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bstract

Platinum nanoparticles of ca. 8 nm diameter (that had been first deposited on glassy carbon) were subsequently modified with ultra-thin films of
olyoxometallates through their spontaneous adsorption on solid (platinum and carbon) surfaces. The following polyoxometallates (Keggin type
eteropolyacids), H3SiW12O40, H3SiMo12O40, H3PW12O40 and H3PMo12O40, were considered as potential activating agents.
Rotating disk voltammetry was used to probe the electroreduction of dioxygen in 0.5 mol dm−3 H2SO4 at 25 ◦C. For the same loading and the

pproximately identical distribution of platinum nanoparticles on glassy carbon, the statistically higher (in comparison to bare Pt) electrocatalytic
urrents for the oxygen reduction were observed upon introduction of monolayers of heteropolyanions. Out of polyoxometallates considered, the

ystem modified with heteropolytungstate (H3PW12O40) seemed to be the most effective in electrocatalysis. Although the possibility of structural
hanges cannot be excluded, the synergistic effect originated presumably from the bifunctional activity of the electrocatalyst. While Pt retained its
sual reactivity towards the oxygen reduction, H3PW12O40 could act as both effective mediator (e.g. for the reduction of the hydrogen peroxide
ntermediate) and the source of mobile protons at the electrocatalytic interface.

2005 Elsevier B.V. All rights reserved.
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. Introduction

Since their discovery in the 19th century [1], polyox-
metallates (POMs) have been exploited in many diverse
reas including analytical chemistry, medicinal chemistry and
atalysis, particularly in photocatalysis [1,2]. Among POMs,
eteropolyacids (HPAs) of molybdenum and tungsten have
een demonstrated to form thin robust electroactive films on
olid (carbon, metallic or semiconductor) surfaces [3–5]. Most

f modified electrodes have been fabricated using Keggin type
OMs of molybdenum and tungsten [6–8]. They undergo well-
efined reversible multi-electron redox transitions involving
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ypically up to four electrons per heteropolymetallate unit.
hus, they can serve as charge relays [1,2] as well as highly
ffective catalysts [9] of importance to industrial catalysis [10].
n this context, HPAs exhibit Brönsted acidic properties close
o the super acid region. They act as efficient oxidants, and they
re characterized by very high solubility in polar solvents as
ell as by fairly high thermal stability in solid state.
The ability of POMs to exhibit fast reversible multi-electron

ransfers prompted interest in the systems as electrocatalysts
or various inert redox reactions including hydrogen evolution
nd oxygen reduction [11–16]. It has been recognized that the
artially reduced heteropolyanions of W and Mo (heteropoly-
lues) provide highly reactive mixed-valence redox centers. In
rinciple, heteropolytungstates and molybdates can be used in

lectrocatalysis as homogeneously dissolved species or, prefer-
bly, as materials persistently attached to electrode surfaces
12–14]. Different approaches to immobilization of POMs
n electrode surfaces have been proposed. They include elec-
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rodeposition [15,16], controlled fabrication of multi-layered
tructures by alternate immersions in the appropriate solutions
f heteropolyanion and cationic (organic or inorganic) species
17], immobilization in conductive polymer matrices [18] or
on exchange polymer films [19], as well as simple attachment
y adsorption on the activated carbon substrates [20].

POMs were considered for fuel cell research due to their
xceptionally high solid-state protonic conductivity [21,22].
or example, hydrogen was electrocatalytically generated from
team using a sheet of polycrystalline H3PMo12O40·30H2O as a
onductive solid separator covered on both sides with a Pt black
atalyst [23]. A low-temperature fuel cell based on a liquid phos-
hotungstic acid was also proposed [24,25]. A proton exchange
embrane [26] was fabricated by doping the sulfonate poly-

ulfone polymer with H3PW12O40 (from DMF). Electrolytes
omposed of various POMs including VOSO4/H5PMo10V2O40
r H3PMo12O40 (cathode compartment) and H3PW12O40 or
3PMo12O40 (anode compartment) were also investigated [27].
he catalyst exposed to the polyoxometallate aqueous solution
as found to be more tolerant to the presence of CO in hydrogen

uel [28].
Efficient electrocatalytic systems for oxygen reduction

r hydrogen oxidation, in which loading of the noble metal
atalyst is reduced, would utilize highly dispersed large-surface
rea nanosized-Pt crystallites [29–31]. In the present work,
mmobilization of small amounts of spherical Pt nanoparticles
n the inert glassy carbon substrate is followed by modifi-
ation of their surfaces with ultra-thin films of Keggin type
eteropolyacids of molybdenum or tungsten. Our goal has
een to combine the powerful electrocatalytic properties of
latinum [32–34] with the fast electron transfer capabilities,
roton mobility and high reductive reactivity of POMs [1]:
iW12O40

