly indicate the presence of
two different magnetic phases. They are ferromagnetic
and paramagnetic phases. Ferromagnetic component
has been separated from the initial magnetization curve
by subtracting the paramagnetic component from the
total magnetization in the high field regions. The fer-
romagnetic and the paramagnetic curves are separately
indicated in Fig. 5(a).
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Fig. 5 (a) Field dependent initial magnetization curve
(principle curve) for the as-synthesized nanoparticles mea-
sured at the room temperature using a 2 tesla field, (b)
magnetic hysteresis loop obtained from the nanoparticles
showing the presence of magnetic coercivity.

Absence of diffraction signatures corresponding to
the ferromagnetic pure Fe and Fe3O,4 phases in the elec-
tron diffraction pattern and a compositionally graded
profile along the nanoparticle radius indicates that the
two different magnetic behaviors denoted by the initial
magnetization curve most certainly correspond to the
presence of a ferromagnetic and a paramagnetic phase
within a particle. It should be noted that pure Ag is
diamagnetic and pure Fe is ferromagnetic. The overall
high Ag rich average composition along with an ab-
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sence of a diamagnetic signal and presence of a param-
agnetic phase strongly indicates alloying of Ag and Fe
atoms co-present at and near the surface of the particle.
Paramagnetic character for highly dilute solid solutions
phase formed between a diamagnetic and ferromagnetic
element where the ferromagnetic atom forms the so-
lute has been well observed for bulk miscible systems
such as Ni-Cu and Cu-Fe [14]. Paramagnetic character
has also been reported for Ag-rich, solid solution Ag-
Ni system which is similar to the Ag-Fe system both
with respect to the magnetic nature of the component
element atoms and with respect to the immiscibility in
the bulk state [15].The ferromagnetic component with
an extremely low value of the saturation magnetization
(~0.001 emu/g) and coercively (~30 Oe) can be due
to the presence of very small amount of ferromagnetic
Ag-oxide impurity on the surface of the Ag-Fe nanopar-
ticles. It has been shown by Jo et al. [16] that ~7
nm sized Ag-Cu nanoparticles with an Ag-core and Cu-
oxide shell microstructure contain a paramagnetic and
a ferromagnetic phase. The Cu-oxide forms the param-
agnetic phase and the ferromagnetism with a saturation
magnetization and the coercivity values of 0.025 emu/g
and 60 Oe respectively is due to the Ag impurity on the
surface of the Ag-Cu nanoparticle. The above analysis
interestingly illustrates that for lower concentrations of
Fe, the microstructure for Ag-Fe nanoparticles is char-
acterized by the presence of an Ag-Fe solid solution shell
and a pure Ag core phases instead of a pure Ag core and
pure Fe or Fe-oxide shell configuration. A pure Ag-core
and Fe/Fe-oxide-shell is expected due to a large immis-
cibility between Ag and Fe atoms in the bulk phase. A
similar two phase microstructure containing a solid so-
lution and a pure component phase for chemically syn-
thesized Ag-Ni nanoparticles has been reported earlier
by Srivastava et al. [2].

Conclusion

In conclusion, in the present work Ag-Fe nanopar-
ticles were produced by the sonochemical route. As-
synthesized nanoparticles revealed a compositionally
graded microstructure along the particle radius. The
regions at or near the surface of the particles were com-
posed of both Ag and Fe atoms. The iron content grad-
ually decreased towards the center of the particle. The
core of the particle was made up of pure Ag. The mag-
netic characterization revealed the presence of a para-
magnetic phase which indicated that the Ag and Fe
atoms present in the particle were in a solid solution
arrangement.
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