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Abstract Functionalized reverse
micelles have been used to synthesize
Copper and Cobalt nanoparticles
differing by their size and shape. They
can be also used to synthesize Fe-Cu
alloy (at 30% Fe) and composite (at
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Introduction

Nanosized particles of metal and alloys exhibit properties
which drastically differ from the bulk [1]. The possibility
to prepare ultrafine particles with homogeneous morpho-
logy and size would be of great interest in the tech-
nological [2] (magnetic recording) and theoretical [3]
{quantum size effect) fields.

Sodium di-(ethyl hexyl sulfosuccinate) (NaAOT), -iso-
octane-water solution forms water in oil droplets charac-
terized by a size which varies lincarly with the water
content, w = [H,O}/[AOT] [4]. The synthesis of solid

70% Fe) particles. In the case of
Fe-Cu system, the magnetic
properties are presented.
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particles in water, by ion reduction or by the formation of
an insoluble salt, can be controlled by the size of the water
droplets in which it takes place [5-7].

In this paper, the production of metallic copper par-
ticles by reduction of copper(Il) ions in some surfactant
mesophases is reported. It is shown that the size and the
shape of the copper particles depend on the mesophase
structure where the chemical reaction occurs. Formation
of nanosized cobalt particles is observed with a decrease in
the size by increasing the water content. Fe-Cu alloys are
obtained by addition of a large amount of water contain-
ing a reducing agent such as sodium borohydride to the
mixed micellar solution.
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Experimental section

Synthesis-metallic particles have been performed by using
metal (II) bis(2-ethylhexyl) sulfosuccinate [Cu(AOT),,
Co(AOT), or Fe(AOT),]-water-isooctane. The prepara-
tion of the copper, iron and cobalt surfactants has been
described previously [8]. All the particles were synthesized
under a N, atmosphere. Isooctane was supplied by Fluka
(99.5% puriss), hydrazine (100%) by Merck, sodium
borohydride by Sigma and single distilled water was
passed through a Millipore “MilliQ” system cartridge un-
til its resistivity reached 18 MQ-cm. All chemicals were
used without further purification.

Transmission electron microscopy and the electron
micrographs were obtained with a Jeol electron micro-
scope (model Jem. 100 CX.2).

The electrical conductivity measurements were made
with a Tacussel CD 810 instrument using a TD 100 (plati-
num) electrode from the same manufacturer. The measure-
ments were made at 25 °C once a stable reading had been
established.

Magnetic studies are done with a commercial alterna-
tive gradient magnetometer operating at room temper-
ature in a field up to 2 Teslas.

Syntheses
Synthesis of copper particles

i) In mixed reverse micelles

The preparation of colloidal copper particles is achieved
by mixing the reverse micellar system with an aqueous
solution of hydrazine. The quaternary system is used:
Cu(AOT),~Na(AOT)-water-isooctane. The reverse micel-
lar solution are formed by solubilizing an AOT micellar
solution containing copper bis (2-ethylhexyl)sulfosucci-
nate surfactant, Cu(AOT),, 1072 M, with sodium (2-
ethylhexyl)sulfosuccinate surfactant, Na{(AOT), 0.08 M.
Hydrazine is the reducing agent [N,H,] =3 1072 M.
A change in the water content of the micelle, w
(1 <w < 15), is obtained by adding H,O to the micellar
solution before the reaction takes place.

it) In pure Cu(AOT);/water/isooctane system

Hydrazine, [N;H,] = 0.15 M, used as a reducing agent,
is added to solution containing copper AOT
{[Cu(AOT),] = 5.10" > M}. A change in the water content
of the micelle, w, or in shape is obtained by adding H,O to
the solution before the reaction takes place. In all the cases,

particular care was taken to prevent oxidation of the
particles and electron diffraction of clusters does indeed
show rays characteristic of metallic copper

Synthesis of cobalt particles

The synthesis of cobalt nanoparticles is carried out in
quaternary system: Na(AOT)-Co(AOT),-water-isooc-
tane; using sodium borohydride as reducing agent
[NaBH,] = 4107° M, with [Co(AOT),] = 10"*M and
[Na(AOT)] = 0-25 M. Reducing agent is added as aque-
ous solution, in deoxygenated reverse micelle solution at
different water-contents, w. (2.5 < w < 20).