3− (SiW12), SiMo12O40
3− (SiMo12) PW12O40

3−
PW12) or PMo12O40

3− (PMo12). By analogy to parent
ungsten oxides [35,36], the related polytungstates are expected
o interact strongly with platinum particles and to enhance
heir electrocatalytic reactivity towards the reduction of oxygen
6] and the oxidation of methanol [37]. To prepare ultra-thin
lms of nanostructured POMs, we have explored the fact that
eteropolyanions tend undergo strong adsorption on platinum
nd carbon substrates [38]. In particular, Pt nanoparticles can
e stabilized by modifying their surfaces with robust anionic
olyoxometallate monolayers [39]. The adsorptive interactions
re strong enough to permit formation of stable colloidal solu-
ions of polyoxometallate-protected Pt-nanoparticles [38,39]
r carbon nanostructures [40] and related network films with
wo-dimensional conducting polymer interlayers. This work
arallels our recent attempts to produce heteropolytungstate
upported bifunctional electrocatalytic interfaces exhibiting
igh reactivity towards the oxidation of methanol [37].

. Experimental
.1. Chemicals and materials

All chemicals were commercial materials of analytical grade
urity and were used without further purification. Platinum black

a
r
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lusters (surface area, 20 m2 g−1) were obtained from Johnson
nd Matthew. Solutions were prepared using doubly distilled and
ubsequently de-ionized (Millipore Milli-Q) water. To produce
suspension of platinum nanoparticles (of ca. 8 nm diameter,

s determined using transmission electron microscopy [39]),
known amount (0.1 g) of platinum black dispersed in 8 cm3

f water was used. The suspension was sonicated for ca. 48 h.
lassy carbon (GC) disk (geometric surface area, 0.071 cm2)

erved as a working electrode. Argon was used to de-aerate solu-
ions and to keep air-free atmosphere over the solution during the

easurements. All experiments were performed at room tem-
erature (25 ◦C).

.2. Electrode preparation

Before modification, glassy carbon disks were activated by
olishing with successively finer grade aqueous alumina slurries
grain size, 5–0.5 �m) on a Buehler polishing cloth. To immo-
ilize Pt nanoparticles on glassy carbon, 1 �dm3 aliquot of Pt
uspension was placed on its surface with the use of micropipette
nd left 15 min to dry at room temperature. To assure homo-
eneous and firm attachment, the electrode was placed in an
ven at 60 ◦C for 1 h. Afterwards, the electrode was dipped into
mmol dm−3 solution of a selected polyoxometallate (POM),
4SiW12O40 (SiW12), H4SiMo12O40 (SiMo12), H3PW12O40

PW12) or H3PMo12O40 (PMo12), in water for 15 min. Previ-
us TEM results [37,39] have demonstrated by adsorption of
OMs on Pt nanoparticles does not change significantly the size
f the original material.

In order to verify the adsorption properties of GC and poly-
rystalline Pt, parallel experiments were performed using GC
diameter, 3 mm) and Pt (diameter, 2 mm) disk electrodes. Modi-
cation of the electrode surfaces with monolayer type adsorbates
f the different POM were performed by dipping the electrodes
or 8 h in the respective 5 mmol dm−3 solutions.

.3. Electrochemical measurements

Electrochemical measurements were done with CH Instru-
ents (Austin, U.S.A.) Model 650 workstation. Solutions were

aturated with oxygen produced using a PEM electrolyzer from
uintek (Germany). A standard three-electrode cell was used

or all experiments. The rotating disk voltammetric measure-
ents were done using the Metrohom rotating disk electrode

ssembly. A platinum flag was used as the counter electrode. A
aturated calomel electrode (SCE) was used as a reference elec-
rode; it was placed in the second compartment and connected
o the main cell through a Lugging capillary. All potentials are
xpressed against the reversible hydrogen electrode (RHE).

