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The ability of Keggin-type phosphododecamolybdates (PMo12O40
3-) to undergo chemisorp-

tion and to form anionic monolayers on platinum surfaces is explored here to produce stable
colloidal solutions of polyoxometalate-protected platinum nanoparticles (size, 5-10 nm, as
determined by transmission electron microscopy and scanning tunneling microscopy). By
dip-coating in the above solution, the particles can readily be assembled on carbon electrode
substrates. The layer-by-layer method, which involves alternate exposures to the solutions
of PMo12O40

3--stabilized Pt nanoparticles and anilinium cations, has been utilized to grow
in a controlled manner hybrid network films in which the negatively charged layers of
polyoxometalate-protected Pt nanoparticles are linked, or electrostatically attracted, by
ultrathin positively charged polyaniline layers. The phosphomolybdate-decorated Pt nano-
particles (immobilized within ultrathin polyaniline film) are attractive for electrocatalysis:
they show promising reactivity toward the electroreduction of oxygen.

Introduction

A great deal of recent research has been centered
around the development of nanosized assemblies at solid
surfaces that can produce functionalized interfaces with
well-defined composition, structure, reactivity, and thick-
ness.1 In this context, a substantial impetus is given to
the investigation of nanometer scale metal particles
with respect to both to their fundamental importance
and to possible applications in many areas, including
molecular and nanoscale electronic and optical de-
vices,1,2 sensors,3 and catalysis and electrocatalysis.4-7

Fabrication, assembly, alignment, interconnection, elec-
tronic properties, and reactivity of such nanosized
materials are crucial facets of this growing field.8-10

Nanoparticles are typically characterized by small aver-

age size diameter, narrow size distribution, and similar
shapes, and they often feature alkyl stabilizing agents.11

For example, dense robust monolayers of alkanothio-
lates are capable of passivating gold nanoparticles to
produce alkanothiolate-monolayer-protected clusters or
nanoparticles of gold.8-13 An important function of
alkanothiolates is to separate the metal (Au) particles
in order to reduce their agglomeration, an effect that
leads to their degradation. Single electron events (so-
called Coulomb staircase charging) have been observed
in the network films of gold nanoparticles stabilized and
functionalized with thiol ligands.8-15 The use of nanom-
eter-sized metal particles (e.g. gold and silver) for
building high-order arrays with specific electronic func-
tions can be envisioned.14

Nanoparticles of metals from the platinum group, in
particular Pt and its alloys, are interesting electrocata-
lytic materials that are characterized by high surface
area to volume ratios and exhibit promising reactivity
toward systems of importance to fuel cell technology,
including the reduction of oxygen and the oxidation of
hydrogen or methanol. Recently, the feasibility of
preparation of alkanothiol-protected Pt,16 Au/Pt alloy,17
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or alkyl isocyanide-derived18 and mercaptoaniline-func-
tionalized19 platinum nanoparticles has been described,
but so far, their utility for the electrocatalysis of fuels
has not been clearly demonstrated. On the other hand,
immobilization of the colloidal platinum nanoparticles
within mixed metal oxide nanostructures has been
considered for the preparation of effective electrocata-
lysts for the oxidation of fuels.20 Moreover, it has been
established that dispersion, size, and morphology of
metal particles is further improved by the addition of
polymers.21,22 When it comes to the preparation of
nanosized metal colloids, the presence of such stabilizers
as polymers, surfactants, or special ligands prevents
formation of insoluble bulk metal particles.

Polyoxometalates are known to form self-assembled
monolayers on common solid electrode substrates.23-27