Synthesis of Fe-Cu alloys particles

When a 0.1 M of Fe(AOT),-Cu(AOT),-isooctane micellar
solution is added to an equal volume of a 0.2 M NaBH,
aqueous under vigorous stirring, a black precipitate ap-
pears. It is washed first with iscoctane and then with
acetone to remove all the surfactant. The precipitate is
then dried in an Ar atmosphere chamber. This experiment
has been performed from reverse micelles containing 30%
of iron and 70% of copper derivatives and vice versa.

Results and discussion
Copper metallic particles: Change in size and shape

Phase progression with increasing water content

In the quaternary system, Cu(AOT),-NaAOT-water-
isooctane, an isotropic solution is obtained. It is character-
ized by a very low conductivity (less than 100 nS). It has
been demonstrated by SAXS experiments [8], the forma-
tion of water in oil droplets with a radius unchanged
compared to Na(AOT)-water-isooctane reverse micelles.
Hence, the water pool radius increases with the water
content as R,, = 1.5w [9]. The Cu(AOT), and NaAOT
concentration used are equal to 221072 M and 81072 M,
respectively.

The phase progression of the ternary system,
Cu(AOT),-water-isooctane, strongly depends on the
water content, w. The behavior of the phase diagram,
described below, is given for a Cu(AOT), concentration
equal to 51072 M.

At low water content (below w = 5), an isotropic solu-
tion is observed characterized by a low conductivity
(about 20 nS). From SAXS [8], it has been demonstrated
that below w = 3, spherical droplets (w = 2.5, r = 1.2 nm)
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are formed, whereas above w = 3 the droplets are elon-
gated with a cylindrical structure. This solution is usually
called L, phase.

At w= 5.5, the L, solution is destabilized with the
appearance of a phase transition. The upper phase is pure
isooctane and all the surfactant is located in the lower
phase. By increasing the water content from w = 5.5t0 9.5,
the volume of the upper phase increases which induces an
increase in the surfactant concentration of the lower phase.
As the lower phase becomes more concentrated, the con-
ductivity drastically increases from 60 to 1200 xS. Such
a strong increase in the conductivity and surfactant con-
centration with the water content indicates a bicontinuous
structure with an interconnected network. The lower
phase is called L,(I) phase.

At w = 9.8, a third, turbid and birefringent phase ap-
pears between the isooctane and L,(I) phase. By increas-
ing the water content from 10 to 14, the volume of the new
phase progressively increases, whereas the L,(I) phase
disappears. This third phase is a lamellar phase usually
called L{x). Thus between w = 10 and 14, three phases
(L,(I), L(x) and isooctane phases) are in equilibrium.

Atw = 14, the L,(I) phase totally disappears, only L(x)
and isooctane exist further. The conductivity of the L(x)
phase, at w = 14, is very low (7.27 uS) compared to the
L,(I) phase (1200 uS) at w = 9.5. This confirms a decrease
in the degree of interconnection as it is usually observed in
the lamellar phase [10]. L(«) phase consists of thin aque-
ous and thick isooctane lamellae.

At w = 16, a new isotropic phase appears in coexist-
ence with L(x) and isooctane phases. With increasing
water content the amounts of L(x) and isooctane decrease
and that of the isotropic phase called L,(II) phase in-
creases. From w = 16 to w = 20, the conductivity of the
L,(II) phase decreases from 700 to 450 uS progressively.
SAXS indicates spherical droplets the radius of which
increases with the water content as it has been demon-
strated for the Na{AOT)-water-isooctane system [9].

At w = 20, L(o) phase totally disappears and the L,(II)
and isooctane phases remain in equilibrium. By increasing
the water content from w = 20 to 30, the volume of the
upper phase decreases and that of the L,(II) phase
increases.

At w = 30, an isotropic solution is created. The radius
of the water in oil droplets, derived from SAXS is 5.2 nm.

