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The reaction of oxygen reduction on the mercury electrode in the solution of the reversed
micelles and in the presence of platinum and silver nanoparticles was studied. The data of
inverse voltammetry show that in the presence of platinum nanoparticles the reaction can
proceed via both two�electron and four�electron reaction mechanisms. In the case of silver
nanoparticles it proceeds in accordance with the two�electron mechanism. Cumulative effect
of catalytic action of platinum and silver nanoparticles on the molecular oxygen reduction was
found.
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The reaction of oxygen reduction (OR) is one of the
most important multistage processes in the kinetics and
catalysis. It is of the great theoretical and practical value.
The studies of OR mechanisms in the electrochemical
energy generators (ECEG) are the most topical. In the
ECEG the molecular oxygen or some oxygen�containing
substances are used as the oxidants of different kinds of
fuel. Nanomaterials such as carbon nanotubes, carbon
fibers, fulleroids, porous silicon, polymer composites, and
nanocatalysts received increasing application in these
generators.

In the series of our works1—4 and in the other publica�
tions5—8 the efficiency of nanoparticles of silver and of
platinum group metals as electrocatalyst of OR on the
porous supports such as porous silicon and carbon nano�
tubes was shown. Such nanocatalysts are produced by the
radiation chemical synthesis in the reversed micelles of
the stable metal nanoparticles.9,10 By using this method
the nanosized metal particles can be prepared. When
incorporated into solid nanocomposites they retain
activity for a long period of time upon the contact with
the liquid phase.

Platinum and the platinum�based composites are con�
sidered as the best catalysts for the OR in ECEG. The cost
of the catalysts can be considerably reduced due to the
introduction of nanostructured catalyst such as platinum
nanoparticles on the surface of stabilizing support. As OR
proceeds at high values of cathode potential the oxygen
reduction is accompanied by the formation of side prod�

ucts such as peroxides and radicals capable to decrease
catalyst activity. To suppress the peroxide action on plati�
num, the silver additives promoting the peroxides decom�
position are usually used.

The overall process of OR is described by following
equations:9—12

O2 + 4 H+ + 4 e–  2 H2O,

O2 + 2 H2O + 4 e–  4 OH–.

i. Acidic medium; ii. Basic medium.

Two mechanisms of the overall process are possible.
The first mechanism is the four�electron route and it pro�
ceeds with the direct cleavage of the double bond in the
oxygen molecule dissociatively adsorbed on the surface at
the first process step which is the rate�limiting one:

O2  2 Oads. (1)

Then follows the second, a more rapid step:

2 Oads + 4 H+ + 4 e–  2 H2O. (2)

The second mechanism of OR is the two�electron
route and it consists of two two�electron steps and ac�
companied with the formation of peroxides. The first step
is described by the equation:

O2 + 2 H+ + 2 e–  H2O2. (3)
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This step consists of two sub�steps: first sub�step (3а)
is the rate�limiting one, the second sub�step (3b) results
in formation of peroxides.

O2 + H+ + e–  HO2
•

(O2 + e–  O2
–, O2

– + H+  HO2
•). (3a)

HO2
• + H+ + e–  H2O2

(HO2
• + e–  HO2

–,
HO2

– + H+  H2O2
•). (3b)

The second step (4) which also involves two sub�steps
(4a), (4b), is the step of the product formation (H2O)
during the reduction of hydrogen peroxide:

H2O2 + 2 H+ + 2 e–  2 H2O, (4)

H2O2 + e–  HO• + HO–, (4a)

HO• + HO– + e– + 2 H+  2 H2O. (4b)

During the reduction of molecular oxygen on the plati�
num group metals and on the silver the only one wave,
corresponding to the four�electron mechanism (reactions
(1), (2)) is detected on voltammetric curves. On the mer�
cury and carbon electrodes only two�electron mechanism
with the step of intermediate H2O2 formation is possible.
Two broad waves corresponding to two steps (formation
of H2O2 (reaction (3)) and reduction of H2O2 to the product
H2O (reaction (4)) are observed on voltammeric curves.
The limiting reaction of the overall two�electron mecha�
nism is the addition of the first electron to the oxygen
molecule according to the first sub�step of the first stage
(reaction (3a)). On the step of H2O2 reduction to H2O
(reaction (4)) the rate of the first sub�step (reaction (4а))
is considerably lower than the rate of the second (reaction
(4b))9. The rate decrease at any step causes the polariza�
tion (the process of the change of the potential of elec�
trode reaction with respect to the equilibrium value). The
reason of polarization is determined by the nature of
limiting step. The value of the potential shift is considered
as the overcurrent.

