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Nanoparticles of the Fe/Co alloy have been prepared by sonolysis of a Fe(CO)5 and Co(NO)(CO)3 mixture in
diphenylmethane solution under argon. The as-prepared product is an amorphous material having 10 nm
diameter particles. Upon annealing in argon at 600  C for 5 h, an air-stable Fe/Co alloy is formed with an
increased particle size to 40 nm. The Fe/Co alloy nanoparticles have been characterized by XRD, TEM,
TGA, DSC, XPS, EPR, MES and magnetic susceptibility measurements. Materials obtained under appropriate
conditions possess a very high saturation magnetization of about 150–238 emu g1 and good, soft magnetic
properties (Hc ¼ 70  30 G). The nanocrystalline particles have a core-shell structure in which the iron–cobalt
core is surrounded by a carbon surface layer. The stability of the nanocrystalline particle has been discussed,
based on the core-shell structure.

Introduction
Recently, nanoparticles have become the focus of intensive
research, owing to their numerous applications in diverse ﬁelds
such as catalyst production, ultramodern electronics, optical
devices, supermagnets, photographic suspensions, xerography,
etc.1,2 A variety of methods can be used for the formation of
nanoparticles, such as molecular beam epitaxy,3 chemical
vapour deposition,4 reduction by ionizing radiation,5 thermal
decomposition in organic solvents,6 chemical reduction or
photoreduction in reverse micelles,7 and chemical reduction
with8 or without9 stabilizing polymers. From all this work,
it has been assessed that the particle size and the properties
of nanoparticles depend strongly on the speciﬁc method of
preparation and the applied experimental conditions.
The sonochemical method has been used extensively to generate novel materials with unusual properties.10a The chemical
eﬀects of ultrasound arise from acoustic cavitation, that is, the
formation, growth, and implosive collapse of bubbles in liquid.
The implosive collapse of the bubble generates a localized hotspot through adiabatic compression or shock wave formation
within the gas phase of the collapsing bubble. The conditions
formed in these hotspots have been experimentally determined,
with transient temperatures of ca. 5000 K, pressures of 1800
atm, and cooling rates in excess of 1010 K s1. These extreme
conditions attained during bubble collapse have been exploited to decompose the metal–carbonyl bonds and generate
metals,10b–e metal carbides,10f and metal oxides.10g,h
A protective layer on the surface of the particles prevents
interaction between closely spaced magnetic bits and provides
oxidation resistance.11 Coated or air-stable Fe/Co alloy nanoparticles are of particular interest since the ferromagnetic
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alloys containing Fe and Co have excellent soft magnetic properties equivalent or superior to those of conventional materials, and are being used in perpendicular magnetic recording,
highly sensitive magnetic sensors, toners, imaging reagents,
and magnetic carriers. One of the ﬁrst methods to be used to
prepare metal or alloy nanoparticles was metal vapour synthesis. It has been studied extensively and is still being used.
Furthermore, carbon formation has been attributed to metal
carbide formation, followed by thermal decomposition of the
carbide to form surface graphite and a metal core.12a,b,c
Amorphous Fe/Co nanoparticles were prepared by the sonolysis of Fe(CO)5 and Co(NO)(CO)3 in decane at 0  C,13 but the
product was not air-stable. In the present paper, we report on a
sonochemical method for the preparation of air-stable Fe/Co
alloy nanoparticles by sonolysis of Fe(CO)5 and Co(NO)(CO)3
in diphenylmethane (DPhM), followed by the thermal treatment of the as-prepared material under argon. The nanoparticles of the air-stable Fe/Co alloy consist of a metal alloy core
and a coated shell. These Fe/Co alloy nanoparticles show an
excellent magnetic performance and storage stability. It is
believed that the magnetic properties of Fe/Co nanocrystalline
particles can be tailored to meet the requirements of various
speciﬁc applications. Recently, Nikitenko et al. synthesized
highly magnetic, air stable iron nanoparticles14 by using power
ultrasound. This study extends Nikitenko ’s work to the formation of an alloy, and is an extension of the previous work.

