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Abstract

The catalyst composed of a mixture of nanocrystals of metallic Pt and rutile RuO, was prepared by a thermal procedure on
a titanium substrate. An effect of the mixture composition on its microstructure, surface properties, and catalytic activity
for an electrooxidation of 1-propanol in an alkaline environment was examined. The relation between the microstructure of
the Pt/RuQ, catalyst and its catalytic activity was determined. It was found that the increase in the RuO, content resulted in
the increase in the catalytic activity, which reached its maximum value and then decreased. The catalytic effect was caused
by the bifunctional mechanism of the catalyst Pt/RuO,. Ru-OH species were formed on Ru atoms of RuO, nanocrystals at
more negative potentials than on Pt. These oxy species oxidized firmly adsorbed intermediates propionyl, CO,4, C,Hy,,
and CH,, and, thus, released Pt atoms for the adsorption and dehydrogenation of the subsequent molecules of 1-propanol.
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Introduction

Development of renewable energies has been an aim of
many research groups in the last couple of decades. Fuel
cells, in particular direct liquid-feed fuel cells, have been a
main focus of researches conducted in this field. The liquid
fuel cells based on alcohols have shown a great potential as
renewable power sources. The liquid fuel cells have many
advantages over the gaseous cells, such as a high theoretical
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energy density (~9 kWh kg™'), easy handling, storage,
transportation, and distribution [1]. Direct alcohol fuel cells
(DAFCs) have shown to be promising power sources for
portable electronic devices (mobile phones, laptop comput-
ers, digital cameras, etc.) [2, 3]. Although methanol is the
mostly applied and studied alcohol for DAFCs, it is not very
suitable for fuel cells due to its relative toxicity and tendency
to the crossover phenomena, which slows the electrooxida-
tion rate and affects the cathode performance. Therefore, the
research has been focused on finding an adequate alternative
to methanol. As less toxic alcohol, propanol is a promising
substitute for methanol. Lately, many research groups have
been working on development of a catalyst suitable for elec-
trooxidation of propanol [1, 4—6].

The complete oxidation of propanol to carbon dioxide
involves the transfer of 18 electrons:
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C;H,0H + 5H,0 — 3CO, + 18H" + 18e. (D)

The oxidation of ethanol, methanol, and hydrogen is
followed by the exchange of 12, 6, and 2 electrons, respec-
tively. Large number of exchanged electrons involved in
the oxidation of higher alcohols represents the advantage
of fuel cells with these alcohols over the fuel cells with
lower alcohols. Moreover, under the standard conditions,
the specific energy of the direct propanol fuel cell is
greater than that of ethanol and methanol fuel cells. The
standard electrode potentials of the propanol oxidation and
H, reaction are very similar [1]. The electrooxidation of
1-propanol is an incomplete reaction. A main product of
the 1-propanol oxidation where 2-electron transfer occurs
is propanal. Also, the oxidation of 1-propanol results in
the formation of small amounts of both propionic acid and
CO, [7-9]. Propanal can be considered as an active inter-
mediate, since it can react further until CO,,, CO,, and
adsorbed propionate formation. The oxidation of 1-pro-
panol starts with the adsorption at Pt atoms. Subsequently,
adsorbed propanol is dehydrogenized to propanal and pro-
pionyl. A portion of formed propanal transfers to solution,
whereas another portion dehydrogenizes to propionyl. Pro-
pionyl is also a result of the dissociative adsorption of dis-
solved propanal [7-9]. Adsorbed propionyl is decomposed
by splitting the C—C bond between the first and second
carbon atom, which leads to the formation of adsorbed
CO,q, and intermediates C,H, and C,H,0 [7-10]. These
intermediates can be reductively desorbed at the lowest
potentials, stably adsorbed at intermediate potentials and
slowly decomposed to CO,4 at higher potentials, leaving
adsorbed CH, as the most likely fragment. At relatively
high potentials, the intermediates CO,4, C,H,, C,H,0,
CH, oxidize to CO, [7-9]. Combined and simultaneous
electrochemical, in situ ATR-FT-IRs and online DEMS
measurements have confirmed the presence of the inter-
mediates: linearly COy 4, multiply COy,q, propionyl 4, and
low concentrations of bridge-bonded adsorbed propion-
ate. Based on the number of electrons exchanged in the
oxidation of firmly adsorbed species, Schnaidt et al. [7]
have concluded that the firmly bound intermediates C,H,
and CH, are located on the Pt surface. These firmly bound
intermediates block the surface Pt atoms and, thus, dis-
able the occurrence of the adsorption and dehydrogenation
of new molecules of 1-propanol. Therefore, Pt has a low
activity for the electrooxidation of 1-propanol. However,
the kinetics of the electrooxidation reaction has been con-
siderably improved in the alkaline environment [11-17].
The oxidation reaction is enhanced by the OH™ ions from
the electrolyte. The reaction intermediates cause the elec-
trode poisoning, which probably occurs less in the alkaline
media as a consequence of reduced formation of poisoning
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species, resulting from the presence of the hydroxide ions
[11-18].