The aim of the present study is the refinement of the
mechanism of catalytic action of Pt and Ag nanoparticles
in OR on dropping mercury electrode (DME) in the solu�
tions of reversed micelles by the method of alternating�
current inverse voltammetry (ACIV).

Experimental

The ACIV measurements were conducted on a ABC 1.1
voltammetry polarograph with the build�in Modul ЕМ�04 sensor
(Certificate of Russian Federation No. 7936), providing the
square�wave modulation of a potential sweep. The working
electrode was DME, the secondary electrode was platinum, the

reference electrode was the saturated silver�chloride Ag/AgCl/
KCl (Е = +0.20 V) electrode. The polarograph allows one to
achieve the sensitivity of analysis up to 10–8 mol L–1 at the
background/substance ratio up to 10–4, what makes it possible
to analyse any of redox pairs independent of their extent of
reversibility. The device operation mode was  one with alternating
current, the potential sweep interval was up to 1600 mV, and the
sweep rate was from 1 to 200 mV s–1 with a 1 mV step.

The mercury electrode is the one with a high degree of
polarization. The interval of potentials of DME applications for
the electro�analytical purposes is substantially extended from
the cathode region, which is typical of OR. Therefore DME is
suitable for the study of OR mechanisms without competitive
influence of the other reactions.

The platinum and silver nanoparticles were synthesized
according to the procedure described earlier.13,14 The reversed
micelles are microdrops of aqueous solution (pools stabilized
with surfactant in the organic solvent — isooctane). The metal
nanoparticles form in the pool of micelle at radiofrequency 60Co
γ�irradiation. By varying conditions of synthesis as well as reagent
concentrations it is possible to control the size range of the
particles formed. For the reversed micelles preparation 0.15 М
solution of surfactant (sodium bis(2�ethylhexyl)sulfosuccinate
(SES) 99%, Sigma) in isooctane was used. The molar ratio
water : surfactant was varied from 1.5 to 5, that corresponds to
solubilization extent ω0 = [H2O]/[SES] = 1.5—5.

The intervals of Pt nanoparticles concentration in the
solutions of reversed micelles dependent on ω0 are listed below.

ω0 C(Pt)/mol L–1

1.5 1.40•10–5—1.12•10–4

3.0 2.80•10–5—2.80•10–4

5.0 4.66•10–5—3.26•10–4

For the Ag nanoparticles at ω0 = 1.5 the concentration
increased from 1.2•10–4 to 1.2•10–3 mol L–1.

According to foton�correlation, HPLC and high�resolution
scanning electron microscopy data2—4 the size range for the
synthesized nanoparticles is within 2—14 nm, whereas for Ag
nanoparticles it is within 4.5—11 nm. When the solubilization
extent ω0 increases the share of fraction with the larger sizes also
increases.

The water�ethanol (1 : 1) solution of phosphate buffer with
pH 6.86 was used as a background solution. The molecular
oxygen concentration was maintained constant in the water�
ethanol solution (8.5—9•10–4 mol L–1) by bubbling the air
through the system before the each measurement. Such value
corresponds to the oxygen solubility in the solution. Voltammetry
curves were registered in a 20 mL electrochemical cell. Each
measurement was performed on the renewed surface of the
mercury drop. The same background solution was applied during
the measurements.

Results and Discussion

The values of potentials (Е) the peak maxima of OR
on DME with respect to saturated silver�chloride elec�
trode Ag|AgCl|KCl and corresponding to them currents
(I—), read from the baseline are listed in Table 1 as a
function of the Pt nanoparticles concentrations at the
solubilization extent ω0 = 1.5.
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The voltammetric curve of the background solution in
the absence of Pt nanoparticles (Fig. 1) has two typical
broadened peaks, characteristic of the two�electron OR
mechanism on the mercury electrode. The first peak with
Е(О2) = –375 mV is related to the reaction (3), which is
the reduction of molecular oxygen to H2O2. The second
peak with Е(H2O2) = –1300 mV is related to the reaction
(4), which is the reduction of H2O2 to H2O. The peaks on
OR voltammetric curves are usually substantially broad�
ened because of the complicated multistep process with
the presence of the limiting steps. The voltammetric
curves for the rapid processes have the shape of the nar�
row peaks; the slower the process, the stronger the peaks
broadening and the lower the value of their reduction
currents.