Experimental section
Diphenylmethane (DPhM) ( > 99%, Fluka), Fe(CO)5 (99.5%
STREM), and Co(NO)(CO)3 were used without additional
DOI: 10.1039/b302136j

This journal is # The Royal Society of Chemistry and the Centre National de la Recherche Scientiﬁque 2003

puriﬁcation. A Fe(CO)5 and Co(NO)(CO)3 solution of desired
concentration in DPhM was sonicated in the presence of argon
by means of a Sonics and Materials ultrasonic device with
a direct immersion titanium horn (working frequency 20
kHz, electric power of generator 600 W, irradiation surface
area of the horn 1 cm2). The volume of the sonicated solution
was 120 mL. The absorbed acoustic power, measured by the
thermal probe method,15 was found to be equal to 0.45 W
mL1. In a typical preparation of a Fe40Co60 alloy, 2.0 mL
Fe(CO)5 (0.15 molL1) and 1.5 mL Co(NO)(C)3 (0.15
molL1) were dissolved in 100 ml DPhM. The sonolysis of
the solution was performed for 3 h at 20–30  C under argon
atmosphere. The temperature was maintained during sonication by a Julabo FT 901 cooler. The black solid product was
separated by centrifugation, washed three times with pentane
inside the N2-ﬁlled glove box, and dried under vacuum at room
temperature. The annealing of the solids was performed under
an argon ﬂow (99.996%) for 5 h at 600  C, yielding 60%
Fe40Co60 alloy by weight.
XRD was recorded on a Bruker AXS D* Advanced Powder
X-ray Diﬀractometer (Cu-Ka radiation, l ¼ 0.15418 nm). The
XRD diﬀraction patterns of the as-prepared material were
measured in a tightly closed cell, which was closed in a nitrogen ﬁlled glove box to avoid sample contact with air. Measurements of annealed samples were performed without special
precautions. Low resolution TEM was obtained with a JEOLJEM100SX electron microscope with 80–100 kV accelerating
voltage. Energy-dispersive X-ray (EDX) analysis was measured on a JEOL-JSM-840 scanning microscope. Magnetic
measurements were performed at room temperature using a
Quantum Design MPMS SQUID magnetometer. The thermogravimetric (TGA) and diﬀerential scanning calorimetric
analyses (DSC) were performed by using Mettler Toledo
TGA/SDTA 851 and DSC-25/TC-15 devices, respectively,
under pure nitrogen ﬂow. X-ray photoelectron spectroscopy
(XPS) was recorded using an AXIA, HIS 165, ULTRA (Krato
Analytical) device. The XPS data were acquired for Fe2p, Co2p,
C1s , and O1s photoelectron emission. Elemental analysis was
carried out by an Eager 2000 CHN analyzer. Mössbauer eﬀect
spectroscopy (MES) studies were performed using a 57Co:Rh
source (50 mCi) and a conventional constant acceleration
Mössbauer drive. The samples for XRD, TGA, DSC, EPR,
and magnetic susceptibility measurements were prepared in
an inert atmosphere of a nitrogen glove box.

Results and discussion
We have noticed that the sonochemical eﬃciency for decomposition of Co(NO)(CO)3 is less than for Fe(CO)5 , so it is necessary to use an initial excess of Co(NO)(CO)3 to obtain the
required alloy composition. The poor reactivity of Co(NO)(CO)3 can be traced to its lower vapour pressure when compared with Fe(CO)5 . As the precursor’s vapour pressure
increases, its concentration in the bubble (i.e., the gas phase
within the collapsing cavity) increases linearly, thus increasing
the observed sonochemical reaction rate. FexCoy is termed as
the respective composition obtained in the product.

