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The preparation and characterization of highly dispersed metal nanoparticles in porous
anodic aluminum oxide (AAO) films are reported. Cross-linked polyacrylamide (PAM)
hydrogel nanowires are prepared within the pores of an AAO template by electropolymer-
ization of acrylamide. Metal nanoparticles are introduced into the polymer nanowires in
the channels of AAO by a “breathing” mechanism whereby the shrunken polymer nanowires
are allowed to swell in an aqueous solution containing metal nanoparticles, and the structures
are then re-shrunk in acetone. The loading amount and distribution of nanoparticles in PAM
nanowires can be controlled by varying the number of breathing cycles and modifying the
breathing process as clearly seen in TEM images. Upon calcination, the nanoparticle/hydrogel
composite results in highly dispersed metal nanoparticles supported in AAO. Au nano-
particles (∼12 nm diam.) and Pt nanoparticles (∼3 nm diam.) have been dispersed in PAM
nanowires and the channels of AAO films and characterized by TEM, ED, SEM, and X-ray
energy dispersion analysis. The assembly strategy will be useful in loading and dispersing
of various nanoparticles into the channels of porous materials, as well as into the polymer
nanowires.

Introduction
Metal nanoparticles are unique materials with inter-

esting physical and chemical properties.1,2 These prop-
erties suggest enormous potential applications for metal
nanoparticles as adsorbents, biological stains, elements
of novel nanoscale optical, electronic, and magnetic
devices, and especially novel high-efficiency chemical
catalysts.3-9 These distinct properties may be attributed
to the quantum confinement phenomena derived from
the change in the density and effective band gap of the
electronic energy level as well as a high ratio of surface
to bulk atoms.10 Therefore, many of these proposed
applications will require well dispersed nanoparticles.
Unfortunately, the problem of agglomeration often
exists when these metal nanoparticles are used during
practical operations. However, supported metal nano-
particles highly dispersed in a host material are more
desired for practical applications.11

Various submicrospheres,12,13 mesoporous silicas (such
as MCM-41, MCM-48, and SBA-15)11,14-16 and porous
AAO films17 are suitable supports for nanoparticles.
Gedanken and co-workers used an ultrasound-driven
synthesis method to deposit gold nanoparticles on the
surface of preformed silica submicrospheres.12 Chao and
co-workers developed a method of preparing highly
dispersed metal nanoparticles in functionalized meso-
porous silica SBA-15.11 However, the synthesis of metal
nanoparticles well dispersed in porous AAO films has
not been well explored. Porous AAO film has huge pore
density (108-1013 pores/cm2) and a larger pore size (in
the range of 5-200 nm)18-22 than that of MCM-41,
MCM-48, and SBA-15,14-16 which may facilitate the
diffusion of relatively bulky molecules and the mobility
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of nanostructured metals. In this study, we report a
novel method of preparing highly dispersed metal
nanoparticles in porous AAO films.

It is well-known that polyacrylamide (PAM) hydrogels
are “smart” hydrogels.23,24 The PAM hydrogels adopt
highly swollen structures in water, but undergo phase
transitions to collapsed states upon exposure to less
polar solvents such as acetone.24 Willner and co-workers
have successfully used this knowledge to introduce
metal and semiconductor nanoparticles into the gel by
a “breathing” mechanism, consisting of breathing out
in an aprotic solvent and breathing in in an aqueous
solution containing nanoparticles, for the fabrication of
nanoparticle/hydrogel composites with interesting sol-
vent-switchable electrical and photoelectrochemistry
properties on macroscopic Au electrodes.25 Here, we
extend this strategy into a hydrogel-nanowire-assisted
technique for the preparation of highly dispersed nano-
particles in the channels of porous AAO films as well
as in the hydrogel nanowires on the motivation to
address the following questions: (1) Can a hydrogel
nanowire array be fabricated by electropolymerization
of its monomer within the pores of an AAO membrane?
(2) Does the nanoscale hydrogel still have the behavior
of breathing? and (3) Can the breathing behavior be
used for loading and dispersing nanoparticles into
porous materials?