. Results and discussion

.1. Voltammetric identity of POMs
Our preliminary voltammetric experiments (Figs. 1–3) were
imed at providing general information about the nature of
edox reactions of four Keggin type heteropolyacids of tungsten
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Fig. 1. Cyclic voltammetric responses of 5 mmol dm−3 solutions of (A) H3PW12O40 (PW12), (B) H3PMo12O40 (PMo12), (C) H4SiW12O40 (SiW12) and (D)
H4SiMo12O40 (SiMo12) recorded at glassy carbon in 0.5 mol dm−3 H2SO4. Scan rate: 50 mV s−1.

Fig. 2. Cyclic voltammetric responses of monolayer type adsorbates of (A) PW12, (B) PMo12, (C) SiW12 and (D) SiMo12 on glassy carbon (diameter, 3 mm) recorded
in 0.5 mol dm−3 H2SO4. Scan rate: 50 mV s−1.
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ig. 3. Cyclic voltammetric responses of monolayer type adsorbates of (A) PW
n 0.5 mol dm−3 H2SO4 (deoxygenated). Scan rate: 50 mV s−1. Dotted lines sta

nd molybdenum: (A) H3PW12O40 (PW12), (B) H3PMo12O40
PMo12), (C) H4SiW12O40 (SiW12) and (D) H4SiMo12O40
SiMo12) investigated in solution and after adsorption on car-
on and platinum electrode surfaces. Fig. 1 shows typical
yclic voltammetric responses of these systems dissolved in
.5 mol dm−3 H2SO4 at 3 mmol level. It is noteworthy that elec-
rochemical properties the POMs are characterized by multi-step
lectron transfers. Despite the fact that interpretation of the
edox processes of PMo12 is more complex [41], the reactions
f polymolybdate systems (curves B and D) appear at approxi-
ately 300–500 mV more positive potentials than those of the

nalogous polytungstates (curves A and C). The actual formal
otentials also reflect the choice of heterogroup: the presence of
hosphate, rather than silicate, tetrahedral unit within the tetrag-
nal Keggin type structure tends to shift redox reactions towards
ore positive values.
Despite some mechanistic differences regarding the actual

nvolvement of proton, the first two, most positive, redox reac-
ions of Keggin type polytungstates (Fig. 1A and C) can be

escribed in terms of two consecutive reversible one-electron
rocesses [17]:

W12
VIO40

3−+ ne−+ nH+ ⇔ HnPWn
VW12−n

VIO40
3− (1a)

a
i
F
a

) PMo12, (C) SiW12 and (D) SiMo12 on platinum (diameter, 2 mm) recorded
r background currents of bare Pt substrates in deoxygenated electrolytes.

here n is equal to 1 or 2. The analogous reaction applies to
iW12

VIO40
4−. The third process appearing at the most negative

otentials in Fig. 1A and C is two-electron in nature. In the case
olymolybdates (curves B and D in Figs. 1 and 2), the three
onsecutive redox processes involve effectively two-electrons
41]:

PMo12
VIO40

3− + ne− + nH+ ⇔ HnPMon
VMo12−n

VIO40
3−

(1b)

here n is equal to 2, 4 or 6. The analogous reaction is expected
or SiMo12

VIO40
4−. Origin of the distortion observed in the

oltammetric response of Fig. 1B is unclear; but it may reflect
he complexity (e.g. sensitivity to concentration or scan rate) of
he voltammetric behavior of PMo12 [41].