Fig. 1 XRD pattern of amorphous Fe40Co60 .

this alloy. Fig. 2b shows the XRD pattern for the sample
annealed at 600  C for 5 h under argon. The pattern was dominated by bcc Fe/Co. No peaks attributable to iron/cobalt
oxide or other iron/cobalt impurity phases are observed.
Fig. 2c shows the XRD pattern for the sample annealed at
600  C for 5 h in air. The pattern showed strong and relatively
broadened peaks corresponding to CoFe2O4 . The broadening
of the CoFe2O4 peaks may be due to the small grain size. The
Co:Fe atomic ratio in the oxidized ferrite is very diﬀerent from
their ratio in the alloy. This is perhaps due to the partial conversion of the Co to Co2O3 whose diﬀraction peaks might be
beneath those of CoFe2O4 . The presence of the Fe/Co alloy
could not be observed due to the formation of cobalt ferrite
during the annealing process in air atmosphere.
The diﬀraction patterns for the materials (annealed under
pure argon at 600  C for 5 h) containing from 30 to 70 at.%
cobalt are the same as Fe40Co60 , and correspond to a bodycentered-cubic crystal. No ordered a0 phase has been detected.
All the alloys that we have tested so far crystallize in the bcc
structure, which is consistent with the known Fe/Co equilibrium phase diagram.16,17 Furthermore, the lattice constants
for all compositions studied were about the same. It is clear
from the XRD patterns that the particles are not a mixture
of pure iron and pure cobalt, but a binary alloy of iron and
cobalt atoms. The ﬁne diﬀraction lines and the lack of background show that the very well crystallized single phase of
the alloy was obtained. To obtain more quantitative information, the Debye–Scherrer formula18
L ¼ 0:9l=ðB  cosðyÞÞ

ð1Þ

has been applied to calculate the size of the crystalline alloy
nanocrystals, where L is the coherence length, B is the full

XRD measurements
The X-ray diﬀraction (XRD) for the as-prepared sample of
Fe40Co60 is shown in Fig. 1. The amorphous nature of the
alloy is demonstrated by the absence of any diﬀraction peaks.
Fig. 2 shows the XRD patterns for samples of the Fe40Co60
alloy annealed at diﬀerent atmosphere and temperatures.
Fig. 2a shows the XRD pattern for the sample annealed at
500  C for 5 h under an argon atmosphere. The pattern does
not show well-deﬁned peaks characteristic of a crystalline
material. This means that 500  C is not suﬃcient to crystallize

Fig. 2 XRD patterns of Fe40Co60 annealed with diﬀerent conditions:
(a) annealed at 500  C under argon; (b) annealed at 600  C under
argon; (c) annealed at 600  C in air. (The dotted lines show the peaks
of silicon internal standard).
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width at half maximum (fwhm) of the peak, l is the wavelength
of the X-ray radiation, and y is the angle of diﬀraction. In the
case of spherical crystallites, the relation between L and D, the
diameter of the crystallite, is given as L ¼ 3/4D. The value of L
obtained for the Fe40Co60crystalline particle is 31 nm. This
translates to a crystallite size of 41 nm, which is close to the
following TEM results.
Mössbauer spectroscopy measurements
Three samples annealed at 500  C, 550  C and 600  C have
been measured. The spectra at room temperature are shown
in Fig. 3. One observes that while samples (a) and (b) exhibit
the presence of foreign phases, probably Fe3O4 , sample (c) is
a pure single Fe–Co alloy phase. The hyperﬁne interaction
parameters for sample (c) are; isomer shift zero relative to pure
iron, quadrupole interaction zero like in pure iron, but magnetic hyperﬁne ﬁeld of 355 kOe, 10% larger than in iron.

Fig. 4 (a) TEM images of the as-prepared Fe40Co60 and (b) its
SAED.

are polycrystalline. The amorphous disordered aggregated
particles are converted into near-spherical particles during
the annealing process.
Thermal analysis

Elemental and EDX analysis
Alloy compositions were determined by elemental and energydispersive X-ray (EDX) analysis. The presence and ratio of
Fe and Co were examined by EDX measurements. The quantitative values of the Fe and Co ratio were measured for the
annealed product. The elemental analysis of the amorphous
sample could not be done due to the burning of the sample
in air atmosphere. The elemental analysis of the annealed samples showed that the alloy powders have over 97% metal by
mass, with small amounts of carbon ( < 2%) and hydrogen
( < 0.5%). The presence of carbon and hydrogen is presumably
the result of the decomposition of DPhM solvents14 or CO
adsorbed during ultrasonication.