Experimental Section

Preparation of PAM Nanowire Array. PAM nanowire
array was prepared as outlined in Figure 1. Commercially
available anodic aluminum oxide membranes of thickness 60
µm and quoted pore diameter 20 and 100 nm were used as
templates in our experiment. An Au film (ca. 200 nm thick
Au) was deposited by vacuum evaporation onto the branched
side of the AAO template to provide an electrode. The AAO
template with Au substrate was used as a working electrode
in a glass cell with a platinum counter electrode and a
saturated calomel electrode (SCE) reference electrode. All
electrode potentials here are reported with respect to the SCE.
Prior to electropolymerizing acrylamide, a layer of Au seg-
ments was electroplated to fill the branched parts of the pores
of AAO by using potentiostatic control at -0.9V from the
following electrolytic bath: 20 g L-1 HAuCl4‚4H2O, 120 g L-1

Na2SO3, 50 g L-1 EDTA, and 80 g L-1 (NH4)3C6H5O7 (tri-

ammonium citrate).26 After deposition, the Au-filled membrane
was then exposed to the following electrolyte: ZnCl2 (0.2 M),
acrylamide (5 M), and N,N′-methylenebisacrylamide (0.1 M),
for the formation of PAM nanowire array. It was carried out
by cyclic scanning from E ) 0.1 to -1.5 V (scan speed 50 mV/
s), holding at -1.5 V for 20 s before commencing the next scan,
for a total of 9 scans.25 After electropolymerization, the array
was left overnight in water to redissolve precipitated zinc, and
then shrunk and swollen several times by immersion in
acetone and water, respectively, to wash out impurities.
Ultrapure Millipore water (Millipore-Q) was used in all
experiments.

Preparation of Au Nanoparticles. Solutions of citrate-
reduced gold nanoparticles were prepared according to the
Frens method.27 Briefly, 100 mL of solution containing 0.01 g
HAuCl4‚3H2O was brought to reflux and 3 mL of 1% aqueous
sodium citrate solution was added while stirring. The boiling
solution was then kept for another 40 min and left to cool to
room temperature. The resulting gold nanoparticle solution
contained of mostly isolated, almost spherical, particles with
a mean diameter of 12 ( 2 nm according to TEM. Prior to being
used in the subsequent assembly processes the solution was
diluted 15× using water.

Preparation of Pt Nanoparticles. Solutions of Pt nano-
particles were prepared by the method developed by Teranishi
et al.28 A mixture of 5 mL of 6.0 mM H2PtCl6 aqueous solution
(30 µmol of Pt), 4.5 mL of water, and 40.5 mL of methanol
containing 30 µmol of poly(N-vinyl-2-pyrrolidone) (PVP) was
refluxed in a 100-mL flask for 3 h under air to synthesize the
PVP-protected Pt nanoparticles. The resulting Pt solution
contained 3 ( 0.6 nm particles according to TEM and was
diluted 2× with water before being used in subsequent
assembly processes.

Preparation of Nanoparticles Dispersed in Porous
AAO Films. Highly dispersed nanoparticles in porous AAO
films were prepared using a hydrogel-nanowire-assisted tech-
nique as shown schematically in Figure 1. First, nanoparticles
were introduced into a PAM nanowire array with AAO by a
breathing mechanism consisting of three steps. (1) The swollen
PAM was placed in acetone for 3 min, causing the collapse of
the gel and the expulsion of water (“breathing out”). (2) The
shrunken PAM was placed in the aqueous solution of Au
nanoparticles or that of Pt nanoparticles for 5 min. This caused
the swelling of the gel, which took in the solution (“breathing
in”) including the suspended nanoparticles. (3) The PAM was
washed well with water to remove weakly surface-adsorbed
nanoparticles. After several cycles of the breathing process, a
nanoparticle/PAM nanowire array with AAO was obtained.
Highly dispersed nanoparticles in porous AAO films were
produced by drying the as-prepared nanoparticle/PAM nano-
wire arrays at room temperature, and then calcining (heating
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Figure 1. Schematic illustration for loading and dispersing Au nanoparticles into porous AAO films by a breathing process of
polyacrylamide hydrogel nanowires.
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rate 10 K min-1) them at 450 °C under N2 for 4 h, then for a
further 8 h under O2, and then for another 8 h under H2.

Characterization. The size and morphology of Au and Pt
nanoparticles were observed by TEM. The samples were
prepared by dropping the solution of Au or Pt nanoparticles
on copper grids with carbon films.

The removal of PAM or nanoparticle/PAM nanowires from
AAO matrix was carried out by dissolving the AAO template
in a mixture of 6 wt % H3PO4 and 1.8 wt % H2CrO4 at 25 °C
for 3 h. For TEM observation, the nanowires were detached
from the Au substrate by ultrasonic treatment and dropped
on copper grids. TEM and electron diffraction were carried out
with a JEM-200CX microscope operated at 160 kV and
equipped with an energy-dispersive X-ray analyzer (EDAX
9100/6, Philips).

