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Functionalized surfactant as iron(II) bis(ethyl-2-hexyl)sulfosuccinate, Fe(AOT)2, is used
to synthesize metallic nanoparticles of R-Fe and of a Fe-B alloy through chemical reduction
with NaBH4. The particles are observed by transmission electron microscopy and character-
ized by X-ray diffraction, electron diffraction, Mössbauer spectroscopy, and electron energy
loss spectrometry. The room-temperature magnetization curve is also presented.

Introduction

Nanostructured materials, because of their large
specific surface often have unique wide range of
applications.1-4 They can be electrical, structural, and
magnetic properties, including information storage,
color imaging, bioprocessing, magnetic refrigeration,
and ferrofluids.
We usually assume that nanostructured materials

exhibit a unique type of disorder, with very low-energy
regions (crystallites) existing at the extense of higher
energy boundary, interface or surface regions.5 Mag-
netic nanostructure studies combine a broad range of
synthetic and investigative techniques from physics,
chemistry, and materials science. In the best case, these
studies not only provide information about the struc-
tural and magnetic properties but also improve under-
standing of the synthesis technique. The correlation
between nanostructure and magnetic properties sug-
gests a classification of nanostructure morphologies. At
one extreme are systems of isolated particles with
nanoscale diameters which are noninteracting systems
and derive their unique magnetic properties strictly
from the reduced size of the components with no
contribution from interparticles interactions. At the
other extreme are bulk materials with nanoscale struc-
ture in which a significant fraction of the sample is
composed of grain boundaries and interfaces.
Amorphous transition metal-boron alloys have been

studied extensively in the bulk phase.6-8 Various well-

known techniques of preparation of these alloys have
been used such as cosputtering of the elements on a
substrate, quenching a liquid to a temperature below
the glass transition, solvated metallic atom deposition,
and gas evaporation. Finally, the chemical route was
used consisting of the reduction of aqueous metallic
salts, M2+ by sodium borohydride, NaBH4. By using the
latter procedure, the amount of boron in the materials
strongly depends on the preparation parameters such
as temperature, concentration, pH, solvent, and mixing
procedure. Large studies on syntheses, structural, and
magnetic properties were done on such materials.9-20

The alloy formation was demonstrated by a macroscopic
technique, and no local studies were performed.
In the present paper, we develop a new synthesis with

diphasic systems. This method is the reduction of the
iron(II) bis-(ethyl-2-hexyl)sulfosuccinate surfactant,
Fe(AOT)2, by NaBH4. We use macroscopic (transmis-
sion electron microscopy, X-ray diffraction, and Möss-
bauer spectroscopy) and nanoscopic (electron energy loss
spectrometry) techniques to describe the material formed
by using such a synthetic mode. We demonstrate the
formation of R-Fe particles coated by iron alloys.
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Experimental Procedure

Products. Sodium bis-(ethyl-2-hexyl)sulfosuccinate, AOT,
was purchased from Sigma, isooctane was obtained from Fluka
(99.5% puriss), and NaBH4 was from Alpha Products. All
chemicals were used without further purification.
Singly distilled water was passed through a Millipore MilliQ

system cartridge until its resistivity reached 18 MΩ cm.
Functionalized Surfactants. Syntheses of iron(II) bis-

(ethyl-2-hexyl)sulfosuccinate, Fe(AOT)2, have been described
previously.21
Magnetization curves were obtained with a commercial

alternative gradient field magnetometer (AGFM) operating at
room temperature in a field up to 1.8 T.
X-ray diffraction (XRD) measurementswere carried out

by using a Stoe Stadi P goniometer with a Siemens Kristal-
loflex-X-ray generator using cobalt anticathode driven by a
personal computer through the Daco-PM interface.
Transmission Electron Microscopy (TEM) and Elec-

tron Diffraction (ED). A drop of the solution is evaporated
on a microscope grid in an inert atmosphere (N2) and the TEM
pattern were obtained by using a JEOL electron microscope
(Model JEOL 100 CX. 2).
Electron Energy Loss Spectrometry (EELS). The

