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Abstract We explore here the ability of ruthenium hy-
droxo species to undergo spontaneous deposition on Pt
nanoparticles and to form colloidal solutions of oxoru-
thenium-protected  (-stabilized) nanoparticles  of
Pt. These particles can be spontaneously attracted to
carbon substrates, and they form ultrathin self-assem-
bled films. Fabrication of the multilayer network films
on electrodes has been achieved by linking the positively
charged oxoruthenium-covered Pt clusters with hetero-
polyanions of tungsten. By repeated alternate treatments
in a solution of phosphododecatungstate (PW120403*)
and in a colloidal suspension of oxoruthenium-protected
(-stabilized) Pt nanoparticles, the film thickness can be
increased systematically (layer by layer) to form stable
three-dimensional assemblies on carbon electrodes. It is
apparent from cyclic voltammetric and chronoampero-
metric measurements (that were performed at 20 and
60 °C) that the resulting hybrid films show attractive
properties towards the oxidation of methanol at fairly
low potentials (0.25-0.4 V versus the saturated calomel
electrode). With approximately the same loading of
oxoruthenium-covered Pt nanoparticles and under
analogous conditions, linking or derivatizing the nano-
particles with phosphotungstate leads to the system’s
higher electrocatalytic activity. It is possible that, in
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addition to ruthenium hydroxo species, PW,040°~
exhibits an activating effect on dispersed Pt particles. An
alternative explanation may involve the possibility of
different morphologies of the catalytic films in the
presence and absence of phosphotungstate anions.
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Introduction

The electrooxidation of methanol involves ideally six
electrons per molecule to produce CO,, and it has been
extensively studied as a potential reactant for fuel cell
technology during the last few years [1, 2, 3,4, 5,6, 7, 8,
9, 10, 11, 12, 13, 14]. During methanol oxidation, Pt
shows appreciable catalytic reactivity towards C-H
bond breaking, and this process is followed by several
fast steps resulting in the formation of either surface CO
or dissolved CO,. Although all efficient and practical
catalysts for the direct oxidation methanol fuel cell an-
ode are based on Pt, the main problem during the
electrooxidation of methanol is that the pure Pt is poi-
soned by strongly adsorbed CO, a by-product of meth-
anol oxidation [15, 16, 17]. CO chemisorption
significantly degrades the fuel cell performance by
blocking the catalyst active sites. To prevent poisoning
of Pt or to improve Pt tolerance of CO, this chemisorbed
intermediate has to be removed from the surface by its
oxidation to CO,.

Pt-Ru binary metallic systems have been demon-
strated to act as the best electrocatalysts for methanol
oxidation [18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28].
Various mechanisms have been postulated to explain the
effect of the enhancement of the methanol electrooxi-
dation on Pt in the presence of the second metal (Ru).
The phenomenon has been explained in terms of a
bifunctional catalytic effect [29, 30, 31], using a ligand



model [32, 33] and so-called third-body or blocking
effect [34]. It is commonly accepted that the Ru addition
to Pt results in the activation of water molecules on the
Ru surface to yield a metal oxo species of the type
Ru-OH. Thus the CO intermediate can react with the
Ru—OH species to yield CO;:

Pt — CO+ Ru— OHPt+ Ru+CO, + H" +e¢". (1)

An important issue is that pure Ru forms surface
hydroxides at potentials starting from 0.3 V versus the
standard hydrogen electrode, i.e., lower in comparison
with Pt (0.6 V versus the standard hydrogen electrode).
Consequently, the removal of CO should be much faster
on the Pt—Ru surface than on pure Pt. Introduction of
foreign metal atoms may also increase the Pt activity
owing to changes in electronic interactions and adsorp-
tion properties. According to the ligand model the main
role of Ru is to modify the electronic structure of the Pt
surface by interacting with the conduction band of Pt.
Thus, the Pt—CO bond is expected to be weakened and so
less energy would be required to oxidize the adsorbed CO.
It is usually accepted that the ratios of Ru to Ptin a binary
catalyst ranging from 10 to 50% provide enough Pt and
Ru sites for the effective oxidation of methanol [9].

