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Using the spontaneous deposition method (W. Chrzanowski and
A. Wieckowski, Langmuir 13, 5974 (1997)), platinum nanoparticles
were decorated with ruthenium to obtain a Pt/Ru catalyst with a
packing density of up to 0.65 Ru atoms per Pt surface atom. The ac-
tivity of this catalyst toward methanol electrooxidation was tested
at electrode potentials of interest for fuel cells. The catalyst activity
maximizes at ruthenium packing density 0.4–0.5, and the catalyst is
twice as active (displays higher current densities normalized to real
surface area) as the commercial 50 : 50 Pt/Ru alloy catalyst. Hydro-
gen adsorption on the decorated Pt/Ru and Pt/Ru alloy surfaces is
also reported. c© 2001 Academic Press

Key Words: electrocatalysis; fuel cells; nanoparticle; anode; met-
hanol.
INTRODUCTION

The direct oxidation methanol fuel cell (DMFC) is a
promising future energy technology alternative to conven-
tional energy-generating devices because of its high en-
ergy conversion efficiency, low-to-zero pollutant emission,
methanol fuel availability, ease in distribution, and high
energy density of the fuel (1). A typical DMFC anode,
where methanol oxidation occurs, contains a platinum-
based nanoparticle catalyst, unsupported or supported,
which can be deposited on a proton exchange membrane,
the solid electrolyte of the cell (2). Platinum is used because
of its activity in methanol activation (3), namely the C–H
bond break followed by several fast steps completed by ei-
ther surface CO or dissolved CO2 formation (4). To avoid
deleterious poisoning of platinum by the chemisorbed CO,
or to improve platinum tolerance of chemisorbed CO, the
CO needs to be removed from the surface by oxidation
to CO2. Such an oxidation process is slow on the Pt cata-
lyst alone at potentials attractive to DMFC applications,
namely, not exceeding 0.4 vs SHE (Standard Hydrogen
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Electrode). To improve the tolerance, transition metals like
ruthenium are incorporated into the Pt catalyst and en-
hance catalysis by promoting activation of water and facil-
itate the concomitant transfer of oxygen to CO on its way
to CO2 (the bifunctional mechanism (3, 5–7); also, reac-
tions 2 and 3 in this report). The electronic modification
by a so-called ligand mechanism involved in the catalytic
enhancement is also considered (8–10).

In this communication, we produced nanoparticle Pt/Ru
catalyst using spontaneous deposition of ruthenium (11) on
commercial platinum nanoparticles, monitored its activity
toward methanol oxidation, and compared the activity to
that of commercial, Johnson Matthey Pt/Ru alloy nanopar-
ticle catalyst. The Johnson Matthey Pt/Ru catalyst was pre-
screened for high activity (12) and may be considered a rep-
resentative benchmark for high-class commercial products
of the Pt/Ru-type alloy catalyst. The spontaneous depo-
sition involves immersing platinum in ruthenium chloride
solution, flushing the cell with supporting electrolyte, and
breaking galvanically the chemisorbed Ru-containing pre-
cursors to metallic/oxide ruthenium forms (11). The method
has several important advantages vs other approaches. It
is simple, yields structurally heterogeneous surfaces deco-
rated by nanosized islands of predominantly monoatomic
heights, and provides an excellent way for adjusting ruthe-
nium coverage on platinum in a submonolayer deposition
regime. In this communication, using steady-state methanol
oxidation current measurements, we demonstrate that the
catalytic activity of the decorated Pt/Ru catalyst is much
higher than that of the commercial Pt/Ru alloy catalyst.
Mechanistic aspects of our observations are discussed, and
the capability of our synthetic approach in the field of het-
erogeneous electrocatalysis for fuel cells is highlighted.

EXPERIMENTAL

A conventional three-electrode electrochemical cell was
used for the measurements, with a high-surface-area Pt
0021-9517/01 $35.00
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gauze as the counter electrode and the Ag/AgCl in 3 M
NaCl reference (all potentials in this paper are quoted
vs the SHE electrode), powered by a PGP201 Potentio-
stat/Galvanostat (Radiometer). The working electrode was
made of the Pt and Rt/Ru catalyst immobilized on a sur-
face of a gold disc (12 mm in diameter, 8 mm in height).
The procedure for electrode fabrication (13) involved, first,
the preparation of a suspension of a known amount of Pt
powder in Millipore water; second, placing an aliquot of
the suspension (typically 100 µl at 4 mg/ml of the catalyst)
on a gold disk; third, air-drying of the suspension to yield a
uniform thin film of the catalyst. The application of this pro-
cedure permits easy control of catalyst loading and, appar-
ently, the nanostructured electrodes prepared this way are
stable upon electrochemical performance, easily withstand
purging the solution with inert or reactive (CO) gasses, and
the electrolyte exchange. Notice that gold is inactive in a
methanol decomposition process and serves only as a con-
ducting inert support for the catalyst (13). Some measure-
ments were also conducted using the catalysts sedimented
on a bottom of a gold boat, as published before (12). All
measurements were carried out at room temperature.

