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Abstract—An active coating, composed of a mixture of nanocrystals of RuO, with the rutile structure and
nanocrystals of metal Pt, was thermally synthetized on a titanium substrate. Cyclic voltammograms and
polarization curves showed that the catalytic activity of the coating for the formic acid oxidation in an acidic
solution increased with an increase in the RuO, content, reaching the maximum value at 50 mol % RuO,.
Additionally, further increase in the RuO, content resulted in a decline of the catalytic activity. The catalytic
effect was attributed to a bifunctional mechanism and an electronic effect. The bifunctional mechanism had
a dominant role and was based on the fact that Ru—OH species were formed on Ru atoms of RuO, at more
negative potentials than on Pt. Those species oxidized the adsorbed CO,4y and HCOO_4—species on adjacent
Pt atoms of clusters of metal Pt and thus discharge them to oxidize new HCOOH molecules.
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INTRODUCTION

The use of H, in fuel cells is laborious due to high
costs of miniaturized hydrogen containers, potential
dangers during the transport and the use of hydrogen
itself, as well as due to its low gas-phase energy density
[1]. Liquid methanol has a high energy density. How-
ever, the rate of its electrochemical oxidation is low.
Moreover, methanol is toxic, especially in the gaseous
state [2]. These limitations in the application of H,
and CH;OH in the fuel cells caused a growing interest
in recent years to use formic acid instead [3—23].
Formic acid is non-toxic and has a more negative
reversible potential than hydrogen and methanol [2].
A major disadvantage of formic acid as a fuel is its
lower than neat methanol volumetric energy density
(2104 W h dm™3). This can be compensated by using
high concentrations of formic acid. Formic acid fuel
cells were attractive alternatives for small portable
applications [3].

The oxidation of formic acid occurs through the
following reaction:

HCOOH — CO, +2H" +2e, E% = 0.25V. (1)

The mechanism of this reaction was intensively
studied in the past century [24—29]. Nowadays, a so-
called parallel dual pathway mechanism is generally

accepted [28]. A direct oxidation (pathway 1) occurs
through the reaction of dehydrogenation:

Pathway | HCOOH — CO, +2H" +2¢ . (2)

In this reaction a firmly bound intermediate CO_4
is not formed.

The other reaction pathway refers to a reaction of
dehydration (pathway 2):

Pathway 2

HCOOH — CO,, + H,0 = CO, +2H" +2¢".

In this reaction pathway the intermediate CO,, is
formed. CO,4 bounds firmly to the electrode surface
and is oxidized very slowly to the final product, gas-
eous CO,. The reaction of dehydrogenation is prefer-
able in fuel cells, whereas the dehydration reaction is
undesired due to formation of the firmly bound inter-
mediate which blocks the electrode surface and thus
prevents the direct oxidation to take place.

In the early stage of research, the electro-oxidation
of formic acid was performed at platinum as a basic
catalyst [3]. Adzic et al. [30] have shown that the
under-potential deposition of foreign metals adatoms
on Pt and Pd catalyzed the oxidation of formic acid.
The catalytic effect has been explained by the third-
body effect. An influence of alloying Pt with different
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metals on catalysis of the formic acid oxidation has
been extensively examined [4—15, 17—21]. The alloys
of Pt/Ru, Pt/Pd, Pt/Au and Pt/Pb had a significant
catalytic effect [§8—15, 17—20].

Rice et al. [4] have assumed that alloying Pt with
Pd catalyzed direct dehydrogenation (pathway 1).
Thomas and Masel [31] have shown that addition of
Pd to Pt has reduced the energy barrier of the
HCOOH decomposition. However, some authors
have claimed that Pd atoms accelerated the oxidation
of formic acid by suppressing formation of the CO_ 4
poisoning species [7, 11, 12].