Howeyver, the alkaline medium causes the carbonation of
the alkaline electrolyte in DAFCs, and thus, prevents its use
for this purpose. This obstacle has been overcome by using
membranes [19-21].

The electrooxidation of 1-propanol has been mostly stud-
ied at Pt [7, 11, 12, 18-25], Pd [11, 12, 26, 27], Au [12,
28], and their alloys [14, 19, 23, 25, 29-32]. The catalytic
effect of the alloys has been associated with a bifunctional
mechanism and electronic effect [14, 25, 29, 33—43]. When
concerning the bifunctional mechanism, the oxy species
are formed at more negative potentials on alloying atoms
(Ru, Sn, Bi, etc.) than on Pt atoms. The oxy species oxidize
intermediates, firmly bound to the adjacent Pt atoms. The
oxidized intermediates leave and, thus, release the surface,
allowing for Pt atoms to adsorb and dehydrogenate subse-
quent simple organic molecules [14, 25, 29, 33-40]. In the
electronic effect, the d-band center of Pt in the alloy shifts
away from the Fermi level [25, 40—42]. As a consequence,
the adsorption of the poisoning species is suppressed and
thus, the poisoning effect. An effect of morphology and the
size of nanoparticles on their catalytic activity in the oxida-
tion of simple organic molecules has been examined [1, 23].
Several research groups have studied the catalytic activity
of the Pt/Ru and Pt/RuO, catalysts in the electrooxidation
of simple organic molecules [23, 33—47]. The good catalytic
effect of the examined alloys has been attributed to both the
bifunctional mechanism and electronic effect. The bifunc-
tional mechanism has shown to be dominant [23, 33-47].

The goal of this research was to examine the catalytic
activity of the catalysts, consisting of nanocrystals of both Pt
and RuO,, in the electrooxidation of 1-propanol. We opted
for the RuO, containing catalyst because (a) the catalytic
effect of this thermally prepared catalyst in the electrooxida-
tion of 1-propanol has not been tested; (b) RuO, is expected
to be more resistant to corrosion than metallic Ru in the
oxidation of 1-propanol. RuO, has already proven to be less
sensitive to corrosion in the chlorine—alkaline and chlorate
electrolysis [48, 49]; (c) the adsorption energies of OH spe-
cies on Ru atoms of RuO, and Ru atoms of the Pt/Ru alloy
are distinct [50, 51]; (d) the Pt nanocrystals consist of ade-
quate assemblies of Pt atoms, that provide the adsorption
and dehydrogenation of 1-propanol molecules [36—40]; (e)
a satisfactory number of Pt—Ru pairs, responsible for an ade-
quate occurring of the bifunctional mechanism, are located
at the contact edge between the RuO, and Pt nanocrystals;
and (f) the surface diffusion of intermediates adsorbed on Pt
is considered as a rapid process [52].
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Results and discussion

The chemical composition and microstructure of the ther-
mally synthetized Pt/RuO, coatings affect their catalytic
activity in the reaction of electrooxidation of 1-propanol.
To determine the correlation between the microstructure and
catalytic activity, basic characteristics of the microstructure
are provided in this paper. The effect of the chemical com-
position of the Pt/RuO, catalysts on their microstructure has
been elaborated in details in our previous work [36].