EELS data were recorded using a scanning transmission
electron microscope (STEM; VG HB 501 equipped with a
Gatan 666 parallel EELS spectrometer) on the same specimen
as observed previously in normal TEM work.
The electron energy loss spectroscopy, EELS, measures the

energy loss suffered by high-energy incident electrons trans-
mitted across the specimen.22
Mo1ssbauer Experiments. The Mössbauer spectra were

recorded using a 57Co*:Rh γ-ray source (E0 ) 14.4 keV)
mounted on an electromagnetic drive with a triangular velocity
signal. The spectra were least-squares fitted to get the
hyperfine parameters (isomer shift δ, quadrupolar splitting
∆, and hyperfine fieldHhf). In some cases, we observed a broad
hyperfine field distribution that was fitted using either a
histogram of hyperfine fields with free weights or a Gaussian
distribution.
We shall recall briefly the main characteristics of the 57Fe

Mössbauer spectra of iron oxides and iron metallic alloys. The
isomer shift values (δ) are given with respect to R-Fe. δ is
very sensitive to the oxidation state of Fe; for metallic Fe, ionic
Fe3+, and ionic Fe2+ typical values of δ are 0, 0.5, and 1.2 mm/
s, respectively. The hyperfine field value at saturation is also
dependent on the oxidation state: for Fe in a metallic environ-
ment, Hhf(T)0) ) 250-350 kOe (340 kOe for R-Fe) and for
Fe3+ in an insulating oxide, Hhf(T)0) ) 450-550 kOe.
All the reported spectra are zero external field spectra and

were recorded in the temperature range 4.2-330 K.

Synthesis

Iron(II) bis-(ethyl-2-hexyl)sulfosuccinate, Fe(AOT)2, dis-
solved in isooctane forms reverse micelles. The addition of the
same volume of aqueous phase and the micellar solution
induces a phase transition. In the lower part, an anisotropic
birefringent phase is observed which is supposed to be a
lamellar or cylindric phases. In the upper part, an isotropic
nonbirefringent reverse micellar phase is observed.
Syntheses are performed in an Ar atmosphere chamber to

prevent oxidation. The crystallites are obtained by mixing,
under vigorous stirring 25 mL of a 0.1 M Fe(AOT)2-isooctane
micellar solution to 25 mL of an aqueous solution containing
NaBH4 ([NaBH4] ) 0.4 M). Immediately after mixing, reduc-
tion of Fe2+ ions occurs and a black precipitate appears. It is
washed with deaerated isooctane and then with acetone to
remove all the surfactant. The precipitate is dried in an Ar
atmosphere chamber.

According to parameters controlling the iron(II) reduction
by borohydride in aqueous phase, various reactions can occur
although the reaction mechanism is not clearly established.23

Results

The TEM pattern exhibits 10-100 nm diameter
particles (Figure 1). The largest are organized as
elongated aggregates on a wide domain: a few microns
length and approximatively 100 nm thickness. The
powder X-ray diffractogram (XRD) exhibits two super-
posed peaks at d ) 2.02 Å (Figure 2). The first one is
very broad with a full width at half-maximum (fwhm)
equal to approximatively 11° (2θ) asigned to an amor-
phous phase. The fwhm of the other one is 3.3° (2θ); it
is asigned to BCC R-Fe phase. No oxide phase is
detected. The same crystalline phase is detected by
electron diffraction (ED).
The EELS line spectrum is recorded across a 60 nm

particle (Figure 3). Figure 4 shows a perspective view
of the sequence of EELS spectra acquired while the 1
nm probe is scanned across the particle. One clearly
sees the oxygen K edge at 540 eV and the iron L2,3 edge
at 705 eV. Atomic concentrations of iron, boron, and
oxygen are deduced from the above set of data by
applying for each spectrum the conventional quantifica-
tion technique consisting in measuring the specific
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Quartuccio, M.; Colliex C. Ultramicroscopy 1995, 58, 42.