A JEOL JSM-6700F field emission scanning electron mi-
croscope was used to determine the morphology of the nano-
particles dispersed in the pores of AAO films. It was performed
on the sections of film by cleaving a nanoparticle-filled AAO.

Results and Discussion

Morphology of PAM Nanowires. Typical TEM
images of PAM nanowires dispersed from the different
solvents of acetone and water are shown in Figure 2a
and 2b and c, respectively. The nanowires in Figure 2a
appear to have winding shapes, while those in Figure
2b and c have straight shapes with smooth surfaces. The
difference of their shapes is due to the different re-
sponses of the hydrogel in different solvents.23-25 As the
PAM nanowires were formed from an aqueous solution,
they adopted swollen structures filling the pores of AAO,
which resulted in them having the same diameters as
the pores of AAO films. After removal of AAO, the PAM
nanowires were dispersed from a solvent for TEM.
When dispersed from acetone, the swollen PAM nano-
wires shrank, resulting in snaky structures with an
average diameter of 110 nm, smaller than the pore
diameter of AAO (Figure 2a). However, if they were
dispersed from an aqueous solution, they were still the
swollen structures with an average diameter of 210 nm
corresponding to the actual pore diameter of the AAO
template used (Figure 2b and c).

It should be noted that the diameter of the swollen
wire is several times larger than the pore diameter
quoted by the manufacturers (20 or 100 nm), and in fact,
is close to 200 nm. According to data supplied by the
manufacturer and confirmed by our own SEM studies

(see Supporting Information, SI 1), many pores of
diameter close to the quoted value (20 or 100 nm) join
to form one much larger pore within ∼1 µm of the
surface of the membrane that the manufacturers rec-
ommend should be uppermost for filtration applications.
The change in pore diameter close to the filtration side
is a consequence of a reduction in the anodization
potential during manufacture.29 Away from this filtra-
tion surface, the pores are straight, uniform, and
parallel with a diameter of ∼200 nm. Therefore, the so-
prepared nanowires almost have the similar diameters
of ∼200 nm no matter which AAO template is used.
Because nanoparticles will be introduced into the pores
of AAO in succedent processes, the filtration side (with
small mouths) should be filled with Au layer and the
nonfiltration side (with large mouths) should be left
open. The filling Au segments can be seen in Figure 2a
indicated by an arrow.

Morphology of Au and Pt Nanoparticles. Figure
3a and b shows TEM images of nanoparticles corre-
sponding to citrate-reduced Au and PVP-protected Pt,
respectively, used in our assembly processes. As is
evident from the figure, the images show the presence
of well monodispersed nanoparticles of Au and Pt. The
mean sizes of the nanoparticles are 12 ( 2 nm for Au
and 3 ( 0.6 nm for Pt.27,28

Morphology and Structure of Au/PAM Compos-
ite Nanowires. As supposed in our strategy, the Au
nanoparticles would be introduced into PAM if a
shrunken PAM nanowire array were swelling in an
aqueous solution of Au nanoparticles. Upon the next
breathing out cycle, the nanoparticles remained stuck
inside the PAM probably because of physical entangle-
ment of the polymer.24,25 TEM investigation provides
direct observation of the morphology and distribution
of Au nanoparticles in the Au/PAM composite nanowires
and reveals the increasing presence of Au in the PAM
with breathing cycles. Figure 4 panels a and b are the
typical TEM images obtained in composite Au/PAM
nanowires after eight breathing cycles between acetone
and an aqueous Au nanoparticle solution. The feature
of uniform nanoparticles with the same size as the
citrate-stabilized 12-nm diam. Au nanoparticles highly
dispersed in PAM nanowires is clearly seen in the
images. This indicates that the Au nanoparticles have
been successfully introduced into PAM nanowires.
Further evidence can be found from the corresponding
electron diffraction (ED) pattern as shown in Figure 4c.
The diffraction rings and spots can be indexed as 111,
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Figure 2. TEM images of PAM nanowires. (a) Low-magnifi-
cation TEM image of shrunken PAM nanowires dispersed from
acetone solution; (b) low-magnification and (c) high-magnifica-
tion TEM images of swollen PAM nanowires dispersed from
an aqueous solution.