Alloying Pt with Au has been expected to improve
the catalytic activity of Pt by the electronic effect,
ensemble effect and/or synergistic effect [8, 13, 17, 19,
32, 33]. The electronic effect is a result of the d-band
center of pure Pd, which is a well-known catalyst for
the formic acid oxidation through the dehydrogena-
tion pathway. The ensemble effect is defined in terms
of the arrangement of surface atoms of a particular
pattern required for being active to a given kind of
reactant molecules. One isolated Pt atom is active in
the dehydrogenation pathway, while the aggregation
of three or more neighboring Pt atoms results in the
dehydration pathway with the formation of CO,,4. The
synergistic effect means that Pt and Au in the alloys
have perspective functions and act cooperatively in the
electrocatalysis. The alloys of Pt with Bi, In, Sn, Mn,
Cu, Zn, Co Cu and Mo have also been used for the
formic acid oxidation [15, 18, 21, 34—40]. A signifi-
cant catalytic effect has been found when the following
alloys have been used: PtBi, PtBi,, PtPb and Ptln
[34—38]. The catalytic effect of Bi in the alloy Pt/Bi
has been explained by the third-body effect in which
the addition of a second element (third body) to Pt has
reduced the number of adsorption sites for CO due to
the geometrical hindrance and thus, the surface has
been poisoned by the adsorbed CO to a lesser extent
than a pure Pt surface [36]. However, the catalytic
effect of Pb in the Pt/Pb alloys has been attributed to
an electronic interaction between Pb and Pt [37].
M.D. Macia et al. [38] have as cribbed the catalytic
effect of Bi in the alloy Pt/Bi to electronic effects
working in addition to a “third-body effect.”

S.L. Gojkovic et al. [39] have shown that the PtMo,
alloy had a high catalytic activity for the formic acid
oxidation. The formation of a hydrous Mo oxide on
the surface was found to decrease poisoning by
adsorbed CO and also increase the rate of dehydroge-
nation.

Pt—FeTSPc (tetrasulfophthalocyanine) co-catalyst
has increased the rate of the formic acid oxidation by
combining a steric hindrance, which inhibited the for-
mation of adsorbed CO, and an intrinsic Kinetic
enhancement due to the electron donation by the
FeTSPc [5].

In the past two decades researchers have shown that
Pt/Ru catalysts have exhibited the best electrocatalytic

performance in the practical applications [1, 4, 9, 14, 20,
25, 41—45]. The catalytic effect of Pt/Ru alloys was
attributed to the bifunctional mechanism and the elec-
tronic effect. The bifunctional mechanism of the
bimetallic catalysts was based on the fact that “oxy”
species that oxidized the poisoning CO species, were
formed on Ru atoms and thus, accelerated the formic
acid oxidation by both direct and indirect reaction
pathways. The electronic effect was result of the
d-band center shift of Pt in the Pt/Ru alloys away from
the Fermi level. This caused a weaker adsorption of the
poisoning CO species and therefore, the reduced poi-
soning effect. M.A. Rigsby et al. [9] have found that
the bifunctional mechanism contributed more signifi-
cantly than the electronic effect.

The catalytic activity depends on the catalyst com-
position and morphology. Up to now Pt alloys with
different shapes have been developed, such as
nanorods, nanowires, nanocables and nanoporous
films [5—45].

Yizhong Lu and Wi Cheng [14] have synthesized a
catalyst of a high catalytic activity for the formic acid
oxidation. The catalyst was composed of binary metal-
lic nanocrystals with the dodecahedron Pt core-
porous Ru shell.

The attractive properties, such as chemical stabil-
ity, high electrical conductivity and low cost, have led
to an extensive application of high surface-area carbon
materials as supports for nobles metal fuel cell catalysts
in order to reduce the noble metal loading and the sys-
tem cost [1]. Besides carbon, various different sup-
ports for Pt alloys catalyst were used. A novel tita-
nium-supported nanoporous bimetallic Pt—Ir/Ti cat-
alyst was also developed [46].

The goal of this study was to synthesize catalysts
composed of nanocrystals of RuO, with rutile struc-
ture and clusters of metallic Pt, and to determine their
catalytic activity for the formic acid oxidation. We
opted for RuO, because (a) catalytic effect of the ther-
mally synthetized catalyst composed of the mixture of
nanocrystals of RuO, and metal Pt for oxidation of
simple organic molecules has not been examined;
(b) RuO, was expected to be less sensitive to corrosion
than metallic Ru in the formic acid oxidation as it was
in the chlorine-alkaline and chlorate electrolysis;
(c) the adsorption energy of OH species at the surface
Ru atoms of RuO, nanocrystals differs from the
adsorption energy of OH species at Ru atoms of the
Pt/Ru alloy [47—49]; (d) Pt nanocrystals contain suf-
ficient assembles of Pt atoms for rapid dehydrogeniza-
tion of the adsorbed HCOOH molecules; (e) at the
contact edge between the RuO, nanocrystals and
metal Pt there are sufficient number of Ru—Pt pairs
required for occurring of bifunctional mechanism;
(f) surface diffusion of adsorbed intermediates on Pt is
a rapid process.
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Fig. 1. X-ray diffraction pattern of 60 mol % Pt, 40 mol %
RuO, coating.