Johnson & Matthey Pt black catalyst (ca. 10 nm diame-
ter, 20 m2 g−1) was used as a substrate for deposition of Ru
adlayers. A 50 : 50 Pt/Ru alloy catalyst (Johnson & Matthey
Pt/Ru black, ca. 2.5 nm diameter, 65 m2 g−1 as specified by
the manufacturer) was used as the standard for the com-
parison with the methanol oxidation activity of the deco-
rated catalyst (see Introduction). The 0.5 M H2SO4 support-
ing electrolyte was prepared from concentrated analytical
grade sulfuric acid from Mallinckrodt Baker (Paris, KT) di-
luted in Millipore water. Ultra high purity argon gas was
used to deaerate the cell. Methanol was ACS grade (Fisher
Scientific), and other solutions were made of HClO4 (GFS
Chemicals) and RuCl3 (Alfa AESAR) chemicals.

RESULTS

Platinum black immobilized on the gold substrate was
used either as the catalyst itself or as a building block of the
catalyst obtained by spontaneous deposition of ruthenium
on platinum (Figs. 1 and 2). In the latter case, a sample of Pt
black was cleaned by holding it at 0.45 V in 0.1 M HClO4 and
transferred to a clean beaker, which was followed by spon-
taneous deposition of ruthenium from 1 mM RuCl3 in 0.1 M
HClO4 solution at open circuit potential (ca. 1 V), for 1 h.
The particle catalyst was washed off with Millipore water
and placed into the cell at an open circuit potential, and the
potential was stepped to 0.3 V to reduce the adsorbed Ru
precursor to metallic Ru (11, 14). A portion of the sample
was taken for the electrochemical measurements, and the
remainder of the sample was used for the electrode surface

area determination, see below. Once the Pt surface deco-
rated by metallic ruthenium (14) was obtained in the first
K ET AL.

FIG. 1. Cyclic voltammogram of Pt (- - - -) and Pt/Ru after: 1st (- - · –),
2nd (- - ·· –), 3rd (· · · ·), and 4th (– –) spontaneous deposition of ruthenium
at the Ru packing density 0.00 (the clean Pt electrode); 0.20, 0.25, 0.35, and
0.40, respectively. Ruthenium was deposited from 1 mM RuCl3+ 0.1 M
HClO4 for 1 h (see text). The supporting electrolyte was 0.5 M H2SO4, and
the scan rate was 10 mV min−1. The inset shows a cyclic voltammogram
for the Pt/Ru commercial alloy catalyst at 20 mV min−1.

deposition, the spontaneous deposition could be repeated
as many times as needed in order to obtain the desired Ru
packing density, e.g., up to four times in this project.

For each of the three catalysts, the real surface area was
determined as follows. For the Pt catalyst, the surface area
was calculated from the hydrogen deposition charge, as-
suming the number of surface sites on the Pt electrode (0Pt)
equal to 1.3×1015 Pt atoms cm−2, and the 1 : 1 ratio between
a Pt site and an adsorbed hydrogen atom, as routinely made
(15). Since the mass of the Pt sample was also known, the

FIG. 2. Methanol oxidation current density on Pt (—) and Pt/Ru after
1st (– · –), 2nd (– ·· –), 3rd (· · · ·), and 4th (– –) deposition in 0.5 M methanol
and 0.5 M H2SO4 solution (see Fig. 1). The inset shows CO stripping

voltammograms for the clean Pt electrode (the dashed line), and for the
decorated Pt/Ru surface (the solid line).
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specific surface area of the catalyst, S(in cm2 g−1), was easily
obtained. The same procedure was used for measurements
of the surface area for the Pt/Ru decorated surfaces (Ru
spontaneously deposited onto Pt surface forms islands on
top of platinum (16) and does not change the distribution
of Pt surface substrate sites; see below). For the Johnson
Matthey 50 : 50 Pt/Ru alloy catalyst, the total number of
surface sites (collectively, both Pt and Ru) was obtained
from the CO stripping charge of adsorbed CO monolayer
produced from CO saturated solutions (assuming 420 µC
cm−2 for CO oxidation (17)). Notably, when the decorated
Pt/Ru catalyst was tested by the CO stripping method, the
surface area was the same as obtained from the Pt hydro-
gen deposition method alone. This confirms indirectly that
the ratio between surface sites and CO molecules is very
nearly 1 : 1.