Dependence of the Pt and RuO, contents, relative surface
area, and electrochemically active surface area of the coat-
ings on the nominal coatings composition is presented in
Fig. 1. The diagrams show that the Pt content in the coating
is slightly lower than the nominal content, whereas the RuO,
content is somewhat higher than nominal. Difference is more
pronounced in the coating with the higher Pt content [36].
The obtained discrepancies between the nominal and real
contents of the coatings are comparable to those reported in
literature [53-55].

The relative geometric
(A,(PY) :M) and the electrochemically active surface

O(H)p,
_ OM)p_ruo,
area of Pt (A(Pt) = W(Pt)

tammograms, recorded in the acidic solution (0.5 mol dm™3
H,S0,) [36]. The decrease in the Pt content results in the
decline of the relative geometric surface area. This decrease
is slower in the concentration region from 100 to 60 mol%
Pt than in the region from 60 to 0.0 mol% Pt. With increas-
ing the Pt content up to 60 mol%, the electrochemically
active surface area also increases. However, the increase in
the Pt content above 60 mol% decreases the electrochemi-
cally active surface area. Similar results with more pro-
nounced changes are reported in literature [53, 56]. In this
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paper, changes of the electrochemically active surface area
are less conspicuous since the coatings were obtained in the
thermal process, which allows for substantially greater sin-
tering [53]. Therefore, the surface roughness of these coat-
ings alters to lesser extent with variations in the chemical
composition of the coating.

The coating composition also affects the phase struc-
ture and size of crystalline grains [36]. The coatings are
composed of the mixture of nanocrystals of metallic Pt and
nanocrystals of rutile RuO,, as shown by the XRD analysis
(Fig. 2). With increasing the RuO, content in the coating,
the mean size of RuO, nanocrystals increases; whereas,
the mean size of Pt nanocrystals decreases (Fig. 3). The
lattice parameters of the Pt and RuO, nanocrystals incon-
siderably vary from the lattice parameters of pure metallic
Pt and rutile RuO,. This may be a consequence of inclu-
sion of small quantities of residual chlorine or a presence
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Fig.2 X-ray diffraction pattern of the coating 60 mol% Pt, 40 mol%
RuO, on the Ti substrate
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Fig. 1 The content of filled square: Pt (N .(Pt)), filled circle: RuO,
(N (RuQ,)), filled triangle: relative geometric surface area of Pt
(A,(P), and filled diamond: electrochemically active surface area
(A(Pt)) as a function of the nominal coating composition (N(RuO,))

Fig.3 The mean size of nanocrystals of Pt and RuO,: filled square:
D(Pt) and filled circle: D(RuO,) as a function of the nominal coating
composition (N(RuO,))
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Table 1 Effect of the nominal coating composition on some characteristics of the catalyst

Nominal coating composition /mol% N(Pt) 100 80 60 40 20 0
NRuO, 0 20 40 60 80 100

Experimental coating composition /mol% N,(Pt) 100 74 55 38 19 0
N,(RuO,) 0 26 45 62 81 100

Relative geometric surface area of Pt /cm? cm™2 A/(PY) 1.00 0.82 0.67 0.42 0.20 0.00

Electrochemically active surface area of Pt /m? g‘l A(Pt) 042+0.02 046+0.04 0.51+0.06 046+0.07 0.44+0.10 0.00+0.00

Mean nanocrystal size /nm D(Pt) 20 9 4 <3 <3 0
DRu0O,) 0 16 19 27 35 42

Stationary current density of oxidation of propanol J 5.5 11.5 27 44 14

at—0.15 V /mA cm™ Jom 5.5 14 41 104 106

of some other irregularities in the normal lattice arrange-

ment, resulting from a nonstoichiometric composition [48,

49]. Residual chlorine increases both the microstrains and 60 A

density of chaotically distributed dislocations in the crystal

lattice. The catalytic activity of the Pt—-RuO, catalyst, which ';

are employed in the electrooxidation of simple organic mol- o 30

ecules, is considerably influenced by these changes [36-38]. é ’