TEM measurements
The transmission electron microscope (TEM) image (Fig. 4a)
of the as-prepared Fe40Co60 sample shows the alloy powder
as agglomerates of small particles with average diameters of
20 nm. The exact size of the particle is diﬃcult to determine
as most of the particles are aggregated in a sponge-like form.
The electron diﬀraction (Fig. 4b) of the alloy particles shows
only a diﬀuse ring characteristic of amorphous materials.
The TEM micrograph of the annealed Fe40Co60 sample
(heated at 600  C for 5 h under Ar) is shown in Fig. 5a. The
near-spherical particles of 20–40 nm can be seen in this micrograph. The ED pattern in Fig. 5b indicates that these particles

Fig. 3 Mössbauer spectra at room temperature of samples annealed
at 500  C, at 550  C, and at 600  C.
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Thermal analysis was carried out by using TGA and DSC
measurements. Fig. 6 shows TGA curves of the sample
Fe40Co60 for as-prepared and annealed samples. The TGA
curve (Fig. 6a) exhibits a three-stage mass loss at 100–
230  C, 250–450  C, and 760–900  C of about 14.4 wt.%, 8.3
wt.%, and 10.7 wt,%, respectively. This total 33.4% weight loss
corresponds to the loss of organic impurities which were
formed on the surface of Fe40Co60 alloy nanoparticles during
the sonolytic decomposition of diphenylmethane.14 Indeed,
this loss, occurring in three steps, could be associated with
complete decomposition of C–H bonds and the release of
hydrogen at diﬀerent temperatures. In order to study the stability of an annealed sample (600  C for 5 h) in air atmosphere,
we have carried out the thermogravimetric analysis of this
sample. Fig. 6b shows that the annealed sample Fe40Co60
has good stability against oxidation below 350  C, due to the
formation of a carbon protective shell on the surface of the
alloy nanoparticles during the annealing process.
The diﬀerential scanning calorimetric (DSC) curves of the
as-prepared amorphous Fe40Co60 sample are shown in Fig. 7.
A wide endothermic peak below 280  C, centered around
216  C, can be seen in the DSC curve. It indicates the decomposition of the adsorbed surface organic impurities. The impurities are supposed to be related to the organic sonopolymer
thermolysis.14 The Fe40Co60 sample shows a wide exothermic
peak centered around 500  C, which corresponds to the phase
change from amorphous to crystalline. The broad exotherm
could be explained as being due to the wide size distribution
of the alloy nanoparticles. Indeed, the sample annealed at
500  C for 5 h was not well crystallized, conﬁrmed by XRD
measurements (Fig. 2a). On the other hand, the sample
annealed at 600  C (where exotherm ends) shows well-deﬁned
peaks in the XRD measurements, characteristic of the complete crystallization of the alloy particles. After cooling and
a second heating cycle, the DSC curve was featureless (data
not shown).

Fig. 5 (a) TEM images of Fe40Co60 annealed at 600  C for 5 h; (b) its
micro-diﬀraction pattern.

Fig. 6 TGA curves for Fe40Co60 samples: (a) as-prepared sample
(under nitrogen ﬂow), (b) crystalline sample (under air atmosphere).

Magnetic measurements
The magnetic properties were investigated by magnetic susceptibility and an electron spin resonance method. The magnetization vs. magnetic ﬁeld curves for the as-prepared and
annealed alloy samples are shown in Figs. 8a and 8b–e, respectively. The speciﬁc saturation magnetization Ms and coercivity
Hc are calculated for the diﬀerent ferromagnetic compositions
of the alloys. The magnetization curve of the amorphous sample Fe40Co60 measured at room temperature (Fig. 8a) does not
reach saturation even at a magnetic ﬁeld of 15 kG, and no hysteresis is found, indicating that the as-prepared (amorphous)
Fe/Co particles are superparamagnetic. Shaﬁ et al. also reported a similar behavior.19
Higher saturation magnetizations than those in Fig. 8a were
observed in Figs. 8b–e, because of the crystalline nature of the
compounds. In the case of the crystalline Fe40Co60 alloy, the
saturation magnetization and coercivity are 238 emu g1 and
73 Oe, respectively. These numbers were higher than those
obtained for other compositions. Crystalline alloys show very
high saturation magnetization (Figs. 8b–e) ranging from 150
emu g1 to 238 emu g1. These saturation magnetization
and coercivity numbers are close to the reported data of airstable iron nanoparticles, which show saturation magnetization of 212 emu g1 and coercivity of 40 Oe,14 respectively.
The diﬀerence in the magnetic properties in diﬀerent stoichiometries or compositions can be explained as due to the interaction of the magnetic moments in the Fe/Co alloys.20
Since the coercivity of the Fe/Co particles mainly originates
from the crystal and shape anisotropy, the low coercivity in the

Fig. 7 DSC curve of as-prepared amorphous Fe40Co60 sample.