EXPERIMENTAL

Titanium substrate, in the shape of plates with a
surface area of 3.0 cm?, was activated for the electro-
chemical oxidation of formic acid by thermal forma-
tion of a film of RuO, and metallic Pt. The smooth
titanium substrate was first roughed, then cleaned
with ethanol saturated with sodium hydroxide at room
temperature. After rinsing with distilled water the
plates were kept for about 5 min in boiling 20 wt %
HCI. Furthermore, they were rinsed thoroughly with
distilled water and dried in hot air. The solutions
H,PtCl; and RuCl; (Johnson and Matthey) in 2-pro-

panol at a concentration of 10 mg cm~3 based on the
pure metals, were spread over the prepared titanium
plates. By adjusting the ratio H,PtClg : RuCl; in the
solution, the coating of desired composition was
obtained. Following evaporation of the solvent, the
electrodes were heated at 500°C in the air atmosphere.
The procedure was repeated five times until the coat-
ing depth of 12 gm~2 based on the pure metals was
reached. After spreading of the last layer, the elec-
trodes were heated for 45 min at 500°C.

A Phillips PW1730 diffractometer with a vertical
goniometer PW 1050 and a static non-rotating sample
carrier was used for X-ray diffraction analyses. This
had a 35 kV, 20 mA power supply for copper excitation,
and an AMR graphite monochromator. Phases were
identified by reference to ASTM tables.

The electrochemical measurements were carried
out with the usual electrical set-up consisting of a
potentiostat equipped with a programmer (Potentio-
stat-Galvanostat model 173, EGG Princeton, Applied
Research, Princeton, USA), an x—y recorder (Hewlett
Packard 7035 B) and a digital voltmeter (Pros’Kit 03-
9303 C). The experiments were conducted in a stan-
dard electrochemical cell with a separate part for the

saturated mercury sulphate electrode and Luggin cap-
illary. The counter electrode was a flat platinum mesh
with a geometric surface area of 16 cm? (4 X 4 ¢cm)
placed parallel to the working electrode. The cell was
placed in the thermostat. The operating temperature
was 25 = 0.5°C. The solutions were made from p.a.
chemicals (Merc) and demineralized water. Just prior
to the electrochemical measurements, oxygen was
removed from the solution by the introduction of
nitrogen that was firstly purified by passing over
molecular sieves and copper shavings. All potentials
were expressed relative to the standard hydrogen elec-
trode. The potentials of the polarization curves were
corrected for the ohmic potential drop, which was
determined by the galvanostatic pulse method.

RESULTS AND DISCUSSION

Phase structures of the catalytic coatings were
determined by XRD analysis. X-ray diffraction analy-
ses were carried out for all Ru concentrations from 20
to 80 mol %. Figure 1 presents X-ray diffraction pat-
terns of the electrode with the coating composed of
60 mol % Pt and 40 mol % RuO,. Four peaks (two of
them are very pronounced) that correspond to the tita-
nium substrate, three peaks of RuO, of three rutile ori-
entation planes (110), (101) and (211), and two peaks
of the FCC phase of metallic Pt with orientation
planes (111) and (200) were observed in Fig. 1. The
peaks of metallic Ru or Pt oxides were not found. The
mixture of the crystals of Pt and RuO, could be
formed at 500°C since (a) the Gibbs free energy of Pt
oxide formation is positive whereas the Gibbs free
energy of RuO, formation is negative and (b) affinity
of RuO, formation is higher than affinity of interme-
diate Pt/Ru formation [47, 50].

Mean particle sizes of RuO, and Pt were approxi-
mately 19 and 3 nm, respectively. The lattice parame-
ters of RuO, and metallic Pt can be slightly distorted
from those of pure RuO, and Pt. This may be a result
of inclusion of small quantities of residual chlorine or
due to other irregularities in the normal Ilattice
arrangement associated with the non-stoichiometric
composition. The residual chlorine increased internal
microstrains causing a high density of chaotically dis-
tributed dislocations. Chlorine atoms in the crystal
lattice of rutile probably served as replacements for oxy-
gen atoms thereby ensuring the emergence of Ru** ions.
The resulting Ru** ions probably served as active cen-
ters for the formic acid oxidation. These surface Ru**
ions most probably formed the OH,, species responsi-
ble for the rapid oxidation of CO,y intermediates.