Keggin-type heteropolyanions of molybdenum and tung-
sten are particularly attractive because of their ability
to adsorb irreversibly on carbon and metal surfaces to
form structured films. In the present work, we explore
this phenomenon to stabilize platinum nanoparticles,
and we develop an approach that can be viewed as an
inorganic alternative to the well-known concept of
fabrication of monolayer-protected clusters of gold by
strong chemisorption of organic alkanothiolates.8-10 We
demonstrate that commercially available platinum clus-
ters can be dispersed in polyoxometalate (e.g. dode-
camolybdophosphate) solutions to form stable sols con-
sisting of Pt nanoparticles of ca. 5-10 nm diameter. In
view of the previous reports23,24,26,27 describing self-
assembly of phosphomolybdate on solid surfaces, it is
reasonable to expect that it forms negatively charged
monolayers on platinum nanoparticles. Therefore, poly-
oxometalate should stabilize particles (and prevent their
agglomeration) not only due to its physical presence but
also electrostatically, thanks to the existence the repul-
sion forces. We can link polyoxometalate-stabilized
(protected) platinum nanoparticles by creating ultrathin
polymer (polyaniline) bridges to form network hybrid
films on glassy carbon. Polyaniline has been chosen as
a model electroactive polymer stable in acid media. The
whole concept is based on multiple formations of two-
dimensional arrays and three-dimensional networks
composed alternately of ultrathin27,28 conducting poly-
mer (e.g. polyaniline) layers and dodecamolybdophos-
phate-protected platinum nanoparticles. Since it is well-

known that reactivity and catalytic characteristics of
metal particles are affected by specific electronic proper-
ties of supporting inorganic oxides,20 we address briefly
the system’s ability to electrocatalyze reduction of
oxygen.

Experimental Section

Phosphododecamolybdic acid, H3PMo12O40 (PMo12), and
aniline monomer were obtained from Fluka. Platinum black
clusters (surface area, 20 m2 g-1) were obtained from John-
son&Matthew. All other chemicals were reagent grade purity,
and they were used as received. Solutions were prepared using
doubly distilled and subsequently deionized (Millipore Milli-
Q) water. Ultrahigh purity argon gas was used to deaerate
investigated solutions. Experiments were carried out at room
temperature (20 ( 2 °C).

Electrochemical measurements were done with CH Instru-
ments (Austin, TX) Model 750 and Bioanalytical Systems
(West Lafayette, IN) BAS Model 100BW workstations. A
standard three-electrode cell was used. A platinum disk
(diameter, 4 mm) from Mineral, Poland, or a glassy carbon
disk (diameter, 3 mm) from BAS, served as a working
electrode. The counter electrode was made from Pt wire. All
potentials were expressed versus the saturated (KCl) Ag/AgCl
electrode.

Before modification, a platinum electrode substrate was
activated by potential cycling from -0.2 to 1.4 V in 0.5 mol
dm-3 H2SO4 for 1-2 h, whereas a glassy carbon substrate was
subjected to polishing (on a cloth) with successively finer grade
aqueous alumina slurries (grain size, 5-0.5 µm). The Pt
surface was modified with ultrathin PMo12 adsorbate by
dipping it for 30 min in an aqueous solution of 2 mmol dm-3

H3PMo12O40.
To produce polyoxometalate-protected platinum nanopar-

ticles, a suspension of a known amount (0.33 g) of Pt black
was formed in 5 mmol dm-3 aqueous PMo12 solution (10 cm3).
The suspension was sonicated for 2 h and left overnight. Then,
it was centrifuged, and the supernatant solution was removed
and replaced with a fresh PMo12 solution. The centrifuging
procedure was typically repeated three or four times until the
final PMo12 suspension of Pt nanoparticles was permanently
yellow. Any yellow discoloring and the appearance of the green-
blue color would imply the existence of chemical interaction
involving interfacial oxidation of Pt by PMo12, presumably
followed by its chemisorption and the simultaneous partial
reduction to heteropolyblue. Later, the PMo12 solution was
decanted, and the centrifuging procedure was repeated three
times with water. The resulting Pt-PMo12 colloidal solution
was stable for at least 1 month.