(23) Shen, J.; Li, Z.; Yan, Q.; Chen, Y. J. Phys. Chem. 1993, 97,
8504.

Figure 1. Transmission electron microscopy picture.

Figure 2. X-ray diffractograms with a cobalt anticathode: λKR
) 0.1789 nm. (O) BCC R-Fe phase.
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signal for each edge (the B-K edge line lies in the
strongly decreasing slope of the background at about
185 eV) after background subtraction. Normalizing
each signal with its corresponding excitation cross
section leads to the determination of the relative
concentrations (we assume that the total weight of these
three signals amounts to 1 for each spectrum indepen-
dently). From investigations by EELS performed along
a line (Figure 3) it is deduced that 40 nm are made of
pure iron and is surrounded by 20 nm layer of boron,
oxide, and iron. We have observed a rather similar
behavior for different particles chosen at random.
The results presented in Figure 5A show unambigu-

ously that the iron atoms are in majority in the center
of the particle. A phase containing iron, boron and
oxygen surrounds the particle. To confirm this result,
three spectra corresponding to well-defined probe posi-
tions with respect to the investigated particle are shown
in Figure 5B in the first difference mode, to enhance
the visibility of the weaker boron and oxygen edges. The
normalization of the three spectra so that the Fe signal
is equivalent shows clearly that the relative weight of

boron and oxygen decreases in accordance while the
probe moves from the outside to the core of the particle
(spectra A-C, insert in Figure 5B). This study in the
first-derivative mode eliminates greatly the importance
of the multiple scattering events that can bias the
quantitative analysis when the specimen thickness is
as high as 80-100 nm.
The 57Fe Mössbauer spectra were recorded at 4.2 and

300 K. At both temperatures, the spectra can be fitted
with two magnetic hyperfine sextets, of roughly equal
intensities (Figure 6). One of them has narrow lines
and hyperfine fields of 339 and 330 kOe at 4.2 and 300
K respectively, and a room-temperature isomer shift δ
≈ 0. This component is attributed to BCC R-Fe.24 The
other component shows broad lines, and a room tem-
perature isomer shift δ ≈ 0. It can be fitted with a
Gaussian distribution of hyperfine fields, with mean
values 285 and 255 kOe at 4.2 and 300 K, respectively,
characteristic of iron atoms in a metallic environment.
The mean-square deviation of these distributions is 60
kOe, suggesting that this phase is amorphous.
The room-temperature magnetization measurement

displays a hysteresis in Figure 7. The saturation
magnetization,MS, the remanence,MR, and the coercive
field HC are equal to 33.5 emu/g, 5.1 emu/g, and 162
Oe, respectively.

(24) Janot, C. L’Effet Mössbauer et ses applications, Masson, Ed.;
1972.

Figure 3. TEM micrograph showing a spherical particle
analyzed by EELS.

Figure 4. Perspective view of the intensities in a line-
spectrum across a nanoparticle, with the iron L2,3 and oxygen
K lines at 705 and 540 eV respectively.

Figure 5. (A) EELS spectrum across a nanoparticle. Gray
circle: Fe. Open circles: O. Black boxes: B. (B) EELS first
derivative spectra normalized on L2,3 edge showing the varia-
tion of boron and oxygen concentration from the center to the
surface of the particle. (A) Surface. (B) Intermediate position.
(C) Core of the particle. Insert: enhancement of oxygen K.

2098 Chem. Mater., Vol. 9, No. 10, 1997 Duxin et al.



Discussion

Syntheses performed in diphasic systems show for-
mation of BCC R-Fe crystalline phases and Fe1-xBx
alloy.
The BCC R-Fe crystallites formation is demonstrated

from an X-ray diffraction pattern (Figure 2) with a [110]
peak. This phase also appears in Mössbauer spectra
(Figure 6) as the first subspectrum.
The concentration profile deduced from EELS mea-