Polarization curves of the HCOOH oxidation reac-
tion on the active coating Pt/RuQO, are presented in
Fig. 2. Potential was cycling from 0.0 to 1.0 V at the
sweep rate of 100 mV s~!. During the third cycle, at the
potential shift to the cathodic side, the potential was
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Fig. 2. Steady-state polarization curves for the formic acid
oxidation on the active coatings of different composition:
(0) 100 mol % Pt; (») 80 mol % Pt, 20 mol % RuOy;

(V) 60 mol % Pt, 40 mol % RuO,; (®) 20 mol % Pt,
80 mol % RuO,. The current density values were recorded
after holding the anode for 30 min at a given potential
(1.0 mol dm ™3 HCIO,4 + 1.0 mol dm—3 HCOOH; 1= 25°C).

interrupted for 20 s at £ = 0.85 V in order to allow for
the complete oxidation of firmly bound intermediates.
Subsequently, the potential was temporarily trans-
ferred to the desired value E and the current density, j,
was recorded over time, 7 (Fig. 3). Thirty minutes later,
the current density values, presented on the polariza-
tion curves, were registered. These values were taken
as stationary because the current density did not
change significantly after holding the electrodes at the
potential for 30 to 90 min.

The initial value of the current, j,,, at = 0 decreased
with increasing the content of RuO, in the coating.
The initial current was determined by the formic acid
oxidation at all surface Pt atoms. The reaction com-
menced with adsorption of formic acid:

HCOOH + Pt <> Pt(HCOOH,,). “

HCOOH did not adsorb at Ru atoms. This was con-
firmed by almost identical potentiodynamic curves for
the coatings of pure RuQO, registered in the solutions
consisting of either only 1.0 mol dm—3 HCIO, or both
1.0 mol dm—3 HCIO, and 1.0 mol dm—3 HCOOH in the
investigated potential range from 0.0 to 0.8 V [47].
Organic species did not adsorb at the surface Ru atoms
due to the presence of oxy species, RuO,H,, on these
atoms in the potential range from 0.0 t0 0.8 V [47, 51, 52].
The oxy species at Ru atoms of RuO, were formed at
more negative potentials than at Ru atoms of metal Ru
(Fig. 4). Figure 4 showed that the cyclic voltammor-
grams of metal Ru substantially differed from that of
the RuO, coating, which indicated that bond energy of
oxy species to Ru atoms differed from the bond energy
of oxy species to Ru atoms of metal Ru. Hydrogen

0 10 20 30 40 50 60
¢, min

Fig. 3. Current—time plots for oxidation of 1.0 mol dm3
HCOOH in 1.0 mol dm ™3 HCIO,4 at 0.5 V and ¢ = 25°C:
1 (—)100 mol % Pt; 2 (-+-) 80 mol % Pt, 20 mol % RuO;
3 (- --) 60 mol % Pt, 40 mol % RuO,, 4 (—) 20 mol % Pt,
80 mol % RuO,.

adsorption at metal Ru occurred immediately after
reduction of the oxy species, at potentials more nega-
tive than 0.2 V. During the potential shift to the anodic
side, hydrogen was desorbed till 0.2 V. After hydrogen
desorption, the oxy species were formed. Formation of
the oxy species at potentials more positive than 0.2 V,
at metal Ru, has been confirmed by reflection spec-
troscopy and ellipsometry [53, 54]. However, the
cyclic voltammorgrams of the RuO, coating showed
that, in the potential range from 0.2 to 0.0 V, only por-
tion of oxy species was reduced (Fig. 4) [53, 54].

The adsorbed molecules of formic acid were dehy-
drogenated quickly:

Pt(HCOOH,,) — Pt(—COOH, )+ H +¢ . (5)

An ad radical Pt(—COOH,,), formed in this reac-
tion, was weakly bound to the Pt atoms. Thus, the ad
radical was very reactive and reacted quickly:

Pt(—COOH,,) CO, +H" +¢~ (6)
or
Pt(—~COOH,,) + Pt(H,,) < Pt(—CO,,) + H,0. (7)

The reactions (4)—(6) composed the main reaction
path. In this reaction mechanism, the slowest reaction
was (5). Therefore, the Tafel slope of the polarization
curve of the formic acid oxidation on pure Pt was
determined and was 110 mV dec™! (Fig. 2).