Figure 3. Typical TEM images of (a) Au and (b) Pt nano-
particles.
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200, 220, and 311 of face-center-cubic (fcc) Au polycrys-
tallites, which demonstrates that the particles in PAM
nanowires are Au nanoparticles. As shown in Figure 4d,
energy-dispersive X-ray analysis of the composite nano-
wire shown in Figure 4a revealed the presence of Au,
also confirming the successful introduction of Au nano-
particles. In a high-magnification TEM image (Figure
4b), the average diameter of the nanowires is measured
to be ∼210 nm, which is the same as that of the swollen
PAM nanowire, indicating that the introduction of Au
nanoparticles into PAM does not give rise to volume
expansion of PAM and the introduced particles occupy
only the interspace of the swollen polymer.

It should be noted that if a swollen PAM nanowire
array is left in a nanoparticle solution, even for several
hours, it does not absorb any nanoparticles. Thus, it is
the breathing mechanism and not simple diffusion that
is responsible for the nanoparticle introduction in the
polymer nanowire.24,25 The quantitative analysis of the
Au-nanoparticles introduced into the nanowires by the
breathing mechanism was further investigated by TEM.

Figure 5a and b show the typical TEM images of an
Au-nanoparticle-containing PAM nanowire after five
breathing cycles between acetone and an aqueous Au
nanoparticle solution. Corresponding distribution of Au
nanoparticles along the PAM nanowire in the direction
as shown by an arrow in Figure 5a is shown in Figure
5c. An exponential decay of the introduced Au nano-
particles along the nanowire can be clearly seen, which
reflects the diffuse grade of Au nanoparticles along PAM
nanowires when they are breathing in. Therefore,

increasing breathing cycles not only results in the
increase of the amount of introduced Au nanoparticles,
but the deeper are the Au nanoparticles diffused in PAM
nanowires. Moreover, the distribution of Au nano-
particles along PAM nanowires can also be controlled
by further treatments of the Au-nanoparticle-containing
PAM nanowire array. Figure 6a and b show the typical
TEM images of an Au-nanoparticle-containing PAM
nanowire after eleven breathing cycles between acetone
and an aqueous Au nanoparticle solution, and then
three further breathing cycles between acetone and
water. Corresponding distribution of Au nanoparticles
along the PAM nanowire in the direction as shown by
an arrow in Figure 6a is shown in Figure 6c. The total
number of introduced Au nanoparticles in the nanowire
is ca. 788, which is much increased compared to that in
the nanowire in Figure 5 (ca. 396). Furthermore, the
Au nanoparticles diffuse more than 11 µm along the
nanowire, which is also deeper than they diffused in
Figure 5 (ca. 7 µm). Because of the three further
breathing cycles between acetone and water, the intro-
duced Au nanoparticles continue to diffuse along the
nanowire. Although there are no more introducing Au
nanoparticles applied from solution, these treatments
result in the change of the distribution of Au nano-
particles along the PAM nanowire. A distribution with
maximum is developed from that of exponential decay.

Morphology of Au Nanoparticles Dispersed in
Porous AAO Films. The as-prepared Au-nanoparticle-
containing PAM nanowire array was subsequently
calcined to prepare highly dispersed Au nanoparticles
in porous AAO films. This was achieved by first calcin-
ing the array at 450 °C under N2 for 4 h, then for a
further 8 h under O2, which resulted in the decomposi-
tion and removal of PAM. A further calcining under H2
was finally carried out for the reduction of Au nano-
particles, which were partially oxidized during the
former calcination process. The structure and morphol-
ogy of introduced Au nanoparticles along the length of
the pores of AAO was determined from SEM images of
films cleaved along the pore axis. The typical images of
Au nanoparticles within the AAO film are shown in
Figure 7a-d. A large number of Au nanoparticles
dispersed in the parallel channels of AAO is clearly seen
in the images. The absence of Au nanoparticles along a
channel of the AAO film resulting from the cleaving
process is also visible, as indicated by the arrow in
Figure 7d. The nanoparticles in Figure 7 are larger than

Figure 4. (a) Typical TEM image of Au-nanoparticle-contain-
ing PAM nanowires (eight breathing cycles between acetone
and an aqueous Au nanoparticle solution) dispersed from an
aqueous solution. (b) High-magnification TEM image from the
framed area in Figure 4a. (c) Corresponding ED pattern and
(d) EDAX profile of the composite nanowire. (Cu peaks are
from the support copper grid).