Another important issue is that heteropolytungstates and
eteropolymolybdates undergo irreversible adsorption (or
hemisorption) on both carbon and platinum. Figs. 2 and 3 illus-
rate cyclic voltammograms of (A) PW12, (B) PMo12, (C) SiW12

nd (D) SiMo12 POMs adsorbed on glassy carbon (GC) and plat-
num electrodes, respectively, recorded in 0.5 mol dm−3 H2SO4.
or PMo12 and PW12, the monolayer type coverages on both GC
nd Pt have been postulated [17,38,39]. Due to the appearance
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(PW12) second one-electron reduction reaction requires simul-
taneous injection of electron and proton [43] but its appearance
on Pt is already complicated by the proton discharge reaction.
Polytungstates adsorbed on Pt have been reported to interact with
06 R. Wlodarczyk et al. / Journal o

f hydrogen adsorption peaks, the existence of surface reactions
elated to the formation of PtO and the possibility of interfer-
nce from proton reduction, the polyoxometallate responses are
enerally better defined when the systems are immobilized on
C (Fig. 2) rather than Pt substrates (Fig. 3). In the case of
ydrogen adsorption on Pt, the overlapping effect is particularly
ronounced for polytungstates (Fig. 3A and C) where hydrogen
pillover has been postulated [38,39].

It is commonly accepted that, during reductions, introduc-
ion of more than four to six electrons per heteropolyunit leads
o structural reorganization and irreversible redox behavior. It is
pparent from Fig. 2 that, when immobilized on GC, the latter
henomena appear at potentials more negative than −0.3 and
.1 V in the case of heteropolytungstates and heteropolymolyb-
ates, respectively. For Pt surfaces, the practical potential limits
re from ca. 1.0 to 0.1 V. Thus one can conclude that, in the
otential range of interest to the voltammetric (including RDE)
nvestigations of oxygen reduction, all POM adsorbates shall
emain stable on Pt and carbon surfaces. It can be expected that
hey should retain electroactivity following adsorption on GC
nd Pt nanoparticles [38,39].

For all POM adsorbates studied (Figs. 2 and 3), the voltam-
etric peak currents are proportional to scan rate up to ca.
V s−1; such characteristics are indicating a surface type behav-

or, and they are consistent with fast dynamic of charge transport
transfer of electrons) and charge compensating protons. Our
resent and previous results [17,38,39] imply rigid character of
he POM attachment to Pt and GC surfaces. It is reasonable
o expect that Keggin type POMs undergo similar adsorption
t monolayer level on nanosized Pt (platinum black). To keep
t on the same loading level (24 �g cm−2), we have modified
C electrodes by first attaching Pt nanoparticles. To produce
ifunctional electrocatalysts, the latter step has been followed
y irreversible adsorption of POMs on nanostructured Pt and
C substrate.

.2. Electrocatalysis at POM-modified carbon-supported
t nanoparticles

To evaluate electrocatalytic activity towards the oxygen
eduction of the carbon supported Pt nanoparticles modified
ith four different POMs (as described above), we performed

he diagnostic rotating disk electrode (RDE) voltammetric mea-
urements. Typical well-defined RDE current–potential curves
ecorded at 1660 rpm rotation rate in the oxygen saturated (O2
oncentration, ca. 1.1 mmol dm−3 [42]) 0.5 mol dm−3 H2SO4
olution are illustrated in Fig. 4 for GC supported Pt nanopar-
icles modified with PW12, PMo12, SiW12, and SiMo12. For
omparison, a representative current–potential curves for the
lectroreduction of oxygen at GC-supported bare Pt nanoparti-
les is also provided. It is noteworthy that for all systems studied
Fig. 4), the loading, distribution and morphology of carbon sup-
orted Pt nanoparticles were approximately the same. Indeed,

e started from the preparation of the same glassy carbon sup-
orted Pt nanoparticles, i.e. prepared using the same procedure
nd yielding approximately the same (within 5%) the oxygen
eduction RDE voltammetric currents (Fig. 4); such platinized

F
n
5
s

ig. 4. RDE voltammograms recorded in the oxygen saturated 0.5 mol dm−3

2SO4 using GC-supported Pt nanoparticles bare and modified with PW12,
Mo12, SiW12, or SiMo12. Rotation rate, 1660 rpm. Scan rate, 5 mV s−1.

urfaces were subsequently modified with POMs. The results
f Fig. 4 imply that the highest current densities were obtained
hen GC-supported Pt nanoparticles were modified with PW12.
lso, from the viewpoint of stability (persistence of adsorption),

he PW12 modified system seemed to be the most promising.
herefore, we concentrated on the latter system as the represen-

ative example of the Keggin type POM used for modification
f the binary carbon-supported Pt electrocatalyst.