For measurements of ruthenium packing density on the
decorated catalysts, a Pt/Ru sample was dissolved in aqua
regia and the mass of Ru and Pt ratio from a sample of a
known total mass was obtained by using inductively coupled
plasma (ICP). Then, the Ru packing density was obtained
from the formula

θRu = mRu

mPt
· NA

S · 0Pt · MRu
, [1]

where θRu is the ruthenium packing density; mRu and mPt

one is the mass of ruthenium and platinum, respectively
(from ICP, in grams); NA is the Avogadro constant; S is the
specific surface area of the catalyst, in cm2 g−1 (see above);
0Pt is the number of Pt sites per cm2 (also as above), and MRu

is the atomic mass of Ru. The ruthenium packing density
varied from 0.15 to 0.65.

Figure 1 shows cyclic voltammetric (CV) profiles ob-
tained for a clean Pt nanoparticle surface (solid line) and
for the ruthenium decorated Pt nanoparticles at the Ru
packing density from 0.2 to 0.4. The CV for the Johnson &
Matthey Pt/Ru black is shown in the figure inset. In order to
obtain the Ru decorated surfaces in the ruthenium density
range specified above, four spontaneous depositions were
made, and four respective voltammetric curves are shown
(Fig. 1). In all cases, the current density is given with respect
to the real surface area of the catalyst, as described above.
For each spontaneous deposition, the Ru packing density
was obtained, and the increase in the Ru packing density
after each deposition cycle can easily be deduced from the
systematic increase in the charge in double layer range of
the Pt/Ru electrode (18). The latter is due to the redox-
type transitions between different oxidation states of sur-
face ruthenium occurring in the broad potential range (19).
It is interesting to notice that the change in the voltammet-
ric morphology upon Ru deposition in the hydrogen range
(Fig. 1) vs that obtained with clean platinum is much less

than the corresponding difference between the clean plat-
inum and the Pt/Ru alloy electrode (Fig. 1 inset). Neither
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does the increase in ruthenium packing contributes to a
significant modification of the hydrogen deposition charge.
Obviously, hydrogen may adsorb on top of Ru deposited on
platinum, although the issue if hydrogen can or cannot be
adsorbed on Ru electrodes is still unclear (20, 21). In such a
case, reduced hydrogen adsorption on the Pt/Ru alloy sur-
faces (Fig. 1 inset) is due to the presence of some amount
of surface and/or subsurface ruthenium oxide (22), onto
which hydrogen is not adsorbed (23). Finally, monatomic
Ru islands on the Pt surface can be transparent to protons
undergoing the discharge reaction to atomic hydrogen, and
hydrogen adsorption may occur underneath the Ru adlayer,
the concept that needs to be developed further.

Typical current–time curves for methanol electrooxida-
tion measured after admitting methanol to the cell at 0.3 V
are shown in Fig. 2. The decay in the current was observed
for 24 h, which secured complete steady-state behavior. It
is seen that the clean nanoparticle Pt electrode produces a
very small methanol oxidation current due to severe CO
poisoning (3) and that the Pt/Ru surfaces display much
higher activities. Notice that the 0.4 and 0.5 packing den-
sities of ruthenium on platinum represent the maximum
methanol oxidation activity at 0.3 and 0.4 V, respectively,
which is shown more explicitly in Fig. 3. This figure also con-
tains current densities for the commercial 50 : 50 Johnson &
Matthey catalyst; see open circle data points. The data
points are artificially extended using dashed lines toward
lower and higher ruthenium packing density to provide
baselines for assessment of the current density difference
between the decorated and commercial catalysts. The two
decorated Pt/Ru catalysts at 0.3 and 0.4 V, respectively, sur-
pass of the Johnson & Matthey catalyst approximately by a
factor of 2—the main observation of this report—and there
is only a small change in the activity maximum on the cur-
rent vs the Ru packing density curve with the electrode
potential.

Notably, while we demonstrate the superior activity of
the ruthenium-decorated platinum material vs the indus-
trial benchmark catalyst, we do not claim that we have pro-
duced a more active practical catalyst, since the activity of
the commercial catalyst per gram of the catalyst is much
higher than that of the decorated platinum. The activity
here is referenced to the current density per real Pt surface
area or to turnover frequency (the number of methanol
molecules reacted to carbon dioxide per second, per sur-
face site (24)), and not to the mass of platinum used. The
difference between the two catalysts may also be due to
particle size effects, as pointed out in Discussion.