The network films were assembled through the alternate
immersion scheme in a manner analogous to the procedure
described previously27 for the fabrication of robust three-
dimensional multilayer hybrid assemblies of PMo12 and ul-
trathin polyaniline layers. The main difference concerns the
fact that, instead of a simple PMo12 solution, the PMo12

colloidal suspension of Pt nanoparticles was used. The glassy
carbon electrode was serially exposed to Pt-PMo12 solution,
each time for 30 min, and rinsed with water. Between the
steps, the electrode was exposed to a 0.07 mol dm-3 solution
of aniline in 0.5 M H2SO4 for 10 min followed by electrochemi-
cal polymerization by potential cycling (at 50 mV s-1) from
-0.1 to 0.85 V in 0.5 mol dm-3 H2SO4 and thorough rinsing
with water. Formation of ultrathin films of polyaniline (PANI)
occurred during positive potential cycles where anilinium
monomers (electrostatically attracted within negatively charged
PMo12) were oxidized to dications and, subsequently, elec-
tropolymerized.27 By repeated and alternate treatments in the
appropriate solutions, the amount of material on the electrode
surface can be increased in a systematic manner27 up to at
least 10 “bilayers” of PMo12-stabilized Pt and PANI.

Transmission electron microscopy (TEM) images were ob-
tained using a JEOL 2010F microscope (and the voltage of 200
kV was applied). The samples were prepared by placing (with
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microsyringe) a drop of Pt-PMo12 colloidal solution (prepared
as described above but diluted 100 times) onto a carbon-coated
copper mesh grid. Consequently, the dry specimen consisting
of Pt nanoparticles embedded into the carbon film was
obtained. The grid was mounted into a single-tilt TEM holder
and used for analysis. The particle size analysis was achieved
with the Gatan Digital Micrograph software. The samples were
also subjected to energy dispersive elemental analysis by X-ray
(EDX) unit coupled with JEOL Model JSM-5400 scanning
electron microscope.

Scanning tunneling microscopy (STM) images were obtained
ex-situ (in air) using EasyScan Nanosurf AG (Switzerland)
instrument. The tips of Pt/Ir (90/10) wires of 0.25 mm diameter
were formed mechanically, and they were used as probes. The
scanning was achieved in the constant-current mode at posi-
tive sample bias of 50-100 mV and tunneling current of 1-2
nA.

Infrared spectra were measured with Shimadzu 8400 FTIR
spectrometer. The Infrared reflectance absorption spectra
(IRRAS) were recorded using a Specular Reflectance Accessory
Model 500 produced by Spectra Tech. The beam incidence
angle was equal to 80° with respect to the surface normal.
Typically 500 scans were averaged for a single reflectance
spectrum.

Results and Discussion

Cyclic voltammetric responses of (a) bare platinum
disk electrodes and (b) platinum disk electrodes sub-
sequently modified with a monolayer of PMo12 are
illustrated in Figure 1. The data of Figure 1a, par-
ticularly the characteristic hydrogen adsorption and
Pt/PtO peaks, are consistent with the existence of a
clean (activated) platinum surface.29 By analogy to the
voltammetric behavior of the PMo12 monolayer27,30-33

or the PMo12-PANI composite film34-36 deposited on
glassy carbon or gold, the three sets of peaks observed
in Figure 1b shall be attributed to three consecutively
appearing, approximately two-electron redox reactions:

where the total number of electrons involved (n) is
expected to be equal to 6. It is apparent, from the
comparison of curves a and b (Figure 1), that while the
third most negative set of PMo12 voltammetric peaks
appears in the potential range where hydrogen adsorp-
tion peaks would appear on bare clean Pt, the PMo12-
stabilized Pt nanoparticles retain their electrocatalytic
properties toward the proton discharge (hydrogen evolu-
tion). The detailed study about chemisorption of PMo12
and its behavior on Pt and other solid substrates will
be the subject of a separate work.

From the cyclic voltammogram of a clean platinum
electrode (Figure 1a), namely from the charge under the
hydrogen reduction peaks,29 one can determine the true
surface area of the platinum substrate. Consequently,
by comparison to the charge under the cathodic peak of
the second PMo12 redox process that displays the most
clearly defined response (at about 0.2 V in Figure 1b),
a “true” surface coverage of PMo12 equal to 3 × 10-10

mol cm-2 can be found. The latter value translates into
ca. 18 × 1013 PMo12 units per cm2. For comparison,
assuming the ideal cubic symmetry and the PMo12 unit
cell parameter of 1.1 nm, close geometric packing of
PMo12 units within a monolayer on the surface, and
using the Avogadro’s number, we obtain the loading of
8 × 1013 PMo12 units per cm2. Thus, the surface
concentration equal to 3 × 10-10 mol cm-2 is consistent
with the coverage of PMo12 (on Pt) comparable to, or
somewhat exceeding, the monolayer level.