Fig. 5 shows the cyclic voltammetric response of the PW12-
odified GC-supported Pt nanoparticles recorded in the pres-

nce of oxygen. In the potential range down to 0 V, PW12 is
haracterized by the reversible one-electron process that can be
escribed according to Eq. (1a). The related set of voltammet-
ic peaks at about 0.25 V is overlapping the hydrogen adsorption
eaks that typically exist at clean bare Pt (Fig. 3A). The system’s
ig. 5. Cyclic voltammetric response of PW12-modified GC-supported Pt
anoparticles recorded in the oxygen saturated 0.5 mol dm−3 H2SO4. Scan rate,
0 mV s−1. Dotted line illustrates the response recorded in the de-oxygenated
olution.
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Fig. 6. RDE voltammograms recorded in the oxygen saturated (COx = 1.1 ×
10−6 mol cm−3 [48]) 0.5 mol dm−3 H2SO4 at different rotation rates using
P
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Fig. 7. Koutecky–Levich reciprocal plots prepared using the data of Fig. 6
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W12-modified GC-supported Pt nanoparticles. Scan rate, 5 mV s−1. Inset
hows the dependence of limiting current on the square root of rotation rate.
t loading, 24 �g cm−2.

ydrogen adatoms to form mixed hydrogen/tungstate adlayers
hat are characterized by reversible redox behavior interpreted
n terms of spillover effect [38]. The latter phenomenon explains
airly high reduction currents around 0.05–0.1 V, at least relative
o what one would expect on bare (unmodified) Pt nanopar-
icles [39]. The appearance of the oxygen reduction peak at
bout 0.75 V is consistent with the view that the electrocatalytic
eduction of oxygen proceeds at PW12-modified Pt in a manner
nalogous to what has been observed at clean Pt [42] and bare
t nanoparticles [39,43].

.3. Diagnostic experiments with PW12-modified
arbon-supported Pt nanoparticles

To characterize further the PW12-modified electrocatalyst,
e have performed diagnostic RDE voltammetric experiments

t different rotation rates (Fig. 6). The dependence of the respec-
ive RDE limiting currents versus the square root of rotation
ate (inset to Fig. 6) shows some deviation from linearity (dot-
ed line), i.e. from the ideal behavior characteristic of a system
imited solely by convective diffusion of oxygen in solution, at
otation rates higher than ca. 1000 rpm. This result implies that
nly at faster rotation rates, the electrocatalytic reaction was too
low to allow the convective-diffusional control to be operative.
ssuming the approximately first-order reaction kinetics [42],

he RDE voltammetric limiting current densities (jlim) can be
escribed as reciprocals [36] using the Koutecky–Levich for-
alism

−1
lim = (nFkΓfilmCOx)−1 + j−1

Lev (2)

here jLev limiting current density is given by the classic Levich
quation (in which the convective diffusion component is pro-

ortional to the square root of rotation rate), k is a rate constant
or the catalytic chemical reaction at the film/solution interface
r within the film (in the homogeneous reaction meaning and
nits), Γ film is the surface concentration of the catalytic cen-

d
a
t
[

or PW12-modified GC-supported Pt nanoparticles. Currents were measured
t 0.3 V. For comparison, the analogous plot is provided for bare (unmodified)
C-supported Pt nanoparticles of the same loading (24 �g cm−2).

ers in the film and COx is the bulk concentration of oxygen in
he electrolyte. The symbols n and F stand for the number of
lectrons involved in the process and the Faraday constant.

It is noteworthy that the Koutecky–Levich slopes in Fig. 7
re approximately the same for both PW12-modified and bare
C-supported Pt nanoparticles. At potential as low as 0.3 V,
latinum exists in its pure metallic form (i.e. where hydrogen
dsorption peaks are absent and no platinum oxide is formed
et) and, in view of previous literature reports [42,44–47], it
s reasonable to expect that n = 4 for bare platinum electrocat-
lysts. The similarity of slopes in Fig. 7 allows us to make the
ssumption about involvement of four electrons (implying the
deal reduction of oxygen effectively to water) in the case of
W12-modified GC-supported Pt nanoparticles as well.

