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The Ag nanorods and nanofibers have been synthesized in sodium bis(2-ethylhexyl) sulfosuccinate (AOT)/
isooctane reverse micelles with the aid of low-intensity ultrasonication. The TEM results show that only
spherical silver nanoparticles can be obtained from the reverse micelles in the absence of ultrasonication
whereas needle-shaped and wire-shaped silver particles are obtained as ultrasonication is applied. The possibility
of ultrasonication to induce the aggregation of nanoparticles dispersed in reverse micelles is also confirmed
by UV spectra. Small-angle X-ray scattering (SAXS) is used to obtain information on the microstructure
change of the reverse micelles by ultrasonication. It is revealed that by ultrasonication the micelles change
from a spherical to an ellipsoidal structure, of which the size can be tuned by the ultrasonication time.

1. Introduction

The synthesis of nanosized materials of a specific size and
morphology is a key aspect in fields as diverse as modern
materials,1-4 catalysis,5-7 electronics,8-10 biotechnology,11-13

and so forth. In particular, nanoparticles with high-order
structures such as nanowires, nanofibers, and nanorods have
attracted much attention because of their importance in both
fundamental and potential applications in nanodevices.14-16 For
the fabrication of nanostructures of desired materials, the
template method has been demonstrated to be very effective.
Carbon nanotubes,17-20 porous alumina,21-23 and nanochannel
glass24,25 as hard templates have been widely used to control
the size, the shape, and the alignment of nanoparticles.

Ultrasound has become an important tool in chemistry in
recent years. It is well known that ultrasonic radiation in liquids
has a variety of physical and chemical effects that are derived
from acoustic cavitation, which can provide a unique method
for driving chemical reactions under extreme conditions.26

Diverse and promising applications of ultrasound such as the
synthesis of nanostructured materials in various forms,27-29 the
preparation of biomaterials,30,31and modifications to polymers
and polymer surfaces32-3 have been exploited in materials
chemistry.4 Recently, many groups have reported the synthesis
of nanorods or nanowires of inorganic materials using sonochem-
ical methods.35-38 For example, Nikitenko et al.37-38 have
successfully synthesized tungsten sulfide and tungsten oxide
nanorods via ultrasonic irradiation of a solution of tungsten
hexacarbonyl W(CO)6 in diphenylmethane (DPhM) at 90°C

followed by heating and annealing processes at temperatures
higher than 800°C. In these methods, high-intensity ultrasoni-
cation (20 kHz) is needed to drive the chemical reaction that
occurs under special conditions.

As organized media, the use of reverse micelles for nano-
particle synthesis has attracted much interest because of its
potential advantages.39-41 Because the reaction is restricted in
the water core, the growth of the obtained product particles can
be controlled by the size of the polar core, and the solid
nanoparticles can be stabilized. In most cases, spherical nano-
particles are formed within the polar cores of reverse micelles.
However, under certain conditions, further growth and aggrega-
tion of the initially formed nanoparticles result in the formation
of higher-order structures such as needles,42 fibers,43 and
wires.44-46 This principle has been exemplified through a
number of studies involving inorganic precipitation in bicon-
tinuous microemulsions,47-49 block copolymer micelles,50-53 and
other methods,54,55 which are usually referred to as “soft
template” methods for the synthesis of nanoparticles with high-
order structures.

It is interesting and desirable to synthesize various nano-
structures directly from the reverse micelles by a simple method.
In this work, we propose a simple method to synthesize nanorods
and nanofibers from sodium bis(2-ethylhexyl) sulfosuccinate
(AOT)/isooctane reverse micelles with the aid of low-intensity
ultrasonication. The effect of the ultrasonication on the micro-
structure of the reverse micelles is investigated by SAXS, which
is a powerful technique that is used to study the properties of
micellar solutions.56-61 The results show that the micellar shape
is transformed from a sphere to an ellipsoid by ultrasonication.
We believe that study of the effect of ultrasonication on the
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properties of the reverse micelles and the related applications
are new and interesting topics.

2. Experimental Section

Materials. The surfactant AOT (99% purity) was purchased
from Sigma. The isooctane, KBH4, AgNO3, and ethanol supplied
by the Beijing Chemical Plant were all A. R. grade. Double-
distilled water was used.