The catalytic activity of the mixture of Pt and RuO, =

nanocrystals, used for the oxidation of small organic mol-

ecules, depends on their microstructural and surface proper- 0.0

ties. The desired properties can be obtained by an adequate

choice of process parameters of the catalyst formation (the -()4'8 i 0; 4 0"0 0" 4

nature of solvent, the nature of salts of Pt and Ru and their
molar ratio in the solution applied on the Ti substrate, tem-
perature and time of the electrode heating etc.). Table 1
represents the short summary of the most important micro-
structural and surface properties of the mixture of Pt and
RuO, nanocrystals, dependable on the nominal content, and
the effect of these properties on the catalytic activity in the
oxidation of 1-propanol.

The effect of the chemical composition and microstruc-
ture of the Pt/RuO, coatings on their catalytic activity in
the oxidation of 1-propanol in the alkaline environment was
examined by recording cyclic voltammograms, chrono-
amperometric and polarization curves. The cyclic voltam-
mograms of the oxidation of 1-propanol at the thermally
prepared coatings composed of 100 mol% Pt or 20 mol% Pt
and 80 mol% RuO, are presented in Figs. 4 and 5.

Figures 4 and 5 show that the onset potential of the 1-pro-
panol oxidation at 20 mol% Pt, 80 mol% RuO, is approxi-
mately 40 mV more negative that the onset potential of the
same reaction at 100 mol% Pt. The current density per rela-
tive geometric surface area of Pt, j p, of the oxidation of
1-propanol at 20 mol% Pt, 80 mol% RuO, is 6.5 times higher
than the current density at 100 mol% Pt. The catalytic activ-
ity of the Pt/RuQ, coatings was also examined by record-
ing the polarization curves. Figure 6 shows the polarization
curves of the Pt/RuO, coatings with different chemical com-
positions. In the potential region from — 0.36 to — 0.08 V,
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E/V (vs. SHE)

Fig.4 Cyclic voltammograms of the oxidation of 1-propanol at
100 mol% Pt. Sweep rate 100 mV s~! (1.0 mol dm™> NaOH and
1.0 mol dm™> 1-propanol, =25 °C)
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Fig.5 Cyclic voltammograms of the oxidation of 1-propanol at
20 mol% Pt, 80 mol% RuO,. Sweep rate 100 mV s™' (1.0 mol dm™>
NaOH and 1.0 mol dm™ 1-propanol)
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Fig.6 Polarization curves of the oxidation of 1-propanol at the Pt/
RuO, electrodes with different compositions: filled circle: 100 mol%
Pt and filled triangle: 20 mol% Pt, 80 mol% RuO,, star: 40 mol%
Pt, 60 mol% RuO,, filled diamond: 60 mol% Pt, 40 mol% RuO, and
filled square: 80 mol% Pt, 20 mol% RuO,. (1.0 mol dm™ NaOH,
1.0 mol dm™3 1-propanol, t=25 °C)

the coating composed of 40 mol% Pt, 60 mol% RuO, shows
the highest catalytic activity, as seen in Fig. 6. The effect of
the chemical composition of the Pt/RuO, electrodes on their
catalytic activity in the oxidation of 1-propanol is presented
in Fig. 7 through the diagrams showing the dependence of
Js and j; p, on the RuO, content.

An increase in the RuO, content until 60 mol% results in
the increase of the current density per unit geometric sur-
face area, j,. At this RuO, content, j, reaches the maximum

256

0 10 20 30 40 50 60 70 80 90
N(RuO,)/mol%

Fig.7 Dependence of the stationary current densities, filled square:
Js and filed circle: j; p, on the coating composition in the oxidation of
1-propanol at — 0.15 V (1.0 mol dm™> NaOH, 1.0 mol dm™> 1-pro-
panol, t=25 °C)

value. With increasing the RuO, content above 60 mol%,
J decreases. Moreover, the increase in the RuO, content
until 60 mol% results in slightly faster increase in the cur-
rent density per relative surface area of P, j; p.. However,
the increase in the RuO, content above 60 mol% does not
substantially affect j p,.