Along the second reaction path (reactions (4), (5)
and (7)), the ad radical Pt(—COOH,,) in hydrogen
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Fig. 4. The cyclic voltammorgrams of: (—) the coating
RuO, and (---) metallic Ru in 1.0 mol dm™3 HCIO,.
Sweep rate 100 mV s~ !, 7= 25°C.

region presumably reacted with Pt(H,y) forming
Pt(CO,,) and H,O.

When the potential was interrupted at 0.85 V and
transferred to the desired value in the double-layer
region, the current density declined with time. This
indicated that in this region the poisonous species
were formed. In the double-layer region Pt(CO,,) pre-
sumably were formed in the following reactions:

Pt(—COOH,,) + Pt(HCOOH,,)
& Pt(—CO,,) + Pt(—COOH,, ) + H,0,

Pt(—COOH,,) + Pt(—COOH,,)
& Pt(—=CO,,) + CO, + H,0.

Spectroelectrochemical studies have shown that
CO could be linearly (—CO,4;) and bridge-bonded
(CO,q4.p) adsorbed, and CO,, were formed consider-
ably slower in the double-layer region [22, 23]. This
indicated that reactions (8) and (9) were considerably
slower than reaction (7). Spectroelectrochemical
studies have also shown that during formic acid oxida-
tion, bridge-bonded adsorbed formate species were
formed much faster than CO,4 at Pt [22, 23]:

HCOOH + Pt — Pt(HCOOH,,)
— Pt(HCOO=,,))+H" +e¢".

Formed Pt(HCOO=,;) was oxidized much faster
than CO,4 species:

)

)

(10)

Pt(HCOO=,,) > Pt+CO,+H +e". (1)

The afore mentioned reactions indicated that the for-
mic acid oxidation occurred via a triple path mechanism,
which started with a weakly adsorbed HCOOH,, pre-
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Fig. 5. The log j dependence on the RuO, content in the
coatings for formic acid oxidation from the solution com-
posed of 1.0 mol dm—3 HCIO4 and 1.0 mol dm— HCOOH
at E=0.23 Vand ¢ = 25°C.

cursor that could subsequently either be directly oxi-
dized to CO, (“direct-pathway”), under went dehy-
dration to CO,4 (“indirect-pathway”), or was dehy-
drogenated to stable bridge-bonded adsorbed formats
(“formate-pathway”) [22]. Yon Xia Chen et al. have
considered that the formic acid oxidation on Pt
mostly occurred via the direct-pathway [22]. The
formate-pathway contributed less than 25% to the
total anodic current and the indirect pathway less
than 0.1%.

The polarization curves showed that the Pt/Ru0O,
coatings with the RuO, content of up to 80 mol % had
greater catalytic activity than pure Pt (Fig. 2). Unlike
oxidation of HCOOH on the alloy Pt/Ru, oxidation of
HCOOH on the mixture of nanocrystals of Pt and
RuO, was catalyzed at relatively negative potentials.
This is caused by formation of the oxy species on Ru
atoms of RuQO, at more negative potentials than on Ru
atoms of the Pt/Ru alloy. With increasing the RuO,
content to about 50 mol %, the catalytic activity
increased as well. At RuO, contents higher than
50 mol % the electrode activity for the HCOOH oxi-
dation in an acidic solution decreased with increasing
the mole ratio of RuQ, as illustrated by the diagram in
Fig. 5. The maximum catalytic activity was registered
with the electrodes coated with 40 to 60 mol % RuO.,.

The Tafel slope of the most active films within the
current density range of 2 x 103 to 1 x 10~ mA cm™?
was 60 mV.

Figure 6 shows the cyclic voltammorgrams of the
formic acid oxidation in a solution composed of



1.0 mol dm—3 HCIO, and 1.0 mol dm—3 HCOOH on
the electrodes coated with different contents of RuQ,.
Only a part of the cyclic voltammogram of pure Pt is
presented in Fig. 5, for comparison.