Synthesis of Ag Nanoparticles in Reverse Micelles.The
procedures to synthesize Ag nanoparticles in the reverse micelles
were similar to those reported by other authors.62 A stock
solution of 50 mmol/L AOT/isooctane was first prepared. The
reverse micelle solutions containing aqueous solutions of AgNO3

(0.5 mol/L) and KBH4 (0.25mol/L) were prepared by adding
the corresponding aqueous salt solution to the surfactant
solution. The molar ratio of water to surfactant (w0) is 10. The
two micellar solutions containing AgNO3 and KBH4 were
mixed, silver nanoparticles were formed in the reverse micelles,
and the reverse micellar solution after mixing was treated
immediately in the ultrasonic cleaning bath (240 Hz, 50 W) for
the desired time. The temperature of the bath was controlled at
25 °C by a temperature controller (model HAAK D8). The
reduction reaction of Ag+ by BH4

- in reverse micelles was
described in detail in the literature.62

Silver Recovery and Characterization.The solvent iso-
octane was evaporated, and the deposits were washed repeatedly
with ethanol and water to remove the surfactant and the
byproducts. X-ray diffraction analysis of the samples was carried
out using an X-ray diffractometer (XRD, model D/MAX2500,
Rigaka) with Cu KR radiation. The morphologies and the
electron diffraction (ED) of the obtained particles were deter-
mined by transmission electron microscopy (TEM) with a
HITACHI H-600A electron microscope. Particles were dispersed
in ethanol and then directly deposited onto the copper grid.

UV Experiments. A UV sample cell was filled with the
reverse micellar solution with Ag nanoparticles. Then, the
sample cell was sealed and was placed in an ultrasonic cleaning
bath (240 Hz, 50 W) filled with water at 25°C. After the
ultrasonication was carried out for a certain period of time, the
UV spectrum of the reverse micellar solution was determined
by a UV-vis spectrophotometer (model TU-1201).

SAXS Experiments.SAXS experiments were carried out at
beamline 4B9A at the Beijing Synchrotron Radiation Facility
(BSRF). The small-angle X-ray scattering station was located
31 m from the source. The station was equipped with a SAXS
camera, a detector, an on-line data acquisition system, a
controlling system, and an alignment carriage. The wavelength
of the X-rays was 1.54 Å, and the sample-to-detector distance
was 1.50 m. A detailed description of the spectrometer was
given elsewhere.63 In a typical experiment, the sample cell was
filled with the micellar solution and treated by ultrasonication
for a certain time, and then the X-ray scattering was recorded.

Data Analysis of SAXS.After correcting the scattering data
by subtracting the background noise, the following analyses were
done. In the lower-angle region, contributions to the total excess
X-ray scattering,I(h), due to microemulsions can arise from
two sources: the droplet contribution, which depends solely
upon the radius of the droplet, and an appropriate structure
factor, which accounts for attractive or repulsive interactions
between the droplets. When the system is sufficiently dilute,
interdroplet interactions are negligible. The magnitude of the
scattering vectorh is given in terms of the scattering angleθ
by h ) 4π sin θ/λ, whereλ is the incident X-ray wavelength of
1.54 Å. For dilute solutions, the radius of gyrationRg of the

micellar core can be obtained by using the Guinier approxima-
tion law, which is valid in the low-h region (hRg < 1) and can
be expressed by eq 1:56-58,64-68

I(0) denotes the scattering intensity extrapolated to zero angle.
The Guinier plots give a precise value of the radius of gyration
only if the representation is linear at small values ofh where
hRg is less than 1. In this work, we use the method used by
Hirai et al.56,58 to obtainRg (i.e., theRg values are obtained by
using a Guinier plot (lnI(h) vs h2) on the data sets in a defined
small h range (0.02-0.03 Å-1)).

For monodispersed spherical particles, the theoretical SAXS
scattering intensities can be represented by the following
equations:66-68

Ie denotes the scattering intensity per electron,N, the total
number of particles irradiated by X-rays, andn, the number of
electrons per particle.R is the true radius of the spherical
particles and can be calculated from the radius of gyration by
the following equation:

For ellipsoidal particles, the theoretical SAXS scattering intensi-
ties can be represented by the following equation:66-68

a andω represents the minor semiaxes and the ratio of major
to minor semiaxes, respectively. The value ofa can be obtained
from the relation withRg:

We used the procedure described by Z. F. Meng et al. to get
information about the micellar shape.67-68 The SAXS scattering
curves are first simulated with differentω values according to
the certain radius of gyration determined by the experiments.
The intensities of the simulated and the experimental SAXS
profiles were unified to a certain value. The detail of molecular
arrangements in the aggregates is considered by comparing the
scattering profiles calculated from the models with the observed
SAXS profiles. The simulation process was conducted by using
a Visual Basic program written by us.