Binary Pt-Ru catalysts proposed for the oxidation of
methanol have the following forms: Pt—Ru alloys [23,
24], Ru electrodeposits on Pt [35, 36], Pt—Ru codeposits
[37, 38] and Ru adsorbed on Pt [40, 41, 42]. An inter-
esting alternative originates from the possibility of the
preparation of binary Pt—Ru electrocatalysts as a result
of spontaneous adsorption of Ru on a surface Pt single
crystal or Pt black [39, 40, 41].

There are numerous examples of electrocatalytic
modified electrodes in which reactive centers are three-
dimensionally distributed within thin films attached to
an electrode substrate [42, 43, 44, 45, 46, 47, 48, 49, 50,
51, 52, 53, 54]. Immobilization of metal nanoparticles
embedded in a porous matrix results in an increase of
the catalytic metal specific area [55, 56, 57, 58, 59, 60].
An important practical issue is the stabilization of
nanoparticles that prevents their agglomeration, leading
to the gradual loss of activity. In the case of gold
nanoparticles, recent attention has focused on the for-
mation of alkanethiolate monolayer-protected clusters.
Self-assembled alkanothiolates on gold tend to separate
Au nanoparticles and reduce their agglomeration [61,
62]. Very recently, we have demonstrated that Pt nano-
particles can be stabilized with polyoxometallates by
exploring their ability to form stable anionic monolayers
on solid surfaces [63, 64]. The resulting polyoxometal-
late-protected (-stabilized) Pt nanoparticles can be sub-
sequently linked with ultrathin conducting polymer
layers to form network films.

In the present work, we extend the layer-by-layer
method to linking Ru-stabilized (-covered) Pt nanopar-
ticles with polyoxometalates to form electrocatalytic
network films. Polyoxometalates are metal clusters
coordinated by bridging oxygen atoms forming well-
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defined structures that undergo a reversible multielec-
tron reduction process [65].

We explore here the fact that Ru oxo species
adsorbed on Pt nanoparticles are positively charged and
they are expected to interact with anionic phosphodo-
decatungstate (PW,,) [66]. The results are consistent
with the view that PW, does not only stabilize the Ru-
decorated Pt nanoparticles but also enhances the meth-
anol oxidation currents under chronoamperometric
conditions.

Experimental

All chemicals were commercial materials of analytical
grade purity and were used without further purification.
Pt black clusters (surface area, 20 m> g~ ') were obtained
from Johnson & Matthew. Solutions were prepared
using doubly-distilled and subsequently deionized (Mil-
lipore Milli-Q) water. Argon was used to deaerate the
solutions and to keep an air-free atmosphere over the
solution during the measurements. Unless otherwise
stated, all experiments were performed at room tem-
perature (about 20 °C).

Electrochemical measurements were done with a CH
Instruments (Austin, USA) model 650 workstation. A
standard three-electrode cell was used for all experi-
ments. Toray Teflon-treated carbon paper (geometric
surface area, 0.7 cm?) from Electrochem (Woburn,
USA) served as the working electrode and Pt wire as the
counter-electrode. All potentials were expressed versus
the saturated (KCI) calomel electrode.

To produce a colloidal (sol-type) Pt—Ru solution of
Ru-covered Pt nanoparticles, a suspension of a known
amount (0.33 g) of Pt black was formed in 10 cm®
5 mmol dm™* RuCl; solution (pH~4). The suspension
was left for about 48 h to permit formation of Ru oxo
(hydroxo) species (from RuCl;) and their spontaneous
deposition [39, 40, 41] on the surfaces of Pt nanoparti-
cles. Subsequently, it was sonicated for 1 h and, then,
centrifuged. The solution was decanted 2-3 times, and
the final colloidal solution (sol) of oxoruthenium-cov-
ered (-stabilized) Pt nanoparticles was made in water.