The voltammetric curve for the solution with the mini�
mal Pt nanoparticles content (see Fig. 1, curve 1) also
consists of the two peaks, but the parameters of the peaks
are substantially varied with respect to the background
solution (see Fig. 1, curve 4). The oxygen peak related to
the molecular oxygen reduction (Е(O2) = –306 mV) is
shifted to the anode region by 69 mV. The similar anode
shift is also observed for the peak related to the reduction
of hydrogen peroxide: ΔE(H2O2) = 75 mV. The reduction
current of oxygen I—(O2) increases from 1.27 to 1.35 mA
(see Table 1). The anode shift of the reduction peaks of O2

and H2O2, as well as the increase of current I—(O2)
suggest that in solutions with the small content of Pt
nanoparticles, OR proceeds in accordance with the
two�electron mechanism with the lower kinetic limita�
tions and a higher rate, than in the solutions in which Pt
nanoparticles are absent.

The substantial changes are observed on the voltam�
metric curve (see Fig. 1, curves 2 and 3) upon the increase
in the content of Pt nanoparticles. The new peak appears
at E(O2

–) = –139 (curve 2) and –161 mV (curve 3). The
main peak E(O2) broadens and shifts to the region of
negative cathode potentials to –528 and –541 mV,
whereas the current of oxygen reduction I—(O2) decreases.
The peak of hydrogen peroxide reduction virtually does
not change its potential, whereas the current of hydrogen
peroxide reduction I—(H2O2) increases (see Table 1).

The presence of the strong peak of H2O2 reduction
unambigously suggests that OR follows the two�electron
mechanism. The first peak of volammetric curve (for the
background solution at E(O2) = –375 mV) is the overall
wave associated with the first step of O2 reduction (reac�
tion (3)). The first sub�step (reaction (3a)) with the inter�
mediate formation of the dioxygen anion O2

– is the rate�
limiting one. The anion O2

– stabilization was found9 for
OR in the presence of some organic substances.

The presence of weakly broadened distinct peaks in
the anode region E(O2

–) ≈ –150 mV can be explained by
the increase of the reaction (3a) rate caused by the pres�
ence of Pt nanoparticles. The increase in the rate of reac�
tion (3a) rate results in the increase in the concentration
of HO2

• radicals and, therefore, in the increase in the rate
of reaction (3b): HO2

• + H+ + e–  H2O2, that
is reflected in the increase in the H2O2 reduction current.

The results of analysis of inversed voltammetry on
DME of micellar solutions of Pt nanoparticles with the
solubilization extent ω0 = 3 are listed in Table 2 and
shown in Fig. 2. Two strong waves of OR are observed on
voltammetry curves. The peaks at cathode potentials from

Table 1. The influence of concentration of platinum nano�
particles on the electrochemical parameters of OR at ω0 = 1.5

С(Pt)•105 I
—

(O2) –E(O2) I
—

(O2
–) –E(O2

–) I
—

(H2O2) –E(H2O2)
/mol L–1 /μA /mV /μA /mV /μA /mV

0 — — 1.27 375 1.56 1300
1.4 — — 1.35 306 1.32 1225
2.8 — — 1.30 340 1.19 1220
5.6 — — 1.06 370 1.84 1231
8.4 0.12 139 0.99 528 2.09 1240
11.2 0.98 161 0.81 541 1.70 1248
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Fig. 1. The electrocheimical characteristics of OR in the presence
of platinum nanoparticles at ω0 = 1.5: C(Pt) = 1.4•10–5 (1),
8.4•10–5 (2), 11.2•10–5 (3), and 0 mol L–1 (4).