Chronoamperometric measurements were performed to
examine the nature of the catalytic effect of Pt—-RuO, elec-
trodes in the oxidation of 1-propanol. During the potential
shift to the anodic side, after the third cycle, the potential
was held at the given value, E, and simultaneously, the
chronoamperometric curve was recorded. The obtained dia-
gram is shown in Fig. 8.

The stationary state at the electrodes is achieved in about
22 min, as shown by the chronoamperometric curves. This
state is associated with the stationary current density, j; and
stationary degree of coverage of the electrode surface with
the adsorbed intermediates. The chronoamperometric curves
also show that the increase in the RuO, content causes the
slower decrease and lower overall reduction of the initial
current densities. As a consequence, the equilibrium cov-
erage degree of the surface of Pt nanocrystals with firmly
adsorbed intermediates decreases with increasing the RuO,
content [39].

The mechanism of the 1-propanol oxidation consists of
several parallel and consecutive reactions as presented in
Scheme 1 [7-9].

Propanal is formed in the primary reaction pathway at
metallic Pt. Other oxidation reaction pathways are sub-
stantially slower with main products resulting from these
pathways propionic acid and CO, [7-9]. The intermedi-
ates such as CO,q, C,H,,4, and CH,,4 are also formed by
the secondary reaction pathways. They are firmly adsorbed
on Pt [7-10]. The intermediates are stable at intermediate

601
504
404

20+
109
0.0

j/mA cm?
=S
/

Fig.8 Chronoamperometric curves of the oxidation of 1-propanol at
—0.15V, at (- - -) 100 mol% Pt; (e « « +) 80 mol% Pt, 20 mol% RuO,;
(—+—) 60 mol% Pt, 40 mol% RuO,; (—es—) 20 mol% Pt, 80 mol%
RuO,, (1.0 mol dm~3 NaOH, 1.0 mol dm™> 1-propanol, =25 °C)
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Scheme 1

CH3CH,CH,0H—CH;CH,CHO + 2H" + 2e—»CH3CH,CHO + 2H" + 2¢
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¢ jor
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— % €O, +bH* + be

CO, +H*
OHyq

CO,

—> CH, +cH" +ce

OH
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¢ OH,y
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potentials, they slowly oxidize at higher potentials and form
CO, [7-9]. Therefore, the intermediates block the Pt atoms
at intermediate potentials and, thus, prevent the adsorption
and dehydrogenation of subsequent molecules of 1-propanol
on the Pt atoms. On the surface of the catalyst composed of
the mixture of Pt and RuO, nanocrystals, OH, species are
formed on the surface Ru atoms at potentials more negative
than on Pt. These species oxidize at the border of the RuO,
nanocrystals the firmly bound intermediates, positioned
on adjacent Pt atoms. The final product of this oxidation is
CO,. The increased evolution of CO, is confirmed by the
presence of the carbonate ions in the solution. Thus, the
oxidized intermediates are released from the Pt atoms, leav-
ing them ready to adsorb and dehydrogenate the subsequent
molecules of 1-propanol [11-18, 23, 25, 29, 33-47]. The
rapid oxidation of the firmly bound intermediates causes a
lower equilibrium coverage of the Pt surface with the inter-
mediates [39].

The rate of the electrooxidation of 1-propanol depends
on the chemical composition of the catalyst (Figs. 6 and 7).
The rate of oxidation per a relative geometric surface area
of Pt (j; p) increases with increasing the rate of transfer of
OH,, species to the firmly bound intermediates. The amount
of conveyed OH species increases when the specific length
(the length per unit surface area of the Pt nanocrystal) of
the border between nanocrystals of Pt and RuO, increases.
The increase in the RuO, content affects both directly and
indirectly the increase of the specific border length. The
direct effect is a consequence of the increased number of
RuO, nanocrystals, whereas the indirect effect results from
the decrease in the average size of Pt nanocrystals (Fig. 3).