After the current became stabilized at 0.3 V at Ru pack-
ing density 0.2, the methanol solution was replaced by a
clean supporting electrolyte while the potential was main-
tained at 0.2 V, which prevented CO oxidation from the sur-

face. CO-stripping voltammetric curves were next recorded
for the decorated surfaces and for clean Pt to determine
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FIG. 3. Dependence of methanol oxidation reactivity of the Pt/Ru
catalysts prepared by spontaneous deposition (filled circles) on Ru pack-
ing density. Current density is measured after 20 h of oxidation in 0.5 M
methanol solution at 0.30 V (A) and 0.40 V (B). (- - ◦ - -) is methanol oxi-
dation reactivity of commercial Johnson & Matthey Pt/Ru catalyst under
the same experimental conditions as above.

the charge for CO electrooxidation (Fig. 2, inset). There is
a significant shift in the main CO electrooxidation feature,
which is commented on elsewhere (25). It suffices to say
here that the peak position for CO stripping at ca. 0.4 V for
the decorated Pt/Ru surface is very similar to that obtained
for the commercial Pt/Ru catalyst, as reported previously
(12).

DISCUSSION

Let us briefly examine the mechanism of ruthenium en-
hancement on the Pt/Ru catalysts. As is now well known,
steady-state methanol oxidation involves generation of
chemisorbed carbon monoxide on the Pt phase of the cata-
lyst in the reaction

Pt+ CH3OH→ Pt–CO+ 4H+ + 4 e−. [2]
It is also broadly acknowledged that methanol decompo-
sition on the Ru phase does not occur (6, 7). To sustain
K ET AL.

the steady-state current, or the continuous catalytic oxida-
tion process, CO needs to be oxidatively removed from the
surface in order to release surface sites needed to sustain
the reaction. Clearly, on the bare platinum electrode at the
electrode potentials indicated in Fig. 3, the oxidation pro-
cess is very slow. It is also seen that addition of ruthenium
to the Pt catalyst enhances CO removal from the surface
since ruthenium promotes CO oxidation to CO2 (which
does not chemisorb on platinum) via the bifunctional mech-
anism (3, 5–7)

Pt–CO+Ru–OH
k→Pt+Ru+ CO2 +H+ + e−, [3]

where OH symbolizes the oxygen-containing species, or
activated water (14), and k is the reaction rate constant.
While ligand effects have also been recognized, as men-
tioned above, they are less pronounced than the bifunc-
tional effects, as demonstrated recently (10). Because of
the dissociative character of methanol decomposition (re-
action (2)), there is a need for an ensemble (26), namely,
a specific number of Pt sites where methanol decomposes
to fragments. On the previously studied Pt/Ru macroscopic
surfaces, the composition that leads to the optimized en-
semble size was close to 80–20 Pt–Ru (26, 27). While we do
not confirm that the latter ratio holds for the nanoparticle
surface (Fig. 3), our data should not be read as contradict-
ing the “ensemble effect.” On the alloy, assuming that the
surface is made of ruthenium and paltinum only, that is, dis-
regarding ruthenium oxides possibly present on the surface
(12), there is enough surface density of sufficiently large Pt
aggregates on which methanol decomposes. (The 50 : 50 ra-
tio means only that the manifestation of Pt–Ru pairs on the
surface is the most probable, or finding other surface aggre-
gates, Pt2Ru, Pt3Ru, etc., is less probable). On the decorated
surfaces, there is a static/dynamic distribution of island sizes
leaving enough room for the ensemble availability. On the
other hand, there is a simultaneous need for maximizing
the number of Ru edge sites to secure the most effective
CO removal pathway and, as a result of the compromise;
the nanostructure surface composition is evidently close
to the 50–50 Pt–Ru ratio. Above this ratio, the efficiency
of the steady-state methanol oxidant falls, confirming the
ensemble effect.