Fig. 8 Room-temperature magnetization curves of Fe/Co samples:
(a) amorphous Fe40Co60 , (b) annealed Fe30Co70 , (c) annealed Fe50Co50 , (d) annealed Fe40Co60 , (e) annealed Fe70Co30 .

as-prepared alloy can be attributed to the low magnetic anisotropy of the spherical Fe/Co alloy nanoparticles, which
contain nanoparticles smaller (20–40 nm) than the critical
diameter, Dc , of the corresponding Fe/Co alloy.21
Our measured coercivity is much smaller than the high coercivity of about 1780 Oe, which was obtained for the CoFe2
nanoparticles.22 It has also been reported that the presence
of an oxide can be the cause for enhancing the resulting coercivity.23,24 A change of the coercivity of Fe or Co nanoparticles
from a few tens to a few hundred Oe has been observed when
the nanoparticles were oxidized.24,25 On the other hand, our
low coercivity is close to the reported coercivity of a few tens
of Oe of Fe and Co nanoparticles, which are in contact with
non-oxidized agents.22,23 In the light of this comparison, the
measured coercivity data is, on the one hand, consistent with
other reports and, on the other hand, with the surface properties resulting from other measurements. (See the EDAX, the
XPS and the HRTEM results.)
Electron paramagnetic resonance is a powerful technique for
studying the microstructure and the electronic properties of the
sample. EPR spectra of the amorphous and annealed alloy Fe/
Co nanoparticles were measured at 300 K. The EPR spectrum
(Fig. 9a) of the amorphous sample with Gaussian shape is centered at g ¼ 2.2858 and has a peak-to-peak separation (DHpp)
of 1600 G. The broad paramagnetic resonance signal can be
associated with the paramagnetic nature of the alloy particles.
The broadening of the EPR line arises from strong interparticle dipolar interactions that provide an eﬀective spin relaxation
mechanism.26 The crystalline sample annealed at 600  C was
highly ferromagnetic and a resonance spectrum could not be
recorded under identical conditions, even with small amounts
of the sample measured (Fig. 9b).
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Fig. 9 EPR spectra of the Fe40Co60 nanoparticles: (a) amorphous,
(b) crystalline.
Fig. 10 HRTEM of a Fe40Co60 particle annealed at 600  C.

XPS and HRTEM measurements
Indeed, we did not observe any carbon diﬀraction peaks in the
XRD patterns due to its amorphous nature. In order to study
the presence of carbon, which acts as a protective shell in the
annealed particles, we have carried out XPS and HRTEM
measurements. XPS is a very sensitive technique for analysing
the surface composition of the particles. The results of the
surface analysis of the alloy and the composition of Fe, Co,
O and C are shown in Table 1. The amorphous alloy
(Fe40Co60), when annealed in air, shows a high concentration
of Fe, Co and O compared with the sample annealed in an
argon atmosphere. On the other hand, the sample annealed
under argon shows a very high concentration of carbon
(around three times) compared with the sample annealed in
air. These results can be explained as follows: after annealing
in an argon atmosphere, the surface of the alloy particle is covered with carbon ( > 68 at.% ). The sample that was annealed
in air has undergone oxidation, resulting in CO2 , which
reduces the concentration of carbon on the particle’s surface.
This is evidenced by the presence of more than 56% of oxygen,
while the concentration of carbon is only around 21%. This
indicates that the protective shell of carbon was formed during
the annealing of the alloy in an inert atmosphere. The surface
composition of the Fe40Co60 alloy demonstrates some enrichment of Fe over Co. Similar results of an iron-enriched surface
have been reported by other researchers using other preparation methods.27 High resolution TEM measurements have
been carried out to conﬁrm the presence of the proactive shell.
The HRTEM image of particles annealed at 600  C is depicted
in Fig. 10. The protective carbon layer is distinctive. The
carbon layer is amorphous and it varies in thickness in the
range 5–10 nm.