3. Results and Discussion

Phase Structure and Morphologies of the Nanoparticles.
The phase structure of the as-prepared nanoparticles is charac-
terized by X-ray diffraction (XRD), as shown in Figure 1. XRD
shows the presence of broad peaks corresponding to the
nanocrystals, of which the four strong diffraction peaks cor-
respond to the (110), (200), (220), and (311) planes. All of the
peaks in the XRD can be indexed as a face-centered cubic (fcc)

ln[I(h)] ) ln[I(0)] -
(hRg)
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structure (JCPDS no. 4-0783). No peaks of any other phase are
detected, indicating the high purity of the product.

The TEM photographs of the silver particles recovered from
the reverse micelles at different ultrasonication times are shown
in Figure 2. The particle size can be obtained by measuring the
diameter and the length of the particles in the micrographs.
Figure 2a illustrates the TEM photographs of Ag nanoparticles
recovered from the ultrasound-free reverse micelles (w0 ) 10,
[AOT] ) 50 mmol/L), which shows that only spherical
nanoparticles of about 10-25 nm are obtained. However, by
ultrasonic radiation, Ag particles of various morphologies are
obtained; these are shown in Figure 2b-d. As we can see, at
increasing ultrasonication time of 0.5 or 1 h, the needle-shaped
particles can be obtained with length of<2 µm, and the length
increases with ultrasonication time. Given enough time for
ultrasonic radiation (t ) 4 h), wire-shaped particles with
diameters of about 50 nm and a length of 5µm were obtained.
In other words, the particle morphologies and sizes can be tuned
via the ultrasonication time. Figure 2e gives a photograph of
the wires shown in Figure 2d at a larger magnification, and the
corresponding electron diffraction pattern for the wires is also
indicated in Figure 2e. The characteristic rings in the diffraction
pattern can be indexed to the (110), (200), (220), and (311)
planes, allowed reflecting planes expected from the face-centered
cubic (fcc) structure that are consistent with the diffraction peaks
indexed in the XRD pattern.

Effect of Ultrasoncation on Nanoparticles in Reverse
Micelles by UV Spectra.The silver nanoparticles in reverse
micelles can be characterized in situ by UV-vis spectra.62,69-71

In Figure 3, some typical UV-vis spectra of Ag nanoparticles
dispersed in reverse micelles (w0 ) 10, [AOT] ) 50 mmol/L)
are shown as a function of ultrasonication time. The very broad
absorption band centered at about 420 nm is characteristic of
nanosized Ag particles. In the absence of ultrasonication, the
absorption spectrum is broad with a low optical density.
However, after the solution is treated by ultrasonication, the
absorption spectrum becomes narrower and slightly blue-shifted
with an increase in the intensity of the plasmon band and a
decrease in the bandwidth, especially in the first several minutes
of ultrasonication. These changes in the Ag adsorption band
may originate from the electromagnetic coupling of the particle
assembles or aggregates into chains. In addition, it is well known
that the maximum and the bandwidth of the absorption band
depend on the surrounding medium of the particles. The
microstructure of the reverse micelles should change with the
aggregation of the nanoparticles because the silver nanoparticles
are confined in the micellar cores. This may partially contribute
to the change in the Ag adsorption band. These changes caused
by ultrasonication are stable for a certain period of time, which
is confirmed by the fact that the UV spectra is unchanged after
the cessation of ultrasonication for several days.

Effect of Ultrasonication on the Microstructure of Mi-
celles.To obtain some information about the mechanism of
ultrasonication, we determined the SAXS curves of the nano-
particle-free reverse micelles (water/AOT/isooctane) before and
after ultrasonication. As examples, Figure 4 shows some typical
SAXS curves of reverse micellar solutions ([AOT]) 50 mmol/
L, w0 ) 10) before and after ultrasonication for a certain period
of time. In the small-angle region, the scattering intensity is
increased by ultrasonication treatment. One of the reasons is
that micellar size increases by ultrasonication, which is con-
firmed by the radius of gyrationRg discussed in the following

Figure 1. X-ray diffraction pattern of the obtained Ag after ultrasoni-
cation for 4 h. The vertical lines at the bottom indicate the standard
position and relative intensities of fcc silver.