4

3

2

1

–1200 –800 –400 E/mV

1
2

3

I
—

/μA

Fig. 2. The electrocheimical characteristics of OR in the pres�
ence of platinum nanoparticles at ω0 = 3: C(Pt) = 5.6•10–5 (1),
16.8•10–5 (2), and 28•10–5 mol L–1 (3).
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–1225 to –1256 mV correspond to the reduction of H2O2

to H2O in accordance with the two�electron mechanism.
Additional shoulder in a cathode region at Е = –1500 mV
is observed along with the main intensive peaks due to
H2O2 reduction. The character of H2O2 reduction peaks
remains virtually unchanged at all concentration of the
Pt nanoparticles. The only exception is the peak corre�
sponding to the sample with the maximal Pt content
(C = 2.8•10–4 mol L–1); its reduction current deacreases
(I— = 1.25 μA).

In the region of potentials of E(O2
–) = –150 mV weak

peaks are observed for all samples with ω0 = 3, but maxi�
mal reduction current is typical of the solutions with a low
concentration of nanoparticles. Let us analyse the data
(see Table 2 and Fig. 2), concerning the main wave of
molecular dioxygen reduction in OR. With increasing con�
centration of Pt nanoparticles the currents of oxygen re�
duction I

–
(O2) decrease from 1.15 to 0.55 μA, the reduc�

tion potentials E(O2
–) shift to the cathode region from

–413 to –653 mV, the substantial peak broadening is
observed. Similar results in the frames of two�electron
mechanism of OR catalysis should suggest the decrease of
the process rate in the presence of Pt nanoparticles.

Characteristics of voltammetric curves as a function of
the duration of contact of mercury electrode with the
solution of nanoparticles were evaluated for the futher
inquiry about OR mechanism in the presence of Pt
nanoparticles. The voltammetric curves at ω0 = 3 with Pt
concentration С(Pt) = 2.8•10–4 mol L–1 at different du�
ration of the contact with the solution are shown in Fig. 3.
At τ = 31 and 46 min four typical peaks (–150, –420,
–660 and –1250 mV) are observed on the voltammetric

curves. The increase of reduction peak E(O2
–) = –150 mV

suggests the catalytic action of nanoparticles on the step
(3a) when the two�electron OR mechanism is operative.

With the increasing duration of the contact the broad�
ened peak of oxygen reduction (see Fig. 3, curve 3) is
divided to two components: –660 and –400 mV. The
E(Oads) = –660 mV potential is typical of the four�electron
mechanism OR (steps (1) and (2)) on Pt catalysts.9—11

The reduction potentials in the region near 400 mV were
registered in our work for the electrode step (3) when OR
proceeds via the two�electron mechanism in the absence
or at a low content of Pt nanoparticles (see Tables 1 and 2).

Therefore, for ω0 = 3 at low Pt concentration the two�
electron mechanism is prefered for  the catalytic step (3).
That is indicated by the lower overvoltage of the reduc�
tion of both O2, and H2O2 and the appearance of the peak
at E(O2

–) = –150 mV. When the content of Pt nano�
particles increases in the solution the OR can proceed in
accordance with the four�electron mechanism typical of
platinum group metals. This is confirmed by both the
splitting of peak of oxygen reduction into two peaks
and the reduction of hydrogen peroxide reduction current
I
–

(H2O2) (see Figs 2 and 3).
In solutions with ω0 = 1.5 at increased Pt nanoparticles

concentrations, OR, probably, can proceed in accordance
with the two�electron as well as with the four�electron
mechanism. This is suggested by the shift of the peaks of

Table 2. The influence of concentration of platinum nano�
particles on the electrochemical parameters of OR at ω0 = 3

С(Pt)•105 I
—

(O2) –E(O2) I
—

(O2
–) –E(O2

–) I
—

(H2O2) –E(H2O2)
/mol L–1 /μA /mV /μA /mV /μA /mV

2.8 0.08 150 1.15 413 1.55 1239
5.6 0.22 145 0.97 358 1.51 1228
11.2 0.12 150 0.82 447 1.70 1246
16.8 + 150 0.80 500 1.40 1246
22.4 + 150 0.82 450 1.53 1246
28 + 150 0.55 653 1.25 1256
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Fig. 3. The electrocheimical characteristics of OR in the presence
of platinum nanoparticles at ω0 = 3 and C(Pt) = 2.8•10–4 mol L–1,
obtained at the different duration of contact on the mercury
electrode: τ = 1 (1), 36 (2), and 46 min (3).