The decrease in the average size of Pt nanocrystals causes
the increase in the density of chaotically distributed disloca-
tions and inner microstrains [5S7-59]. These changes increase
the steric hindrance in the adsorption of intermediates,
resulting in the decrease in the strength of the adsorption
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bonds [23]. Weaker bonds cause the faster oxidation of
intermediates and a lower coverage degree of Pt with the
intermediates [23]. The increase in the rate of oxidation of
1-propanol per geometric surface area of Pt, with increasing
the RuO, content is presented in Fig. 7 through the depend-
ence of j; p, on the RuO, content. The diagrams in Figs. 3 and
7 show that the increase in the RuO, content until 50 mol%
causes the linear increase of j p.. Further increase in the
RuO, content results in inconsiderable increase of j p,. To
achieve the adsorption and dehydrogenation of 1-propanol
on Pt nanocrystals, an assemble containing several free adja-
cent Pt atoms is necessary. This assemble is needed since the
adsorbed species CH;CH,CHO,, attach to Pt nanocrystals
via adsorption bonds. This is achieved by binding three C
atoms of propanol to three adjacent surface Pt atoms. Plau-
sibly, interactions between Pt atoms and oxygen atoms are
also established. As a result of dehydrogenation of propanol
in the first stage, the hydrogen atoms, adsorbed on Pt, are
probably formed. These atoms subsequently desorb and
form H* + e species. Therefore, the assembles of six free,
adjacent Pt atoms, adequately positioned, are required to
provide the maximum rate of formation of CH;CH,CHO,4
species. With decreasing the size of nanocrystals until 4 nm,
the number of these assemblies per unit surface area of Pt
slightly decreases [60]. Therefore, the effect of the decrease
in the number of assemblies of adjacent Pt atoms on j p,
is neglected at the electrodes with less than 56% of RuO,.
When considering these electrodes, the dominant effect
which causes the increase of j; p, with increasing the RuO,
content is the increase in the length of the border between
crystal grains, the density of chaotically distributed dislo-
cations and inner microstrains. However, with decreasing
the average size of nanocrystals below 4 nm, the number of
assemblies of adjacent Pt atoms required for the adsorption
and dehydrogenation of 1-propanol sharply decreases [60].
The decrease in the number of these assemblies results in the
decrease in the rate of 1-propanol oxidation, which almost
completely cancels the rate increase caused by the increase
in the length of the border between crystal grains (Fig. 7).
The stationary density j, (the density per geometric sur-
face area) increases slower than jg p, with increasing the
RuO, content until the maximum value. This is a conse-
quence of the decrease in the contribution of the Pt surface
in the geometric surface area of the Pt/RuO, electrodes.
After reaching the maximum value, j, declines relatively
rapidly. This decrement is caused by the decrease in the
number of assemblies of adjacent Pt atoms, necessary for
the adsorption and dehydrogenation of 1-propanol as a con-
sequence of (a) the decrease in the contribution of the Pt sur-
face to the geometric surface area of the Pt/RuQ, electrodes;
(b) the decrease in the average size of nanocrystals. The
maximum value of j, is obtained at the optimal content of
the Pt/RuO, electrodes. These electrodes show the optimal
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relation between the length of the contact edge and number
of assemblies of adjacent Pt atoms.

Considering the experimental results and theoretical anal-
ysis, the correlation between the microstructure and catalytic
activity was determined, as well as the optimal content of
the Pt/RuQ, catalysts, used in the electrochemical oxidation
of 1-propanol in the alkaline environment. Future studies
should be directed towards determination of the catalytic
effect and stability of these catalysts, applied on various
highly porous substrates.