Synthesis of pure metallic copper nanocrystallites
Change in the particle size

The electron microscopy picture (Fig. 1) shows an increase
in the size of the particles from 2 to 12 nm with increasing

Population
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Fig. 1 Electron microscopy and histograms of metallic copper
particles prepared in reverse micelles with various water contents:
[AOT] = 0.1 M; [Cu(AOT),] = 107> M; [N,H,] =2x10"2 M

water content from 1 to 10. At a water content above 10,
the size of the particles remains unchanged but the poly-
dispersity increases. Electron diffractograms, obtained
at various water contents, are in good agreement with
a simulated diffractogram of bulk metal copper. This indi-
cates a crystalline face-centered cubic structure (f.c.c.) with
a lattice constant of 3.61.

The change in the particle size with water content can
be explained in terms of interfacial water structure: at low
water content, copper ions are not fully hydrated and the
effective number of ions participating in the chemical re-
duction is small. With the water content, the number of
copper ions increases which react with hydrazine. This
favours the growth of the metallic particles. At relatively
high water content (above 10), copper ions in the droplets
are fully hydrated and free water molecules are present
[11]. This favors diffusion of copper ions into the droplet.
Electrostatic interactions between the head polar groups
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of the surfactant and copper ions compete with hydration
energy. The difference in these energies remains constant
upon increasing the water content which keeps the particle
size constant. An increase in the polydispersity with the
water content could be attributed to a decrease in inter-
facial rigidity [12].

Change in the particle shape

Synthesis performed at w =4 in homogeneous reverse
micellar solution (the L, phase) induces the formation of
spherical pure metallic copper particles with an average
radius of 10nm (Fig. 2A). However, small amounts of
cylindrical particles are also observed. We must remember
that, in this phase, the synthesis occurs in cylindrical water
in oil droplets.

At w = 5.6, corresponding to the L,(I) phase in equi-
librium with pure isooctane, the number of cylindrical
metallic copper particles strongly increases, whereas the
number of spherical crystallites decreases. The average size
of the cylinders is 19 nm long with a diameter of 7 nm,
whereas the average diameter of the spheres is equal to
10 nm (Fig. 2B).

At w= 9.8, where the L(x) phase appears, rod-like
metallic copper particles are observed (Fig. 3) which are
much larger than the particles sizes obtained in L, and
L,(I) phases. As a matter of fact, the diameter of these
particles varies from 10 to 30 nm and the length from 300
to 1500 nm.

At w =20, when the L,{III) phase forms, spherical
nanosized particles are produced with an average diameter
equal to 10 nm (Fig. 2C).

Cobalt nanoparticles: Change in size

For pure cobalt metallic particles there is a monotonous
absorption spectrum from 250 nm to 800 nm [13]. In the
case of cobalt oxide, a maximum in the absorption spec-
trum is observed around 350 nm without any absorption
at 650 nm [14] (insert Fig. 4).

The absorption spectra after addition of NaBH, are
recorded in Fig. 4:

At low water content (w < 2.5) the black-brown solu-
tion, characteristic of pure cobalt particles, does not ap-
pear. This is probably due to a low dissociation of the
cobalt and BH, ions from their counterions at this low
water-content.

By increasing the water content, 2.5 <w < 75,
the characteristic absorption spectrum of cobalt particles
appears.

Fig. 2 Electron micrograph of metallic copper particles prepared in
a reverse micellar solution L. (A), L,(I) B} and L,(III) (C) phases

At w = 10, the absorption at 650 nm is slightly weaker
than at w = 7.5, a shoulder appears at 350 nm which is
attributed to oxide derivate. This effect increases with the
water content (w = 20).

Transmission Electron Microscopy and size histo-
grams (Fig. 5) show a decrease in the cobalt particle size by
increasing the water content from 6.3 nm at w = 5to 3 nm
in diameter at w = 10. The electron diffraction patterns are
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—
52.9 nm