Table 3. The influence of concentration of platinum nanoparticles on the electrochemical parameters
of OR at ω0 = 5

С(Pt)•105 V I
—

(O2) –E(O2) I
—

(H2O2) –E(H2O2) I
—

(H2O2)´ –E(H2O2)´
/mol L–1 /mL /μA /mV /μA /mV /μA /mV

4.66 0.1 1.44 350 1.59 1225 + 1500
9.32 0.2 1.26 380 1.49 1235 + 1500
13.98 0.3 1.27 379 1.60 1235 + 1500
32.62 0.7 1.07 410 1.40 1241 + 1500
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oxygen reduction E(O2) to the cathode region and their
broadening (see Table 1 and Fig. 1) observed when the
concentration of Pt nanoparticles increases.

The voltammetric parameters of OR of solutions con�
taining Pt nanoparticles at ω0 = 5 on DME are listed at
Table 3 and shown in Fig. 4. The strong peak of H2O2

reduction and the absence of the substantial changes in
the pattern of the peak of O2 reduction relatively to the
background solution indicate that at ω0 = 5 OR proceeds
via the two�electron mechanism.

How can the catalytic action of Pt nanoparticles be
interpreted? Let us compare the data obtained for the
solution with ω0 = 5 with the result of analysis of the
background solution and the solutions with another val�
ues of ω0. The wave parameters of H2O2 reduction are
changed; in this case, not only anode shift of the main peak
E(H2O2) = –(1225—1241) mV relative to the background
is observed, but the increase of reduction current of the
cathode shoulder in the region with E(H2O2*) = –1500 mV
is also registered. This is distinctly clear for the sample
with the highest Pt content.

The observable splitting of the overall wave of H2O2

reduction into two peaks can be interpreted due to the
fact, that the mechanism of H2O2 reduction includes two

sub�steps (reactions (4a) and (4b)). The increase of the
current of cathode shoulder (see Fig. 4) suggests the in�
crease in the rate of the limiting step (4a) upon the
increase in the concentration of Pt nanoparticles:

H2O2 + e–  HO• + HO–.

Such catalytic influence on H2O2 reduction in OR is
not typical of Pt macroparticles.9—12 The presence of per�
oxides results in the sharp decrease in the catalytic activ�
ity of Pt because of the formation of oxides. As indicated
above, the silver is considered as the most effective cata�
lyst of hydrogen peroxide reduction. In order to elaborate
the results of catalytic action of Pt nanoparticles on OR,
the influence of nanoparticles of Ag on OR was studied.

To evaluate some features of catalytic action of Ag
nanoparticles on OR, the voltammetric analysis of
aqueous�alcohol solutions with the solubilization extent
ω0 = 1.5 was performed. The results (Table 4, Fig. 5)
allow one to conclude that the influence of Ag and Pt
nanoparticle on OR is essentially different (see Figs 1
and 5). In addition, the presence of the strong peak of
H2O2 reduction indicates that OR proceeds on DME in
accordance with the two�electron mechanism.
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Fig. 4. The electrocheimical characteristics of OR in the presence
of platinum nanoparticles at ω0 = 5: C(Pt) = 4.66•10–5 (1),
9.32•10–5 (2), and 32.62•10–5 mol L–1(3).

Table 4. The influence of concentration of silver nanoparticles on the electrochemical
parameters of OR at ω0 = 1.5