It is reasonable to expect that PMo12 undergoes
similar adsorption at the monolayer level on nanosized
Pt (platinum black). The procedure of stabilizing of Pt
nanoparticles and protecting them from agglomeration
by modification with monolayers of PMo12 anions in-
volves a few exposures of the Pt clusters (built from the
agglomerated Pt nanoparticles) to PMo12 solutions and
consecutive centrifuging aiming at the formation of a
colloidal suspension of nanosized platinum in water (as
described in the Experimental Section). The existence
of electrostatic repulsive interactions between the nega-
tively charged PMo12 monolayers on the Pt surfaces is
likely to be responsible for the splitting of Pt clusters
to parent nanoparticles.

Figure 2 illustrates a representative TEM image of
Pt nanoparticles that have been synthesized in the
presence of PMo12 anions and embedded into the carbon
film. The image shows that the nanoparticles generally
have a dark (electron dense) central core (originating
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Figure 1. Cyclic voltammetric responses of (a) bare platinum
electrodes and (b) platinum electrodes modified with a PMo12

monolayer. Electrolyte, 0.5 mol dm-3 H2SO4 (saturated with
argon); scan rate, 50 mV s-1; geometric surface area, 0.125
cm2. Dotted line shows the response of bare Pt.

PMoVI
12O40

3- + ne- + nH+ S

HnPMoV
nMoVI

12-nO40
3- (1)
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from Pt), and they are surrounded by a lighter shell
(originating from the polyoxometalate outer layer and
carbon matrix) that hinders somewhat determination
of size distribution. Judging from the particle size
dispersion (histogram), most of particles have diameters
ranging from 5 to 10 nm. Neither dilution nor extensive
sonication of the original suspension has led to any
significant changes in the nanoparticle size distribution.
Their average size (obtained over many images by
measuring at least 30-50 particles each time) is 6.85
nm. Ideally, if Pt nanoparticles were densely and
completely covered with PMo12 (unit cell parameter, ca.
1.1 nm) monolayers, one would expect the sizes of the
Pt cores to be roughly 4.6-4.7 nm.

Figure 3 shows a cyclic voltammetric response (re-
corded in argon-saturated 0.5 mol dm-3 H2SO4) of a
glassy carbon electrode modified with an ultrathin film
of platinum nanoparticles derivatized with PMo12. The
spontaneous deposition of such Pt particles on glassy
carbon was achieved by simple dipping of the electrode
substrate in the PMo12-stabilized suspension. Attach-
ment of Pt nanoparticles was presumably facilitated by
the presence of “bridging” polyoxometalate (PMo12)
molecules capable of chemisorbing on both platinum and
glassy carbon.27 It is noteworthy that the voltammetric
pattern of Figure 3 exhibits both the peaks character-
istic of PMo12 (in the potential range from 0.1 to 0.45

V) and the typical hydrogen evolution/proton discharge
currents (originating from the presence of catalytic Pt)
at potentials more negative than -0.1 V. The latter
result, when confronted with the response of bare bulk
Pt electrode (Figure 1a) or the behavior of naked Pt
nanoparticles,6 indicates qualitatively that the electro-
catalytic properties of Pt toward the reduction of protons
are retained, if not enhanced, upon interfacial deriva-
tization with of PMo12.