The network film was assembled through the alter-
nate immersions scheme (layer by layer) in a manner
analogous to that described previously [63, 64]. The
Teflon-treated carbon paper (working electrode) was
serially exposed to the Pt—Ru solution: for about 24 h to
obtain the first layer of oxoruthenium-coated Pt nano-
particles and, subsequently, for 30 min in the following
(typically three) steps. Between the steps of the layer-by-
layer procedure, the electrode was exposed to 3 mmol
dm 3 PW,, solution for 10 min. As a rule, the electrode
was rinsed with water after the formation of each layer.
Following preparation, the modified electrode was
characterized by recording a cyclic voltammogram in
0.5 mol dm~* H,SO,. While the loading of Pt in the
initial layer of oxoruthenium-coated Pt nanoparticles
was on the level of 0.04 mgcm 2, approximately
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0.02 mg cm 2> Pt was added upon fabrication of each
additional layer. Apparently, the initial attachment or
chemisorption of Ru-coated Pt nanoparticles to bare
carbon was more pronounced than their further elec-
trostatic attraction by polytungstate linkers.

The morphology of the electrocatalytic films was
monitored using a Philips CM 10 scanning transmission
electron microscope (TEM) operating at 100 kV. The
samples were also subjected to energy-dispersive analysis
by an X-ray unit coupled with a JEOL model JSM-5400
scanning electron microscope. The amount of Pt in the
catalytic films was determined (following digestion of
the films in aqua regia) using the spectrophotometric
approach reported earlier [67]. The method permits
determination of Pt in the presence of Ru. Film load-
ings, expressed as surface coverages of Ru species (in
moles per centimeter squared), were estimated upon
determination of the charges under the system’s reduc-
tion voltammetric peaks recorded at a slow scan rate,
5mV s

Results and discussion

Formation of network films of Ru-stabilized Pt
nanoparticles

The procedure of stabilizing Pt nanoparticles and pro-
tecting them from agglomeration by modification with a
Ru layer involved exposure of Pt clusters to RuCls
solution as described in the Experimental section. The
actual modification step should be interpreted in terms
of interfacial interaction and adsorption of the Ru oxo
or hydroxo cations, including RuO[(H,0),]*" that exist
in the aged RuCl; solution, on the Pt particles [9, 10, 11,
12,13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27,
28, 29, 30, 31, 32, 33, 34, 35, 36, 37, 38, 39, 40, 41]. When
an aliquot of a colloidal solution of oxoruthenium-
covered Pt nanoparticles was placed on a grid, subjected
to drying and, subsequently, to the TEM examination
(Fig. 1a), it became apparent that the system forms
aggregates composed of smaller units, presumably the
Ru-covered Pt nanoparticles of approximate size 10—
15 nm. Apparently, the existence of electrostatic repul-
sive interactions between the positively charged Ru oxo
species deposited on the Pt surfaces led to the formation
of well-separated nanostructures (clusters) in solution.
Since the positively charged Ru oxo species (depos-
ited on Pt nanoparticles) can interact with heteropoly-
tungstate anions [66], the particles can be further
derivatized and stabilized with PW,. The procedure
involves exposure of the oxoruthenium-covered Pt par-
ticles to PW,, solution, consecutive centrifuging and
washing off with water to form a colloidal suspension of
PW ,-derivatized Ru-covered nanosized Pt. The pres-
ence of W, Ru and Pt was confirmed from the energy-
dispersive X-ray elemental analysis. The TEM image of
the resulting particles deposited on a grid is illustrated in
Fig. 1b. As in the case of Fig. la, the specimen forms

50 nm

Fig. 1 Transmission electron microscope images of a oxorutheni-
um-coated and b phosphododecatungstate (PW;,)-derivatized and
oxoruthenium-coated clusters of Pt nanoparticles

aggregates composed of smaller units (particles)
typically of about 15 nm. Despite the fact that the
macrostructures of the aggregates are different (they
were randomly chosen), the size of the clusters in Fig. 1b
is comparable to that in Fig. la because derivatization
with tetragonal phosphotungstate of about 1.2 nm is not
expected to change significantly the particle diameter.
From the data of Fig. 1a and b, we find that there is
some degree of heterogeneity in the dispersion of PW -
derivatized oxoruthenium coated Pt particles.