Particle stability
The as-prepared material is pyrophoric and must be handled in
an inert atmosphere. On the other hand, the annealed materials do not show visible changes in colour, shape, structure, or
magnetism when stored at room temperature in air. The timestability of the nanocrystalline particles obtained was tested
by sequential measurements of XRD and magnetization

Table 1 XPS measurements of Fe, Co, C, and O surface concentrations for annealed samples using Fe2p (711.5 eV), Co2p (780.1 eV),
C1s (284.35 eV), and O1s (530.1 eV) signals respectively
Surface concentration/at.%
Sample Fe40Co60

Fe

Co

C

O

Annealed in air
Annealed under argon

12.80
2.70

8.89
1.67

21.77
68.16

56.55
27.47
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values. It was observed that the samples annealed at 600  C
exhibit a strong resistance to oxidation. The XRD spectra
and Ms values do not change after at least 5 months of contact
with air.
The annealed particles are also stable for at least one week
upon contact with water, an 0.5 M NaOH solution, or ethanol.
We attribute the particle stability to the protective shell of
carbon formed during annealing. Usually, iron and cobalt
are very sensitive to oxygen in air and are easily oxidized. By
analysing XRD, element analysis and XPS results, we conclude that the Fe/Co alloy nanoparticles were covered with a
protective layer mainly composed of carbon. The mechanism
of the formation of this structure will be discussed in the
following section.

Proposed mechanism
The chemical reactions driven by intense ultrasonic waves
strong enough to produce cavitation are oxidation, reduction,
dissolution, and decomposition.10a,28–31 Other reactions, such
as promotion of polymerisation, have also been reported to
be induced by ultrasound. It is known that three diﬀerent
regions are formed32 during the DPhM solution’s sonochemical process: (a) The inner environment of the collapsing
bubble, where elevated temperatures (several thousands of
degrees) and pressures (hundreds of atmospheres) are produced. A gas phase reaction occurs in this region. (b) The
interfacial region where the temperature is lower than in the
gas-phase region, but still high enough to induce a sonochemical liquid phase reaction. (c) The bulk solution, which is at
ambient conditions. It is believed that the decomposition of
the carbonyls occurs inside the collapsing bubble, while the
decomposition of the DPhM and the formation of the polymer
takes place in the interface region. This is due to the volatility
of the carbonyls and the non-volatility of the DPhM. This will
also explain why the polymer wraps around the alloyic core,
and, after annealing, forms the protective shell layer. The
amorphicity of the alloy also indicates that the reaction occurs
inside the collapsing bubble, since the extreme cooling rates
( > 1011 K s1) obtained are responsible for the creation of
amorphous products.33 Unlike sonochemical reactions involving two metallic salts,34 which occur in the interface region
and lead to a core-shell structure, the formation of an homogeneous alloy indicates that the decomposition rate of the
two carbonyls is of the same speed. After annealing at high
temperature in an inert atmosphere, the adsorbed organic
materials can react with the metal to form a carbide intermediate, which then decomposes at high temperature, forming the
carbon protective shell in vivo, which prevents the Fe/Co alloy
core from oxidation by air.35

Conclusions
Sonochemical decomposition of the solutions of volatile
organic precursors, Co(NO)(CO)3 and Fe(CO)5 , in diphenylmethane (DPhM) at 293–300 K, under an argon atmosphere,
yielded pyrophoric amorphous Fe/Co alloy nanoparticles.
Annealing of the as-prepared material in argon at 600  C leads
to the growth of the Fe/Co particle size, forming air-stable
nanocrystalline Fe/Co particles due to the carbon coating on
the surface of the alloy nanoparticles. A very high saturation
magnetization was observed for the Fe40Co60 alloy composition (238 emu g1). This high Ms is achieved due to the alloy
that has a protective carbon shell to avoid oxidation.
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