EDX analysis of polyoxometalate-stabilized nanopar-
ticles (immobilized on glassy carbon) implies the pres-
ence of both Mo and Pt as major elemental components.
Despite use of the EDX acquisition software to quantify
elements on the surface, the analytical results are only
semiquantiative. Nevertheless, the relative molar ratio
of Mo to Pt does not exceed 1:10. Further, assuming that
all polyoxometalate-stabilized Pt nanoparticles are spheri-
cal, their average diameter is 6.9 nm (which corresponds
to a content of nearly 11 000 Pt atoms), and their
surfaces are completely covered with ideal monolayers
of closely packed cubic (12 Mo atoms containing) phos-
phomolybdates of ca. 1.1 nm unit cell parameter, one
can estimate the molybdenum mole percentage (assum-
ing that % Mo + % Pt ) 100%) to be larger than 5%.
The above results are consistent with the hypothesis
that the coverage of our Pt nanoparticles with PMo12 is
on the level of a monolayer.

The presence of chemisorbed PMo12 on platinum was
also evident from the ex situ FTIR examination of the
surface of gold-covered glass onto which the PMo12-
stabilized Pt nanoparticles were self-assembled (Figure
4b). The latter spectrum was analogous to that charac-
teristic of PMo12 in KBr (Figure 4a). The fact that P-O-
Mo stretching mode34,37,38 appearing at 1078 cm-1 in
Figure 4b does not differ significantly from that typical
for bulk PMo12 (1064 cm-1 in Figure 4a) implies that
inner P-O bonds are not substantially affected by
chemisorption of PMo12 on Pt. Some increase in the
frequencies of oxygen-bridged Mo-O-Mo stretching
modes from 787 and 870 cm-1 (Figure 4a) to 821 and
884 cm-1 (Figure 4b), respectively, may originate from
“strengthening” of the polyanion structure and the
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Figure 2. Transmission electron micrograph (TEM) of the
PMo12-stabilized platinum nanoparticles.

Figure 3. Cyclic voltammetric response of an ultrathin film
of PMo12-protected Pt nanoparticles self-assembled on glassy
carbon. Geometric surface area, 0.07 cm2. Other conditions
were the same as for Figure 1.
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related decrease of distance between the anions upon
formation of a compact PMo12 monolayer on Pt. The shift
of external (terminal) ModO bond frequency from 962
(Figure 4a) to 989 cm-1 (Figure 4b) is presumably due
to interactions between the Pt substrate and the ad-
sorbed PMo12.

It has been previously demonstrated27 that alternate
immersions (“dipping cycles”) in heteropolyanion (PMo12)
and monomer (aniline) solutions leads to the formation
of organized hybrid inorganic (polyoxometalate)-or-
ganic (conducting polymer) multilayer films. In the
present work, we show that the PMo12-protected (sta-
bilized) Pt nanoparticles can be linked together by
polyaniline (PANI) bridges to form a network film, as
illustrated in the left inset to Figure 5. We started here
from the formation of an initial ultrathin layer of PMo12-
stabilized Pt nanoparticles on glassy carbon substrate.
Figure 6a shows the STM image corresponding to the
spontaneous deposition of PMo12-covered Pt nanopar-
ticles on glassy carbon. The uniformly and densely
dispersed light spots shall be attributed to the nano-
structured platinum. In the next step (Figure 5), the

Pt-PMo12 modified electrode was exposed to the anilin-
ium monomer solution for 10 min, then it was removed,
rinsed, dried, and subjected to three voltammetric cycles
in 0.5 mol dm-3 H2SO4 in the potential range up to 0.85
V. The latter procedure resulted in the complete polym-
erization of anilinium ions and formation of an ultrathin
polyaniline (PANI) film.27 The result is consistent with
the view that PMo12 chemisorbed on Pt particles is not
only stable but also retains its negative charge neces-
sary for electrostatic attraction of positively charged
ultrathin PANI layers. Each additional voltammogram
in Figure 5 corresponds to the film response related to
the formation of an extra Pt-PMo12/PANI bilayer. In
other words, the successful formation of the multilayer
network film consisting of Pt-PMo12 and PANI is
demonstrated by the increase of voltammetric peak
currents (Figure 5) following alternate treatments in
Pt-PMo12 colloidal suspension and the anilinium solu-
tion (the latter step was as a rule combined with the
interfacial electropolymerization of PANI as described
above). Characteristic infrared peaks34 of both PMo12
and PANI have been found in the FTIR spectrum
(recorded as for Figure 4b) of the multilayer PANI-
linked PMo12-stabilized Pt network film. The uniform

Figure 4. FTIR spectra of (a) phosphododecamolybdic acid
in KBr and (b) PMo12-protected Pt nanoparticles self-as-
sembled on a gold-coated glass slide.