surements displayed in Figure 5A can be explained
following a model of a pure iron core of about 40 nm
encapsulated within a shell of oxidized Fe1-xBx with x
on the order of 0.2. If the whole core would be made of
Fe1-xBx, the B content profile would rather behave in
accordance to the Fe one. As the boron profile varies
in accordance with the oxygen one, we have actually to
assume that the boron is also mostly located within this
coverage layer. This is supported by the TEM pattern
shown in Figure 1 in which the constrast differs from
the internal core of the material compared to the
interface.
By XRD, excepted BCC R-Fe no crystalline phase is

detectable. A large peak of 11° (2Θ) of fwhm, centered
around 52.3°, is asigned to an amorphous phase.17 This
is markedly supported by a second sextet observed by
Mössbauer spectroscopy. It is assigned to a metallic Fe-

based alloy. The broad Mössbauer absorption lines are
characteristic of a hyperfine field distribution and reflect
an amorphous phase which can be identified as a
Fe1-xBx alloy and characterized by low values of the
hyperfine fieldHhf.4,15,16,20,23 The relative percentage of
boron compared to iron atoms depends on the experi-
mental conditions in which syntheses are performed.25
The hyperfine fields4 of the Fe1-xBx alloys decrease
linearly with increasing composition, x. In our experi-
mental conditions, the hyperfine value is 255 kOe at
room temperature. This corresponds to a composition
of 22% of boron atoms. This is in good agreement with
data obtained from EELS where the Fe/B ratio is found
to be on the order of 4 within the external coverage. This
corresponds to 18% of boron. These results are in good
agreement to those obtained by Hadjipanayis et al.26
from which they claim that the alloys are amorphous
for a composition equal or higher to 0.20.
The saturation magnetization value shown in Figure

7 (33.5 emu/g) compared to that is relatively low
obtained with bulk BCC R-Fe phase (215 emu/g).27 This
can be attributed to the presence of alloys in nanosized
scale. This is supported by the following:
(i) In Fe1-xBx bulk amorphous alloys the magnetic

moment of iron gradually decreases down to a zero value
upon increasing the boron content.28

(ii) For a given boron concentration, the saturation
magnetization is usually lower in the amorphous state
than in crystalline samples.29

(iii) Magnetization decreases with decreasing the
particle size.26

(iv) A “dead layer”30 or “spin canting”31 due to the
presence of borate,19,20 oxide,26,32 and surfactant at the
interface favors the decrease in the magnetization
saturation.
Hence by using a biphasic colloidal transition R-Fe

elongated coated by Fe1-xBx alloys are formed. Such a
nanostructure could be useful in applications because
it combines magnetic properties with an interface in
which a catalytical reaction can be performed. It is
impossible to conclude that this synthesis mode is the
only way to control morphology and composition. How-
ever, we already demonstrated in our laboratory that
the presence of a charge interface acting in a super-
saturation regime is able to control the size,33,34
morphology,35-37 and composition38,39 of the nanomate-
rial.
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Figure 6. 57Fe Mössbauer spectra at 300 and 4.2 K. The
subspectrum with narrow lines corresponds to the R-Fe phase
and the subspectrum with broad lines to an Fe-B amorphous
alloy. The latter component has been fitted with a Gaussian
distribution of hyperfine fields with mean value 285 kOe at
4.2 K and 255 kOe at 300 K. The two components have
approximatively equal weights.

Figure 7. Room-temperature magnetization plot. The insert
is a magnification of the main curve. MS ) 33.5 emu/g; MR )
5.1 emu/g; HC) 162 Oe.
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Conclusion

In this paper, it has been shown that chemical
reduction of functionalized surfactant in a colloid system
allowed us to obtain small metallic particles. The

system chosen was Fe(AOT)2/water/isooctane reduced
by sodium borohydride, NaBH4, in an inert atmosphere.
Core-shell structured ultrafine particles (10-100 nm)
were obtained. The variation of composition between
the core and the surface of one particle chosen at
random was investigated. BCC R-Fe is located in the
center and an amorphous Fe80B20 alloy is detected at
the surface. Oxidation is evidenced by presence of
oxygen atoms located at the surface of the particles.
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