The voltammogram curves presented by the solid
and the dashed lines showed that the Pt/RuO, elec-
trodes had better catalytic properties than pure Pt.
During the potential shift to the anodic side, the first
current peak was formed as a consequence of the
HCOOH oxidation predominantly by the direct path-
way and partially by the formate pathway. The current
decline after the first-peak maximum is a conse-
quence of blocking of the Pt atoms with the firmly
bound species CO,4 and the weakly bound HCOO=,,.
The second anodic peak is formed by the oxidation of
the adsorbed species, which resulted in discharge of
the Pt atoms for the oxidation of following formic acid
molecules by all three reaction pathways. The current
decrease after the second peak maximum was caused
by the formation of Pt oxides that had low catalytic
activities for the HCOOH oxidation. Pt atoms,
involved in the HCOOH oxidation in the cathodic
direction, were discharged after oxide reduction. The
shape of cyclic voltammogram during the potential
shift in the cathodic direction was determined by the
rate of reactions (2)—(11) and the degree of the cover-
age of Pt with the intermediates CO,4; and HCOO=.

Figure 6 shows that the formic acid oxidation on an
electrode composed of 60 mol % Pt and 40 mol %
RuO, started at about 0.1 V whereas on the pure-Pt
electrode at about 0.2 V. The current of the first anodic
peak was increased with increasing the RuO, content
in the active coating from 0.0 to 40.0 mol %. The
amount of charge which corresponds to the second
anodic peak was decreased in proportion to the
increase of molar fraction of RuQO, in the coating, and
peak maximum was shifted towards more negative
potentials.

The diagrams presented in Figs. 2, 3 and 6 show
that the Pt/RuO, coatings had higher catalytic activi-
ties for the HCOOH oxidation than thermally created
coatings of pure Pt. The catalytic activity of the mix-
ture consisting of nanocrystals of RuO, and Pt clusters
can be explained by the bifunctional mechanism and
the electronic effect. In the bifunctional mechanism
oxy species (probably Ru—OH) were formed at the
surface Ru atoms of the rutile structure RuO, at more
negative potentials than that on Pt. These oxy species
reacted with the adsorbed species CO,; and HCOO=,
oxidizing them to CO,:

Pt(CO,4) + RuOH — Pt +CO, + H'+ Ru +¢,(12)
Pt(HCOO=,,) + RuOH

— Pt +CO, + H,0 + Ru.

The reactions (12) and (13) resulted in the free sur-
face Pt atoms that could react with new HCOOH mol-

(13)
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20
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Fig. 6. The cyclic voltammograms of HCOOH oxidation
from 1.0 mol dm™ HCIO4 and 1.0 mol dm™ HCOOH

for: (-++) 100 mol % Pt; (——) 90 mol % Pt, 10 mol %
RuO;; (——) 60 mol % Pt, 40 mol % RuO,. Sweep rate

100 mVs~— !, r=25°C.

ecules. With increasing molar fraction of RuQ, in the
coating, the number of surface Pt atoms declined and
the total length of the contact edge between the RuO,
nanocrystals and the Pt clusters was altered. The
length of the contact edge was initially increased with
increasing molar fraction of Ru, reaching a maximum
at 50 mol % RuO, and then decreased.

The rate of HCOOH oxidation decreased propor-
tionally to the decline in the number of surface Pt
atoms. However, the linear increase in the rates of reac-
tions (12) and (13) with increasing the length of the con-
tact edge, considerably increased the rate of HCOOH
oxidation. The dependence shown in Fig. 5 is a conse-
quence of the dominant effect of length of the contact
edge on the rate of HCOOH oxidation.

A degree of Pt surface coverage with the adsorbed
species CO, 4 and HCOO=,, was dependent on rates of
the adsorption and desorption reaction. With increas-
ing molar fraction of RuQ, in the coating, the oxida-
tion of CO,y and HCOO=,, (reactions (12) and (13))
per one Pt atom was accelerated which resulted in the
lower coverage degree of Pt with the adsorbed species
(Figs. 6—8). The decrease in the coverage degree was
corroborated by the increase in the ratio of current
maximum of the first anodic peak to current maxi-
mum after reduction of Pt oxides, with increasing the
content of RuQ, in the coating. The current peak max-
imum, formed during the cathodic change of potential
after reduction of Pt oxide, was almost proportional to
the total number of surface Pt atoms. The current of
the first-peak maximum during the anodic change of
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Fig. 7. The cyclic voltammograms for HCOOH oxidation
for the coating composed of 90 mol % Pt and 10 mol %

RuO, from 1.0 mol dm~ HCIO, + 1.0 mol dm~>
HCOOH with different cathodic limiting potentials.
Sweep rate 100 mV s’l, t=25°C.
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Fig. 8. The cyclic voltammograms for HCOOH oxidation
for the coating composed of 60 mol % Pt and 40 mol %
RuO, from 1.0 mol dm~> HCIO4 + 1.0 mol dm~>
HCOOH with different cathodic limiting potentials.
Sweep rate 100 mV s~ !, #=25°C.

potential is proportional to the number of free surface
Pt atoms.