Figure 5. Cyclic voltammograms recorded at 50 mV s-1 (in
argon-saturated 0.5 mol dm-3 H2SO4) following application of
(a) one, (b) two, and (c) four cycles of alternate treatments in
the colloidal solution of PMo12-protected Pt and the solution
of anilinium ions. Insets illustrate (left) the attachment of
PMo12-protected Pt particles via ultrathin PANI bridges and
(right) the dependence of the loading of PMo12 (chemisorbed
on Pt nanoparticles) on a number of the alternate immersion
cycles. Geometric surface area of glassy carbon substrate, 0.07
cm2.

Figure 6. STM images of PMo12-protected Pt nanoparticles
self-assembled on (a) bare glassy carbon (as for Figure 3) and
(b) PMo12-PANI bilayer (see inset to Figure 7).
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distribution of Pt-PMo12 and PANI layers is apparent
from the monotonic increase of the PMo12 voltammetric
peaks during alternate immersion cycles (Figure 5). By
plotting the film loading (calculated from the charge
under the most positive PMo12 reduction peak), a linear
dependence versus a number of treatments in Pt-PMo12
solutions (slope 0.5 × 10-10 mol cm-2 per immersion
cycle) has been obtained (see right inset to Figure 5).
Judging from the increase of currents related to the
hydrogen evolution at potentials more negative than
-0.15 V (Figure 5), the loading of platinum is system-
atically increased during the film growth through the
alternate immersion scheme.

The most positive set of peaks appearing in the
multilayer film at about 0.3 V (Figure 5) shall be
attributed, as in the case of a PMo12 monolayer (Figure
1b), to the first (most positive) two-electron redox
reaction of PMo12. The fact that the second set of PMo12
peaks at about 0.18 V is larger than that at ca. 0.3 V
(Figure 5) originates from the overlapping of the second
two-electron reduction of PMo12 with the PANI reaction,
namely the reduction of emeraldine to leucoemeral-
dine.27 It is reasonable to expect that, due to the good
charge-distributing capabilities of Pt-PMo12 nanostruc-
tures, the redox behavior of ultrathin PANI interlayers
(bridges) is more redox facile in comparison to the
typical behavior of a conventional PANI film.27,36 On the
other hand, the fact that the polyoxometalate response
persists for several layers indicates significant long-
range conductivity within the system. Certainly, the fast
dynamics of charge transport in our composite system
is facilitated not only by high self-exchange rate between
PMo12 redox centers and the presence of dispersed Pt
particles but also by the fact that the two most positive
redox processes of PMo12 lie in the potential range where
PANI is conductive. When the PMo12 voltammetric peak
currents characteristic of the multilayer film (at ca. 0.2
and 0.3 V in Figure 5) were plotted versus scan rate,
the dependencies were practically linear (effectively
with zero intercept) up to ca. 5 V s-1. Such behavior is
consistent with the surface type behavior of the system
as well as with the fast dynamics of charge transport
in the vertical dimension, i.e., perpendicular to the
electrode surface.

Since an ultimate goal of our research is to produce
Pt nanostructures exhibiting promising electrocatalytic
properties, we have examined reactivity of PMo12-
stabilized platinum nanoparticles toward reduction of
dioxygen in 0.5 mol dm-3 H2SO4 (Figure 7). The Pt-
PMo12 nanocenters were dispersed within the ultrathin
PANI film that was self-assembled on glassy carbon
substrate as described earlier.27 As illustrated in the
inset to Figure 7, PMo12-protected Pt nanoparticles were
introduced (or electrostatically attracted) to the bilayer
film formed from the PMo12 monolayer chemisorbed on
glassy carbon (inner layer) and the ultrathin layer of
positively charged PANI (outer layer). Figure 6b shows
the STM image of such a film containing nanostructured
platinum. Careful examination of the STM data implies
that the size of platinum particles is ca. 6-10 nm. Even
at a small loading of platinum, the system was well-
behaved and the voltammetric peak for the reduction
of oxygen at PMo12-protected Pt appeared at 0.51 V
(Figure 7). This peak potential value is comparable to

those reported previously for oxygen reduction at poly-
crystalline Pt or platinized tungsten oxide electrode.39