Typical cyclic voltammetric responses (recorded in
argon-saturated 0.5 mol dm~> H,SO,) of carbon paper
electrodes modified with ultrathin films of the simple Pt
catalyst (curve a) and Ru-covered Pt nanoparticles
(curve b) are shown in Fig. 2a. While in the case of
curve a, the electrode preparation procedure involved
simple placing of an aliquot of the pure Pt nanoparticle
suspension as described elsewhere [57], the fabrication of
Ru-covered Pt nanoparticles on carbon paper (curve b)
was achieved by simple dipping of the electrode sub-
strate in the Pt—Ru colloidal solution. We believe that
the attachment of Pt nanoparticles to carbon paper was
facilitated by the presence of Ru oxo species capable of
chemisorbing on both Pt and carbon substrates. It is
noteworthy that the voltammetric pattern of the
oxoruthenium covered Pt nanoparticles (curve b)
exhibits both peaks characteristic of Ru oxo species (at
potentials larger than 0.3 V) and those typical of



hydrogen adsorption (originating from the presence of
catalytic Pt) at potentials more negative than 0.1 V.
When compared with the response of a Ru oxide film on
carbon paper (Fig. 2b, curve a), that was generated by
aging in RuCl; solution, the film of Ru-covered Pt
nanoparticles (Fig. 2a, curve b) exhibits Ru oxo transi-
tions at more positive potentials, namely closer to those
characteristic of the Pt/PtO system. It is reasonable to
expect that, in the latter case, the generation of Ru oxo
species at oxidation states higher than II [68] is mediated
by formation of Pt oxides. Another possibility takes into
account the existence of mutual ineraction and forma-
tion of mixed oxides. Both Ru and Pt oxides undergo
electrochemical reactions by reversibly accepting pro-
tons from or donating protons to aqueous supporting
electrolyte.

Following the formation of the initial film of Ru-
coated Pt nanoparticles on the carbon paper substrate,
the multilayer film was generated layer by layer by
alternately exposing the electrode surface to 3 mmol
dm~3 PW;, and to the colloidal Pt—Ru solution. The

0.2
E/V vs SCE

0.4 0.6

Fig. 2 Cyclic voltammetric responses of a bare Pt nanoparticles (a)
and oxoruthenium coated Pt (b) nanoparticles attached to a
carbon paper electrode and b PW, chemisorbed on glassy carbon
(a) and Ru oxo species deposited from aged in RuCl; solution on
glassy carbon (b) (geometric surface area, 0.071 cm?). Scan rate,
50 mV s~ Electrolyte, 0.5 mol dm~? H,S0,
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successful formation of the multilayer (network) film
consisting of Pt—-Ru and PW/, is demonstrated by the
increase of the voltammetric peak currents (Fig. 3)
following alternate treatments in colloidal suspensions of
Ru-decorated Pt nanoparticles and the PW/, solution.
Higher currents at potentials lower than 0.1 V are
attributed to the growth of not only hydrogen adsorp-
tion/desorption peaks (owing to increasing the number
of Pt nanoparticle layers) but also to the electroactivity of
the alternately and systematically attracted PW,, redox
centers (layers). It is apparent from Fig. 2b, curve b that,
in the potential range, from 0.1 to —0.2 V, the adsorbed
PW/, (on carbon paper) is characterized by a well-de-
fined redox reaction [69] that can be described as follows:

(2)

Thus, the voltammetric peaks at about —0.1 V
(Fig. 3) mirror the overlapping contributions from both
the first one-electron reduction of PW,, and the
hydrogen surface processes on Pt. The increase of
currents at potentials higher than 0.3 V (Fig. 3) reflects
the electroactivity of the increasing amounts of the
alternately deposited Ru-covered Pt nanoparticles.