Figure 2. TEM photographs of Ag particles recovered from reverse
micelles ([AOT]) 50 mmol/L,w0 ) 10) after different ultrasonication
times (t): (a) 0, (b) 0.5 h, (c) 1 h, (d) 4 h, and (e) 4 h (with high
magnification), with the inset plot representing its electron diffraction
pattern.

Figure 3. UV spectra of reverse micelles ([AOT]) 50 mmol/L, w0

) 10, [Ag] ) 1.2 mmol/L) containing Ag for various ultrasonication
times (t).

Figure 4. Experimental SAXS profiles of the reverse micelles ([AOT]
) 50 mmol/L,w0 ) 10) at different ultrasonication times (t).
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section. The Guinier plots ofh2 ∼ ln I(h) show good linearity
in theh2 range of 0.0004-0.0009 Å-2, which is shown in Figure
5. It is evident that ultrasound can cause an increase in the radius
of gyration of the micelles.

Using eqs 2-6, we have simulated the SAXS curves with
various ω values for the above systems corresponding to a
certain radius of gyration. The theoretical scattering functions
of ellipsoidal particles are fit to the experimental scattering
functions. As examples, Figure 6 shows experimental SAXS
profiles for reverse micelles in the absence of ultrasonication
and the typical simulated SAXS profiles with variousω values.
As we can see, with the increase inω, the slope of the simulated
scattering curves progressively decreases, distinguishing the
spheres from the ellipsoids. It is clear that the experimental curve
agrees with the simulated curve ofω ) 1 in the small-angle
region, which indicates spherical droplets with radius ofR )
28.7 Å in the absence of ultrasonication.

Figure 7 shows experimental SAXS profiles and the typical
simulated SAXS profiles for reverse micelles after ultrasoni-
cation for various times. As can be seen, for the reverse micelles
after ultrasonication for 0.5, 1, and 4 h, the experimental
scattering curves show good consistency with the calculated
curves ofω ) 1.9, 2.3, and 2.6, respectively. The corresponding
lengths of the minor and major semiaxes for these three systems
are 26.3 and 50.0 Å, 25.4 and 58.4 Å, and 25.0 and 65.0 Å,
respectively. This indicates that the ultrasonication results in
the micellar transition from a spherical to an ellipsoidal structure
and that the micelles become more ellipsoidal with increasing
ultrasonication time, which is characterized by the increase in
ω. The reason may be that the microjet and shock-wave impacts
of ultrasound activate the surfactant/water interface and improve
the mass transfer through the boundary layer. We believe that

the microstructure change in the reverse micelles caused by
ultrasonication is one of the main factors that induces the
formation of the needle-shaped or wire-shaped particles.

The size of the prepared silver particles increases much more
significant than that of the reverse micelles with the increase in
ultrasonication time. This is reasonable because there were no
Ag particles in the reverse micelles in the SAXS experiments.
In the presence of the Ag particles, the reassembly of the
surfactants caused by ultrasonication induces the aggregation
of the Ag particles in the reverse micelles, which in turn affects
the reassembly of the surfactants. In other words, the reassembly
of the surfactants and the aggregation of Ag particles confined
in the micellar cores promote each other, and thus the size
change of the nanofiber is much more significant than that of
the reverse micelles in the absence of the metal particles.
Therefore, the SAXS results can provide information only about
the microstructure change in the reverse micelles induced by
ultrasonication, which can partially explain the formation of the
nanorods and nanofibers. However, quantitative comparisons
of the size of the reverse micelles and that of the prepared
nanoparticles are meaningless.

Conclusions

In this work, we have successfully synthesized silver nanorods
and nanofibers from AOT/isooctane reverse micelles with the
aid of low-intensity ultrasonication. Direct microstructural
information about the reverse micelles after ultrasonication is
provided by small-angle X-ray scattering. The introduction of
ultrasonication into the solution results in the reassembly of AOT
molecules and the micelle transition from a spherical to an
ellipsoidal structure. In other words, the shape and size of the
reverse micelles can be tuned via the ultrasonication time, which
is coupled to the aggregation of nanoparticles dispersed in the
reverse micelles. Such an ultrasonication-based approach pro-
vides a new route to the synthesis of nanorods and nanofibers
directly from the reverse micelles, which largely simplifies the
experimental process compared to other methods.
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