The cyclic voltammograms presented in Figs. 7 and 8
show that the increase in the RuO, content in the coat-
ing resulted in lowering difference between the first
anodic peaks formed prior to and after the reduction of
the cathodic limiting potential. This also indicated
that with increasing the RuO, content in the coating,

E,V

Fig. 9. The cyclic voltammograms for the coating composed
of 60 mol % Pt, 40 mol % RuO,: (—) in 1.0 mol dm™3
HCIO,4 and (--+) the curve recorded after the electrode
was kept for 5 min at 0.22 V in 1.0 mol dm~—3 HCIO4 +
1.0 mol dm— HCOOH and replacement of the solution by
the primary electrolyte (1.0 mol dm™3 HCIO,); (——) a part
of the cyclic voltammogram for 100 mol % Pt recorded after
the five minutes stay at 0.22 V in 1.0 mol dm™3 HCIO4 +
1.0 mol dm—> HCOOH and the solution replacement by
1.0 mol dm—3 HCIOy,. Sweep rate 100 mV s §=25C,

the coverage degree of Pt nanocrystals by the adsorbed
species CO,4y and HCOO=,, was reduced.

Lower degrees of coating coverage of Pt/RuQO, by
the adsorbed species CO,4 and HCOO=_, than of pure
Pt electrode, was also established by recording the
cyclic voltammograms after the “washing procedure.”
Figure 9 presents the cyclic voltammogram of the
electrode comprising of 60 mol % Pt, 40 mol % RuO,
in 1.0 mol dm~ HCIO, (thesolid line) andafter the
“washing procedure” (the dotted line).

Only a part of the cyclic voltammogram of pure Pt
after the “washing procedure” is presented by the
dashed line in Fig. 9, for comparison.

The CO,4 i HCOO=,, species wer adsorbed at the
surface of electrode which was maintained 5 min at
0.22 V in the solution of 1.0 mol dm— HCIO, +
1.0 mol dm—* HCOOH. These adsorbed species were
oxidized during the anodic sweep in the solution of
1.0 mol dm—3 HCI1O,. The peaks of the 60 mol % Pt,
40 mol % RuO, coating and 100 mol % Pt in the
potential range from 0.3 to 0.7 V and 0.5 to 0.95 V,
respectively, were produced by the oxidation of the
adsorbed species, CO,4 and HCOO, 4= (Fig. 9). With



the increase in the Ru content, these peaks decreased
and their maximum shifted towards more negative val-
ues. At the RuO, contents higher than 60 mol % the
peaks obtained after the “washing procedure” were
quite small and their size was negligibly decreased with
increasing the RuQO, content.

The current decrease presented in Fig. 3 was
caused by the adsorption of CO,; and HCOO=_, and
blocking of the Pt atoms for the oxidation of following
HCOOH molecules. The ratio of the initial to steady-
state currents was proportional to the degree of the
electrode coverage by the adsorbed species CO,4 and
HCOO=,,.

This ratio decreased rapidly with the increase of the
RuO, content to 30 mol %. Then, it gradually decreases
with the RuO, increase to 60 mol %. If the RuO, con-
tent in the coating ranged from 60 to 100 mol % the ini-
tial current did not differ much from the steady one
and the increase in the RuO, content did not signifi-
cantly affect the change of the ratio of initial to steady-
state currents.