PWYI03, + ¢ — PWYW)!0O4; .

Methanol oxidation at the network film

We addressed the system’s electrocatalytic properties by
examination of the reactivity of a multilayer film
towards oxidation of methanol. The voltammetric
results of Fig. 4 show that PW,-linked and Ru-oxo
species covered Pt nanoparticles (characterized by cur-
ve a, which was recorded in supporting electrolyte only)
catalyze the oxidation of methanol (curve b). The overall
process can be summarized [13]:

CH3;0H + H,0 — CO, + 6H" + 6e . (3)

22—
0.8
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0.0

E 04
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-0.8
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Fig. 3 Voltammetric monitoring of the growth (layer by layer) of
the network film of PWj,-linked oxoruthenium-coated Pt nano-
particles (on carbon paper). Dotted line shows cyclic voltammo-
gram of the initial layer of oxoruthenium-coated Pt. Scan rate,
50 mV s Electrolyte, 0.5 mol dm™ H,S0,



858

0.2
E/V vs SCE

0.4

Fig. 4 Cyclic voltammetric responses of the network film (as for
Fig. 3) of Ple-hnked oxoruthenium-coated Pt nan yartlcles in
the absence (a) and i in the presence (b) of 0.1 mol dm™” methanol.
Scan rate, 50 mV s~ !. Electrolyte, 0.5 mol dm > H,SO,. Curve b
was recorded followmg preconditioning for 60 s at 0 V

As expected, during the reverse (negative)
potential scan, additional methanol oxidation voltam-
metric currents are observed. Such behavior is analo-
gous to what was previously observed at binary Pt—-Ru
catalysts [13, 57]. An important issue of the data of
Fig. 4 is that the methanol oxidation currents tend to
appear at less positive potentials than on bare Pt [54, 57].

To get better insight into the system’s reactivity
towards oxidation of methanol, we considered the
dependencies of staircase (step period of 50 s) voltam-
metric responses (related to the oxidation of methanol)
on the loadings of (Ru-coated) Pt in the network films
(Fig. 5). The main features obvious from these rela-
tionships are as follows. As expected, a significant
increase of electrocatalytic currents was observed upon
formation of the additional layer of oxoruthenium-
covered Pt nanoparticles (compare curves b and c),
namely upon increase of the total loading of Pt from
about 0.04 to 0.09 mg cm 2. The Ru component is in
excess, and its molar ratio to Pt was found, in general, to
be approximately 2:1. We also found that simple deriv-
atization of the ultrathin film of Ru-covered Pt nano-
particles by exposing them to PWj, results in some
increase of the methanol electrocatalytic currents (com-
pare curves a and b in Fig. 5). This finding can be
rationalized in terms of the relative availability, poten-
tial mutual interactions, and the existence of sufficient
numbers of neighboring Pt and Ru centers for efficient
oxidation of methanol. Although, we have no evidence
for any direct reactivity of PW,, an alternative expla-
nation of the enhancement effect may originate from the
fact that the PW, heteropolycompound is analogous to
the parent tungsten oxide. It should be remembered that
the electrodeposited Pt/WO; coatings have been dem-
onstrated to act as effective anode materials for the
direct oxidation methanol fuel cell [46, 54, 70]. One can
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Fig. 5 Staircase voltammetric current densities (normahzed per
1 mg of Pt catalyst) for the methanol (0.1 mol dm™?) oxidation
recorded every 50 mV (between 0.2 and 0.8 V) following applica-
tion of 50-s potential steps at the initial layer of oxoruthenium-
coated Pt nanoparticles («), the same layer but the particles were
further derivatized with PW, (b) and a multilayer film (as for
Fig. 3) of PW,-linked oxoruthenium-coated Pt nanoparticles on
carbon paper (c). Temperature, 20 °C. Electrolyte, 0.5 mol dm™>
H,S0,4

also take into account morphological differences
(particularly with respect to dispersed Pt) between
Ru-covered Pt and Ru-covered Pt derivatized with
PW/,. Although TEM results do not support this view
(dispersion of Pt was approximately the same in both
cases), such a possibility cannot be excluded.