Our preliminary rotating ring (Pt)-disk (glassy carbon)
voltammetric studies show that the oxygen reduction
was a diffusion-controlled process (at least up to 4900
rpm), and no H2O2 was produced in the potential range
from 0.3 to 0.7 V. The latter observation implies that
overall process must have involved four electrons and
proceeded directly to H2O. What is even more important
from the data of Figure 7 is that high reactivity of Pt
nanopraticles toward the reduction of oxygen was
retained in the presence of PMo12 and the PANI
environment. Conducting polymers have been already
shown to serve as attractive matrixes for dispersed
platinum nanoparticles.40-43 Having in mind the chemi-
cal analogies between polyoxometalates and parent
metal oxides, PMo12 is expected to provide similar
environment to tungsten oxides.39

Conclusions

We demonstrate the possibility of stabilization of
platinum nanoparticles of the size 5-10 nm by protect-
ing them through chemisorption of polyoxometalate
(PMo12) monolayers on their surfaces. Since PMo12-
covered particles are negatively charged, they form
stable colloidal solutions. The particles can be assembled
together to form layers on electrode surfaces (glassy
carbon). The PMo12-protected Pt nanoparticles can be
linked via ultrathin polymer (PANI) layers (bridges);
consequently, the controlled layer-by-layer growth of
polymer/nanoparticle hybrid films is feasible. The con-
cept of alignment, interconnection, and stabilization
(physical separation) of metal nanoparticles by covering
them with inorganic polyoxometalates resembles some-
what the formation of colloid films of gold nanoclusters
protected with organic alkanothiolates.8-14,16,17 But the
charge propagation mechanism in our network films of
PMo12-stabilized nanoparticles is different from that
occurring in more traditional systems of alkanothiolate-
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(40) Coutanceau, C.; Croissant, M. J.; Napporn, T.; Lamy, C.
Electrochim. Acta 2000, 46, 579.
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Comm. 2000, 2, 800.

(42) Hepel, M. J. Electrochem. Soc. 1998, 145, 124.
(43) Qi, Z. G.; Pickup, P. G. Chem. Commun. 1998, 15.

Figure 7. Electrocatalytic reduction of oxygen at the bilayer
film of PMo12/PANI (on glassy carbon) into which PMo12-
protected Pt nanoparticles were immobilized (see inset).
Electrolyte, 0.5 mol dm-3 H2SO4 saturated with oxygen (ca.
0.8 mmol dm-3 );39 scan rate, 50 mV s-1.
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protected gold nanostructures. The inorganic monolayer
provides metal oxide reactive centers and acts as mixed-
valence, electronically conducting, and protonically
conducting adsorbate. Unless derivatized, the alkano-
thiolate layer is insulating (dielectric), and electronic
conductivity proceeds through a tunneling mechanism.12

The approach described here permits not only as-
sembling conducting polymers and metal nanoparticles
into network composite structures but also producing
organized multilayer assemblies with specific electro-
catalytic properties. Thus, physicochemical properties
of polymers and reactivity of polyoxometalates and noble
metal particles can be combined within network film.
Our work parallels recent attempts by others showing
the possibility of the layer-by-layer growth of polymer-
gold nanoparticle films,44 the synthesis of metal nano-
particles by using polyoxometalates as photocatalysts
and stabilizers,45 the application of metal (palladium)-
substituted Keggin-type polyoxometalates in catalysis,46

and fabrication of molybdate-modified Pt nanopar-
ticles.47 In addition to catalysis and electrocatalysis, the

modified and protected nanometer-scale metal nano-
particles are of potential utility to the assembling of
electro-optical materials, devices, and sensors, including
biosensors.
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