The analysis [36,42,44–46] of Koutecky–Levich recipro-
al plots (Fig. 7) yielded for PW12-modified GC-supported Pt
anoparticles a fairly small positive intercept equal to about
.011 mA−1 cm2. Using the approach described before [36],
he kinetic parameter, namely the intrinsic rate constant of het-
rogeneous charge-transfer, khet (which is equivalent to the
roduct of kΓ film in Eq. (2)), has been found to be equal
o ca. 2.2 × 10−1 cm s−1 for the catalytic electroreduction (in
.5 mol dm−3 H2SO4) of oxygen at 0.3 V using the electrode
f GC-supported Pt nanoparticles (loading, 24 �g cm−2) modi-
ed with PW12. When we have performed the analogous kinetic
nalysis for the electrode modified with PW12-free Pt nanopar-
icles, the intrinsic rate constant is on the level 1 × 10−1 cm s−1.

In the above considerations, it is provided that Koutecky–
evich lines are plotted (according to Eq. (2)) with the
ssumption of first-order reaction kinetics. Having in mind
ast dynamics of charge transport in the catalytic film, the
nverse proportionalities of the Koutecky–Levich slopes and
ntercepts with oxygen concentration (that have been found

uring the analysis of the RDE data obtained in the oxygen and
ir-saturated sulfuric acid solutions) support the above assump-
ion. The unit reaction order was also reported in literatures
42,44,45] at different platinum based catalytic surfaces.
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ig. 8. Koutecky–Levich reciprocal plots prepared using the RDE currents of
ig. 6 measured at 0.7, 0.75, 0.80 and 0.85 V for PW12-modified GC-supported
t nanoparticles (loading, 24 �g cm−2).

Fig. 8 shows Koutecky–Levich reciprocal plots recorded
or the oxygen reduction at PW12-modified GC-supported Pt
anoparticles using different potentials in the range from 0.70
o 0.85 V. The lines are almost parallel and the slopes are approx-
mately identical. Since the number of electrons transferred (n in
q. (2)) is a factor of the slope, we can conclude (from the paral-

elism of the lines in Fig. 8) that the reaction path for the oxygen
eduction does not appreciably change with potential. Finally,
he khet heterogeneous reaction rate constants can be estimated
t various potentials using the intercepts from Koutecky–Levich
lots of Fig. 8. The values of khet range from approximately
× 10−2 down to below 1 × 10−2 cm s−1 upon increasing the
otential from 0.70 to 0.85 V. This decrease in khet reflects pre-
umably some inhibiting effect originating from platinum oxide
ormed on Pt at potentials higher than 0.6 V.

. Conclusions

Modification of GC-supported platinum nanoparticles with
W12 has been demonstrated to produce highly reactive plat-

num centers towards reduction of oxygen. Like in the case of
are platinum, the overall reduction mechanism is unchanged
nd it seems to involve effectively four electrons producing
irectly water as a final product. It is apparent from kinetic analy-
is that formation of the ultra-thin monolayer-type PW12 films on
t nanoparticles (and presumably GC substrate as well) exhibits
ome enhancement (synergistic) effect on the oxygen reduction.
aving in mind the chemical analogies between PW12 and tung-

ten oxide, it is likely that the polyoxometallate provides similar
nvironment to tungsten oxide/hydrogen bronzes [35,36]. The
mportant issues are the ability of PW12 to form strong electroac-
ive adsorbates on solid surfaces, its high reductive reactivity
nd fast electron transfer (mediating) capabilities, as well as
ts super-acid characteristics leading to the increased availabil-

ty and mobility of interfacial protons. When combined with
he specific reactivity of Pt inducing the reduction of oxygen,
he above properties should promote a bifunctional electrocat-
lytic mechanism in which PW12 facilitates decomposition of

[

r Sources 159 (2006) 802–809

he undesirable hydrogen peroxide intermediate. Judging from
he data of Fig. 4, the promoting effect is restricted to PW12
nd, to some extent, to PMo12 heteropolyacids. At this stage, it
s unclear whether the slight inhibiting effect observed in the case
f SiW12 and SiMo12 originates from the lack of their profound
hemical reactivity (towards H2O2 intermediate) or it comes
rom the possibility of passivation of Pt surface by adsorbed
iMo12O40

3− or SiW12O40
4− polyanions.
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