When the temperature was increased from 20 (Fig. 5)
to 60 °C (Fig. 6), the analogous current—potential re-
sponses were recorded except that the electrocatalytic
current densities approximately doubled. This result is
not surprising because, at higher temperatures, the
degree of poisoning of Pt by the methanol oxidation
intermediate is lower and Ru oxo species are expected to
utilize more effectively —OH groups or radicals capable
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Fig. 6 Staircase voltammetric current densities recorded as for
Fig. 5 except that the temperature was increased to 60 °C
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Fig. 7 Chronoamperometric responses for the methanol oxidation
(0.3 V; 20”C) at the initial layer of oxoruthenium-coated Pt
nanoparticles (a), the same layer but the particles were further
derivatized with PW, (b) and a multilayer film (as for Fig. 3) of
PW,-linked oxoruthenium-coated Pt nanoparticles on carbon
paper (c). Electrolyte and methanol concentrations as for Fig. 5

of facilitating oxidation of passivating intermediates
(CO,qs) on Pt.

To evaluate further the reactivity of our electrocata-
lytic system for the methanol oxidation, current—time
measurements were performed (Fig. 7). The results show
that the steady-state methanol oxidation currents can be
developed under the conditions of chronoamperometric
experiments. By analogy to the data of Figs. 5 and 6, the
growth of the network (multilayer) film by alternate
immersions in Pt—-Ru and PW/, solutions results in an
increase of the methanol electrooxidation currents.
Current—time measurements recorded at different con-
stant potentials (0.25, 0.30 or 0.40 V) are illustrated in
Fig. 8. Although, as expected, the largest currents are
observed at the most positive potential applied (curve c),
it is noteworthy that the steady-state currents were still
developed at more negative potentials (curves a and b).

2.5

2.0

1.5

0.5

0.0 F

400 600 800
t/s

1000

Fig. 8 Chronoamperometric curves recorded for the methanol
oxidation at a multilayer film (as for Fig. 3) of PW,-linked
oxoruthenium-coated Pt nanoparticles on carbon paper upon
application of (a) 0.25V (a), 0.30 V (b) and 0.40 V (c¢). Other
conditions as for Fig. 7
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Conclusions

We demonstrated the usefulness of the layer-by-layer
method for the fabrication of hybrid films composed of
heteropolyanion (PW,) linked oxoruthenium-coated Pt
nanoparticles. The approach seems to provide a novel
concept of assembling bimetallic Pt—-Ru nanoparticles
(using polyoxometallate linkers) to form the network
electrocatalytic structures.

We also found that the derivatization of oxoruthe-
nium coated Pt nanoparticles with phosphotungstate
enhances (certainly not decreases) the activity of dis-
persed electrocatalyst towards electrooxidation of
methanol in acid solution. Although no direct compar-
ison of our system with the activity of commercial
Vulcan-supported binary Pt—Ru catalyst was made here
(owing to the distinct morphologies and metal loadings
in both catalysts), our preliminary results show that the
network film of polyoxometallate-linked Ru-stabilized
Pt nanoparticles seems to be promising for the forma-
tion of the anode catalyst. This catalytic enhancement
may be due to the synergistic effect between Pt—Ru and
PW/,. Having in mind the activity of tungsten oxides
[70], tungstate units may provide additional -OH groups
or radicals capable of facilitating oxidation of passivat-
ing intermediates (CO,qs) on Pt. Alternatively, intro-
duction of PW;; may induce morphological differences
and lead to better Pt catalyst utilization. Further re-
search is necessary to optimize the distribution and the
size of PW/,-derivatized and linked oxoruthenium-
coated Pt nanoparticles.
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