Conclusion

The thermal procedure was used to prepare the catalyst,
composed of the mixture of nanocrystals of metallic Pt and
rutile Ru, on the titanium substrate. The catalyst composition
affects its microstructure, surface properties and catalytic
activity in the electrochemical oxidation of 1-propanol in
the alkaline environment. The mixture composition deter-
mines the average size of Pt and RuO, nanocrystals, length
of the contact edges between the Pt and RuO, nanocrystals,
density of chaotically distributed dislocations, inner micro-
strains, real surface area of the catalyst, contribution of the
Pt surface to the entire surface and number of assemblies of
adjacent Pt atoms at the Pt surface, required for the adsorp-
tion of 1-propanol. A correlation between the microstructure
and surface properties, as well as the catalytic activity in
the oxidation of 1-propanol was determined. The maximum
catalytic activity showed the catalyst with the optimal ratio
between the length of the contact edge and number of assem-
blies of adjacent Pt atoms. The catalytic effect is a result of
the bifunctional mechanism of the mixture of Pt and RuO,
nanocrystals. The Ru-OH species are formed on Ru atoms,
at potentials more negative than on Pt. These species oxidize
the firmly adsorbed intermediates, propionyl, CO,4, C,Hy,q,
and CH,,, and, thus, release the Pt atoms for the adsorp-
tion and dehydrogenation of the subsequent molecules of
propanol.

Experimental

To activate a titanium substrate (plates with a surface area
of 3.0 cm?) for the electrochemical oxidation of 1-pro-
panol, the mixture of nanocrystals of RuO, and metallic
Pt was thermally prepared on the substrate, as previously
described [36]. First, the titanium plates were roughed and
subsequently, cleaned with ethanol saturated with sodium
hydroxide at 25 °C. The plates were rinsed with distilled
water and then kept for about 5 min in boiling 20 wt% HCI.
Finally, after thorough rinsing with distilled water, the tita-
nium plates were dried in hot air. The solutions of H,PtCl,

and RuCl; (Johnson and Matthey) in 2-propanol (the con-
centration of 10 mg cm™ based on the pure metals) were
spread over the prepared plates. To obtain the desired
composition of the coating, the ratio H,PtCl :RuClj; in the
solution was varied. After evaporation of the solvent, the
electrodes were heated at 500 °C in the air atmosphere.
This procedure was repeated five times until the coating
depth of 1.2 g m~2 based on the pure metals was achieved.
In the final step, the last layer was applied and the elec-
trodes were heated for 45 min at 500 °C.

An electronic dispersion spectroscopy, EDS (QX3000
spectrometer) was used to determine the average chemical
composition of the layer.

A Phillips PW1730 diffractometer equipped with a PW
1050 vertical goniometer and static non-rotating sample
carriers was used for X-ray diffraction analyses. A power
supply of 35 kV, 20 mA for copper excitation and an AMR
graphite monochromator were used. Phases were identified
by reference to ASTM tables. The mean nanocrystallite
sizes, D(Pt) and D(RuQO,), were determined from the full
width at half maximum (f) by Scherrer’s formula D =0.94
A(p cosB).

The electrical set-up composed of a potentiostat
equipped with a programmer (Potentiostat—Galvanostat
model 173, EGG Princeton, Applied Research, Princeton,
USA), X-Y recorder (Hewlett Packard 7035 B) and digital
voltmeter (Pros Kit 03-9303 C) was used for the electro-
chemical measurements. A standard electrochemical cell
with a separate compartment for a saturated calomel elec-
trode and a Luggin capillary was used for the experiments.
Platinum was the counter electrode. It was a flat-mesh
shaped with a geometric surface area of 16 cm? and posi-
tioned parallel to the working electrode. A thermostat was
set at operating temperature of 25+ 0.5 °C and the elec-
trochemical cell was placed into it. All solutions were pre-
pared from p.a. chemicals (Merck) and demineralized
water. Before all electrochemical measurements, the solu-
tion was liberated from oxygen by its replacement with
nitrogen. Prior to use, nitrogen was purified by passing
over molecular sieves and copper shavings. The potentials
were expressed relative to the standard hydrogen electrode.
The potentials of polarization curves were corrected for
the ohmic drop, determined by the galvanostatic pulse
method. The current density was recorded after holding
the electrode for 25 min at the desired potentials. Station-
ary current densities (the current per unit geometric sur-
face area, j, and the current per relative geometric surface
area of Pt in the alloy Pt-RuO,, j; p) were determined. j p,

., . OH)p_gy
was calculated from the equation j, p,= ]Q/%
’ ’ Pt

OH)p_gyo, refers to the charge of hydrogen desorption of
the Pt—-RuQO, electrodes and Q(H) is the charge of hydro-
gen desorption of 100 mol% Pt electrode.

, where
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