Figure 5. (a) Typical TEM image of an Au-nanoparticle-
containing PAM nanowire (five breathing cycles between
acetone and an aqueous Au nanoparticle solution) dispersed
from an aqueous solution. (b) High-magnification TEM image
from the framed area in Figure 5a. (c) Corresponding distribu-
tion of Au nanoparticles along the PAM nanowire in the
direction as shown by the arrow in Figure 5a.

Figure 6. (a) Typical TEM image of an Au-nanoparticle-
containing PAM nanowire (eleven breathing cycles between
acetone and an aqueous Au nanoparticle solution, and then
three further breathing cycles between acetone and water)
dispersed from an aqueous solution. (b) High-magnification
TEM image from the framed area in Figure 6a. (c) Corre-
sponding distribution of Au nanoparticles along the PAM
nanowire in the direction as shown by the arrow in Figure
6a.
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the original citrate-stabilized 12-nm-diam Au nano-
particles, which can be attributed to (1) a platinum film
which was evaporated onto the specimen before imaging
to prevent charging effects and (2) a slight aggregation
of Au nanoparticles that occurred upon calcination due
to the removal of the protecting layer and the fusion of
particles. Well dispersed nanoparticles can be obtained
by decreasing the loading-amount of Au nanoparticles.
Furthermore, a novel nanoparticle wire is constructed
when the loading-amount of nanoparticles is very large.
As the incorporation of semiconductor nanoparticles in
PAM by the breathing mechanism has been described,25

the reported method has potential extension to the
preparation of semiconductor nanoparticle wires.

Dispersion of Pt Nanoparticles. The strategy of
loading nanoparticles into porous AAO membranes by
the breathing process of PAM hydrogel nanowire array
has also been extended to introduce other metal nano-
particles. The requirement seemed to be that these
metal nanoparticles should be dispersed in an aqueous
solution, even a mixed solvent containing mainly water.
For example, Pt nanoparticles could be introduced into
AAO films when a PAM nanowire array with AAO is
breathing between acetone and a solution of Pt nano-
particles in a mixed solvent of methanol/water (9:11).
Typical TEM images of Pt-nanoparticle-containing PAM
nanowires after three breathing cycles are shown in the
Supporting Information (SI 2). The high-magnification
TEM image of SI 2b clearly shows uniform and highly
dispersed Pt nanoparticles with the same size as the
PVP-protected 3-nm-diam Pt nanoparticles in the PAM

nanowires. A corresponding ED pattern of the composite
nanowires is shown in SI 2c. The diffraction rings and
spots can be indexed as 111, 200, 220, and 311 of fcc Pt
polycrystallites. This verifies that the particles in the
PAM nanowires really are Pt nanoparticles. The suc-
cessful introducing of Pt nanoparticles into PAM nanow-
ires indicates that the PAM hydrogel also adopts a
swollen structure in the water-containing mixed solvent
of methanol/water (9:11). Pt nanoparticles dispersed in
the channels of porous AAO films can also be obtained
after the same calcination treatment as that applied for
Au nanoparticles.

Conclusion

In summary, we have demonstrated a simple and
versatile route to highly disperse nanoparticles in
porous AAO films using a hydrogel-nanowire-assisted
technique. First, a nanoparticle/PAM composite nano-
wire array was prepared from a template-grown PAM
hydrogel nanowire array based on a breathing mecha-
nism. Then, calcining was applied for the removal of the
hydrogel media and resulted in highly dispersed nano-
particles in porous AAO films. The advantage of the
hydrogel-nanowire-assisted approach over other meth-
ods is that the loading amount and distribution of
nanoparticles in the hydrogel nanowires or the channels
of AAO films can be easily controlled by varying the
number of breathing cycles and modifying the breathing
process, respectively. Furthermore, this information can
be clearly seen in the TEM images of their nanoparticle/
hydrogel nanowire precursor. The major requirement
of this approach is the availability of nanoparticles that
can be dissolved in water or water-containing solvent.
Given the fact that most metals and semiconductors
have already been synthesized into nanoparticles, the
number of nanoparticles that can be introduced into
porous AAO films using this approach is potentially very
large. Because of the well-controlled loading amount and
distribution of nanoparticles in AAO films and PAM
nanowires, these nanoparticle/AAO or nanoparticle/
PAM nanowire composites will find use in a number of
applications that involve sensing and catalysis.
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Figure 7. Cross-section SEM images of an AAO film contain-
ing Au-nanoparticle/PAM after calcination treatments: (a)
whole and (b) part views of the cross-section; (c) and (d) high-
magnification SEM images from the framed areas of 1 and 2
in Figure 7b, respectively.
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