The aforementioned results showed that maximum
catalytic activity was recorded with the coatings con-
taining from 40 to 60 mol % RuO,. Such electrode
composition allowed for the existence of the maxi-
mum length of the contact edge between the nano-
crystals of RuO, and Pt and therefore, the maximum
number of Ru—Pt pairs. The reactive Ru—OH species
quickly oxidized the adsorbed CO,, and HCOO=,, at
the adjacent Pt atoms and thus discharged them for
the oxidation of new HCOOH molecules. The cata-
lytic effect of the mixture of nanocrystals of RuO, and
Pt, at more negative potentials, was more pronounced
than that of the Pt/Ru alloy. This was caused by for-
mation of the Ru—OH species on RuO, at more nega-
tive potentials than that on Ru atoms of the Pt/Ru
alloy. This was a consequence of (a) difference in the
electronic structure of the Ru atoms in RuO, and in
the Pt/Ru alloys; (b) thermally formed RuQO, has high
density of dislocations and large number of low coor-
dinated Ru atoms at the edge of nanocrystals. At RuO,
contents lower than 40 mol %, a greater number of Pt
atoms existed on the surface but the atoms were
blocked by the adsorbed species, CO,; and HCOO=,,,
due to a deficiency of the adjacent Ru—OH species to
oxidase them. At the RuO, contents higher than
60 mol %, with the RuO, content increase, the num-
ber of the surface Pt atoms and therefore, the Pt—Ru
pairs was decreased causing a reduction in the
HCOOH oxidation rate.

During the thermal formation of the coating, some
surface Pt atoms were most probably exchanged with
the Ru atoms at the contact between the nanocrystals
of RuO, and the clusters of Pt. This caused contrac-
tion of the Pt cluster structure and better overlapping
of the d-orbitals, which resulted in shifting of the
d-bond center of Pt away from the Fermi level [9, 14,

20, 42]. This weakened the bond of the adsorbed inter-
mediates with Pt atoms which caused an increase in
the activation energy of the intermediates dehydroge-
nation [23]. Therefore, the initial current per one Pt
atom, determined by the reaction of dehydrogenation
(reaction (5)), was decreased with increasing the RuO,
content in the coating [9]. However, with decreasing the
adsorption energy of the intermediates CO,; and
HCOO,, with the increase of the Pt surface, their equi-
librium coverage in the steady-state was decreased.
Thus, the number of free Pt atoms for the oxidation of
new HCOOH molecules was increased [9, 32, 33].
The second effect was dominant and therefore, the
electronic effect contributed to an increase in the rate
of HCOOH oxidation. However, Matthew et al. [9]
have discovered that the contribution of the electronic
effect to the increase of the catalytic activity was neg-
ligible when compared to the contribution of the
bifunctional mechanism.

The results, presented in this paper, showed that
the coating composed of the mixture of the RuO,
nanocrystals and the Pt clusters significantly acceler-
ated the HCOOH oxidation. Our future work will con-
sider the catalytic effect of these coatings, applied at
highly porous substrates, for the HCOOH oxidation.

CONCLUSIONS

An active coating of the mixture of the RuO, nano-
crystals of rutile structure and the clusters of metallic
Pt was thermally created on a properly prepared tita-
nium substrate. The cyclic voltammograms and the
polarization curves showed that the catalytic activity
of the coating for the HCOOH oxidation in an acidic
solution was increased with increasing the RuO, con-
tent and it reached the maximum value at 50 mol %
RuO,. With a further increase in mol % RuQ,, the cat-
alytic activity was decreased. The oxidation of
HCOOH occurred by a triple path mechanism, which
started with a weakly adsorbed HCOOH,, precursor
that could subsequently either be directly oxidized to
CO,, underwent dehydration to CO,y4, or was dehy-
drogenated to stable bridge-bond adsorbed formats.
The catalytic effect was caused by the bifunctional
mechanism and the electronic effect. The electronic
effect was caused by alloying Pt with Ru and thus, the
decrease in the energy of the intermediates adsorption,
CO,4 and HCOO=,, had negligible influence. The
catalysis of the HCOOH oxidation was caused by the
bifunctional mechanism where their active Ru—OH
species were formed at the surface Ru atoms of the
nanocrystalline rutile structure at more negative
potential than on Pt. These reactive species oxidized
the adsorbed intermediates, CO,; and HCOO=,,, at
the adjacent Pt atoms and discharged them for the oxi-
dation of new HCOOH molecules. The catalytic effect
of the mixture of the nanocrystals of RuO, and Pt was,
at relatively negative potentials, higher than that of the



Pt/Ru alloy. This is a consequence of formation of the
oxy species on the Ru atoms of RuO, at more negative
potentials than on the Ru atoms of the Pt/Ru alloy.
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