С(Ag)•104 I
—

(O2) –E(O2) I
—

(H2O2) –E(H2O2) I
—

(H2O2)´ –E(H2O2)´
/mol L–1 /μA /mV /μA /mV /μA /mV

1.2 1.27 362 2.12 1225 + 1500
2.4 1.45 376 2.47 1281 + 1500
4.8 1.11 553 + 1280 3.56 1423
7.2 1.44 410 + 1280 3.80 1322
8.4 1.42 428 2.54 1224 + 1500
9.6 1.68 408 2.48 1217 + 1500
10.8 1.56 415 2.33 1210 + 1500
12 1.44 415 2.48 1220 + 1500
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Fig. 5. The electrocheimical characteristics of OR in the pres�
ence of silver nanoparticles at ω0 = 1.5: C(Ag) = 12•10–4 (1),
4.8•10–4 (2), and 7.2•10–4 mol L–1 (3).
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There are notable differences in characteristics of the
voltammetric curves between solutions with concentra�
tions С(Ag) = 4.8•10–4 and 7.2•10–4 mol L–1 (see Table 4
and Fig. 5, curves 2 and 3) and solutions containing Ag in
another concentrations. A particular evidence is the split�
ting of the wave of H2O2 reduction into two components.
But, while for the majority of the samples the cathode
component is a hardly perceptible shoulder, for the samples
with silver concentrations 4.8•10–4 and 7.2•10–4 mol L–1

it is represented by the high values of current I
–

(H2O2*)
and with the distinct narrow peaks. Both the broadened
anode peak and the novel narrow peaks on the voltam�
metric curve are characterized by a lower overvoltage of
reduction if the anode is estimated in relation to the back�
ground (Е = –1300 mV), and the novel peaks – to the
cathode component in another samples (Е = –1480 mV)).

According to the two�electron mechanism the wave of
H2O2 reduction is the superposition of two peaks associ�
ated with the rate�limiting reaction9,10 (4a) that involves
reduction of H2O2 molecule with the cleavage of the single
oxygen—oxygen bond and the final reaction (4b) of H2O
reduction.

Accordingly, the first and the second sub�steps of H2O2

reduction can be descriminated as a result of selective
catalytic action of Ag nanoparticles. This offers the possi�
bility of using electrochemical data to estimate catalytic
activity. The increase of reduction currents of H2O2 and
the substantial decrease of the width of cathode peak sug�
gest the substantial increase in the rate of the rate�limiting
step (reaction (4a)), which results in the increase of the
rate of the subsequent reaction (4b) of H2O2 reduction. It
can be assumed that because of selective electrocatalytic
action of Ag nanoparticles on the first sub�step of one�
electron H2O2 decomposition via the two�electron mecha�
nism of catalysis the rates of the first and the second steps
of the second stage of OR are levelled off.

The results on the selective action of Ag nanoparticles
help to explain the bifurcation of the wave of H2O2 reduc�
tion under the influence of Pt nanoparticles. They con�
firm the previously made assumption, that the peak with
the lower value of potential can be ascribed to reaction (4a),
whereas the peak with the higher value of potential is
attributable to reaction (4b) for Pt nanoparticles at ω0 = 5.

At the high concentrations of low�sized fractions
(2—5 nm) with ω0 = 1.5 in the presence of Pt nanoparticles
the cumulative catalysis occurs. It proceeds via the four�
electron mechanism that is typical for the bulky platinum
catalysts and follows two�electron mechanism of OR not
typical for Pt. Apparently, prior to the reduction step, the
O2 molecules are dissociatively adsorbed on the platinum
in accordance with the four�electron mechanism,9,10 and,
besides, they favor the formation of O2

–•anion�radical.
The formation of O2

–• anion radical favors the two�
electron mechanism of OR catalysis that is not typical
of Pt macroparticles. When the contribution of the Pt

nanoparticles fraction with the larger (up to 10—14 nm)
sizes (ω0 = 5) increases, the catalytic action leads prima�
rily to the increase in the rate of H2O2 electroreduction in
accordance with the two�electron mechanism.

From the data described above, the catalytic action of
Ag nanoparticles in OR is explained by the cleavage of the
oxygen—oxygen bond in H2O2 molecule upon its reduc�
tion in accordance with the two�electron mechanism,
whereas for catalytic Ag macroparticles the four�electron
mechanism is typical.9,10

Catalytic action of both Pt and Ag in OR results in
formation of complexes with the oxygen and the oxygen�
containing intermediates caused by specific adsorp�
tion.11,15 The selectivity of this reaction is determined by
the type of the oxygen atom coordination. For the small�
sized Pt nanoparticles one�site15 coordination of oxygen
molecule polarized without dissociation and the subse�
quent formation of the molecular anion of dioxygen on
the mercury electrode may occur in accordance with the
two�electron mechanism (reaction (3a)):

Pt—O—O + (e–—Hg)  Pt + O2
– + (Hg).