Fig. 3 Electron micrographs of copper rods prepared in lamellar
phases L,

Fig. 4 Absorption spectra of cobalt particles prepared at diffe-
rent water  contents. [AOT]=025M in isooctane.
[Co(AOT),] = 1073 M. [NaBH,] = 41073 M. Insert shows the
characteristic spectrum of cobalt particles after reoxygenation
(W = 7.5 in isooctane)
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Fig. 5 Transmission electron microscopy and histograms of size
of cobalt particles prepared at different water contents. [AOT] =
0.25 M in isooctane. [Co(AOT),] = 1073 M. [NaBH,] = 410> M

characteristic of hexagonal cobalt particles. However, the
presence of boride derivatives Co,B or metaborates sur-
rounding the particles cannot be totally excluded [14].
Increasing the water content decreases the particle size and
cobalt oxide is formed. Similar behavior has been observed
in the synthesis of copper metallic particles made with
sodium borohydride as reducing agent [7]. At low water
content pure and large metallic particles are formed. By
increasing the water content, the size of particle decreases
with formation of shell of oxide. Evidently, the oxide shells
prevent the growth of the particles.

Fe-Cu: Ultrafine powders of alloy and composite

The microanalysis of the precipitate indicates that the
particles retain the same ratio of iron and copper as in the
solution. In both cases, x-rays diffraction shows a FCC
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structure of metallic and oxide copper particles while the
BCC structure of the -Fe phase is not detected. Transmis-
sion Electron Micrographs show particles with diameter of
about 6 nm for 30%-iron (Fig. 6A) and 15 nm for 70%-
iron (Fig. 6B). These small particles aggregate in larger
particles.

The magnetization curves at room temperature of the
two samples (30% Fe-70% Cu and 70% Fe-30% Cu) are
strongly different. The 30% Fe-70% Cu sample is charac-
terized by a very small coercive field (20 Oe) and a satura-
tion moment of 103 kA/m (Fig. 7A). By annealing at
200°C for 12 h in an Ar atmosphere, the magnetization
curve changes (Fig. 7B). The coercive field increases from
20 to 380 Oe, but the saturation moment changes only
slightly (from 103 to 112 kA/m). These changes could be
due either to changes of the internal structure by a begin-
ning phase separation or by grain growth.

In the case of 70% Fe-30% Cu, saturation is reached
at 5000 Oe and a larger coercivity (220 Oe) is observed
(Fig. 7C). After annealing, the coercivity does not strongly
change, but the saturation moment increases (Fig. 7D).

In both samples, the saturation moment is small in
regard to the iron content (the bulk saturation moment
of iron is 1710kA/m [15]): about 560 kA/m for 30%
Fe-70% Cu and about 1200 kA/m for 70% Fe-30% Cu.
The small saturation value could be due to the small size of
the particles which yields to a superparamagnetic behavior
and/or to the presence of oxide in the sample.

As it has been already described in the literature [16],
the difference in the magnetic behavior between the two

Fig. 6 Transmission electron microscopy of 30% Fe-70% Cu (A)
and 70% Fe-30% Cu (B) particles

Fig. 7 Magnetization plots of L 150
30% Fe-70% Cu before (A) 1 150 .
and after (B) annealing and M (kA.m-) M (kAm=)
70% Fe-30% Cu before (C)
and after (D) annealing
0 0
_
H (Oe) H (Oe)
150 400
M (kA.m~1)
0 0
H (Oe) H (Oe)
-2.104 0 2,104 -2.104 0 2.104
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samples could reflect changes in the structure of the par-
ticles. The low coercivity of the 30% Fe-70% Cu sample is
characteristic of the Fe-Cu alloys. The larger coercivity
observed with 70% Fe-30% Cu is characteristic of a com-
posite material. It has to be noticed that the composition
of the powder by x-ray microanalysis is the same as ex-
pected from the ratio of the components for the synthesis.
However, in the x-ray diffraction of 70% Fe-30% Cu, the
BCC structure of a-Fe phase is not obtained. This could be
partially due to the presence of borate and oxide in the
system or to small and amorphous iron particles as sugges-
ted by Transmission Electron Microscopy (Fig. 6B).

Conclusion

A correlation has been shown between the structure of the
mesophase in the surfactant system with the size and the
shape of the formation of pure copper metallic particle.

We have used functionalized surfactant to synthesize
cobalt nanoparticle. The size of cobalt particles decreases
with the water content as a consequence of the formation
of oxide shell which prevent the particle growth.

Nanopowders of Fe-Cu alloys are formed. The mag-
netic values strongly change with composition, which
could be due to internal structural changes.
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