Coordination15 of H2O2 molecule to two sites on the
two Pt atoms in the case of larger nanoparticles (ω0 = 5)
results in the cleavage of the single bond in H2O2 mol�
ecule and the reduction on the cathode (reaction (4a)):

 + (e–—Hg)

                    2 Pt + HO• + HO– + (Hg).

Therefore, when the molecular oxygen is reduced
on the electrodes even with the extremely low oxygen
adsorption (such as mercury) the platinum and silver
nanoparticles can form the sites that are active in catalytic
reactions proceeding via both the two�electron and four�
electron mechanisms.

The authors appreciate P. M. Zaytsev for the assist�
ance in conducting of the electrochemical experiments.

The work was financially supported by the Russian
Foundation for Basic Research (Project Nos 09�08�00547
and 09�08�00758).

References

1. N. A. Yashtulov, S. S. Gavrin, D. A. Tanasyuk, A. A. Revina,
Zh. Neorg. Khim., 2010, 55, 180 [Russ. J. Inorg. Chem. (Engl.
Transl.), 2010, 55, 174].

2. N. A. Yashtulov, S. S. Gavrin, V. A. Labunov, A. A. Revina,
Nano� i mikrosistemnaya tekhnika [Nano and Microsystem
Technics], 2008, 8, 20 (in Russian).

3. N. A. Yashtulov, S. S. Gavrin, Nanoindustriya [Nanoindustry],
2007, 2, 36 (in Russian).



Yashtulov et al.1494 Russ.Chem.Bull., Int.Ed., Vol. 59, No. 8, August, 2010

4. N. A. Yashtulov, A. N. Vasil´eva, E. K. Baranova, Z. M.
Tomova, A. A. Revina, Vysokie tekhnologii, fundamental´nye
issledovaniya, obrazovanie [Hihg technologies, fundamental
science, education], Polytech. Univer. Izdat., St.�Petersburg,
2009, p. 261 (in Russian).

5. G. S. Mishra, S. Sinha, Catal. Lett., 2008, 125, 139.
6. H. Lee, S. E. Habas, G. A. Somorjai, P. Yang, J. Am. Chem.

Soc., 2008, 130, 5406.
7. M. R. Tarasevich, V. A. Bogdanovskaya, B. M. Grafov,

N. M. Zagudaeva, K. V. Rybalka, A. V. Kapistin, Yu. A.
Kolbanovsky, Electrokhimiya, 2005, 41, 840 [Russ. J. Electro�
chem. (Engl. Transl.), 2005, 41, 746].

8. J. S. Wainright, R. F. Savinell, C. C. Lie, M. Litt, Electrochim.
Acta, 2003, 48, 2869.

9. B. B. Damaskin, O. A. Petriy, T. A. Tsyrlina, Electrokhimiya
[Electrochemistry], Khimia, Moscow, 2001, 624 pp. (in Rus�
sian).

10. K. Kardesch, G. Simader, Fuel Cells and Their Applications,
VCH, Weinheim, 1996, 375 рp.

11. F. Miomandre, S. Sadki, P. Audebert, R. Mealett�Renault,
Electrochimie, Dunod, Paris, 2005, 360 pp.

12. M. Itagaki, H. Hasegawa, K. Watanabe, T. Hachiya,
J. Electroanal. Chem., 2003, 557, 59.

13. A. A. Revina, A. N. Kezikov, E. V. Alekseev, E. B. Khailova,
V. V. Volod´ko, Nanotekhnika [Nanotechnics], 2005, 4, 105
(in Russian).

14. A. A. Revina, O. G. Larionov, L. D. Belyakova, A. V.
Alekseev, Sorbtsionnye i khromatograficheskie protsessy
[Sorption and Chromatographic Processes], 2004, 4, 689 (in
Russian).

15. A. Yu. Tsyvadze, Sbornik tezisov Mezhdunarodnogo Simpoziuma
po Vodorodnoi energetike [Abstracts of International Sympo�
sium on Hydrogen Energetics] (December 1—2, 2009, Moscow),
Moscow, 2009, 74 (in Russian).

Received March 10, 2010;
in revised form July 8, 2010


	Experimental

	Results and Discussion

	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