We believe we have a realistic model of steady-state
methanol oxidation on a platinum nanoparticle decorated
by ruthenium under spontaneous deposition conditions
(11, 16, 28, 29). As in electrolysis (30, 31), the spontaneous
deposition leads to formation of nanosized ruthenium is-
lands of approximately monoatomic height, with the two-
dimensional distribution insensitive to the presence of steps
or defects on the surface. Assuming that these previous
STM data obtained with smooth single crystal electrodes
can be transferred to the surface of a 10-nm nanoparti-

cle, we visualize a cubooctahedral Pt template covered by
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protruded two-dimensional nanosized islands, with clearly
defined Ru island edges on Pt. From the STM data (16,
29), we may deduce that the island structure is oblivious
to cubooctahedral edges, and from voltammetry we con-
clude that smooth decorated surfaces (32) and 10-nm deco-
rated Pt nanoparticles (25) have very similar electrochem-
ical properties. On the nanoparticle surface, therefore, the
active site where CO2 is formed from CO (from methanol
decomposition) is also the edge of the ruthenium island (16,
28–31), with the island interiors inactive to methanol de-
composition. As demonstrated in Ref. (31), CO molecules
are transferred from methanol decomposition on Pt sites to
Ru islands via surface diffusion and are oxidized according
to reaction (3). The mobility of CO on a platinum electrode
has already been confirmed (33), and ruthenium addition
is bound to accelerate this mobility (25).

It is more difficult to explain why the decorated catalyst
is more active (in terms of the current density or turnover
frequency) than the alloy catalyst. Notice that two catalysts
with a similar ratio of platinum to ruthenium ratios are com-
pared. The difference between the catalyst activities cannot
therefore be assigned to nominal differences in the density
of reactive surface sites. Metal NMR data indicate that the
change in the size of platinum nanoparticles down to 1 nm
does not change electronic properties, that is, local densi-
ties of states (DOS) of such particles (34, 35). In contrast,
commercial carbon support affects the DOS (36) and the
catalyst activity toward methanol oxidation (37). Since our
particles are unsupported, we do not expect that particle
size matters in the reactivity change, although this needs to
be tested for Pt/Ru. What we see instead is that there is a
big difference between the two catalysts in hydrogen ad-
sorption properties—in particular a partial disappearance
of high-energy hydrogen on the alloy (Fig. 1). Such disap-
pearance may be correlated, at least formally, to the activity
difference in methanol oxidation: the alloy catalyst has a re-
duced hydrogen stripping potential, certainly from hydro-
nium ion, and very likely from methanol (in reaction (2)).
If this is so, the presence of surface/subsurface ruthenium
oxide on the alloy may be detrimental to alloy activity (14)
(see above). Finally, we notice that the Ru edge atoms are
undercoordinated by ruthenium and/or platinum surface
atoms and may be more active for water activation than
the Pt/Ru sites on the Pt/Ru alloy. In this sense, the latter
surface can be considered homogeneous, made of randomly
distributed homogeneous ensembles of Pt and Ru sites on
the surface of a Pt/Ru cubooctahedral particle, and the dec-
orated surface is spatially heterogeneous. Here, it is known
that water activation and the associated oxidation of pure
platinum metal electrodes is much facilitated on stepped
surfaces rather than on the terrace like Pt(111) surface (38).
This suggests that the Ru edge catalytic properties may in

part account for the enhanced reactivity of the decorated
material that we observe. It is important to test the latter
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hypothesis since if it is correct, the designing of methanol
(CO) oxidation catalysts to contain a maximized number
of edge (step) adatoms on the catalyst surface may be one
way of improving the activity of methanol fuel cell catalytic
materials.

CONCLUSIONS

On all Pt/Ru surfaces investigated in this report as
methanol electrooxidation catalysts, methanol is activated
via a C–H bond split on the Pt surface phase, it degrades
to chemisorbed CO, water is activated on ruthenium, and
CO is oxidized at the oxophilic Ru sites. We have found,
however, that the decorated Pt/Ru catalyst fabricated in
this project is twice as active (in terms of the current den-
sity or turnover frequency) as the commercial Johnson &
Matthey catalyst, both of nominally identical Pt : Ru ratios.
We have also found that hydrogen adsorption/desorption
characteristics on the two catalysts are significantly differ-
ent, therefore, one possibility to interpret the methanol re-
activity difference is to link the two observations together.
If this is so, this would assume that the hydrogen stripping
capacity of the alloy surface (essential in the dehydrogena-
tion step, reaction (2)), is less than that of the decorated
surface. Possible reasons for such a behavior, relating to the
role of ruthenium oxide present on the alloy particles at po-
tentials of adsorbed hydrogen and methanol oxidation (12),
are discussed above. However, given the paradigm that Ru
nanoisland’s interiors are inactive to methanol decomposi-
tion, we may also conclude that ruthenium atoms present
at the edge of Ru nanosized islands display significantly
enhanced activity for the CO poison removal in compari-
son with the Pt/Ru alloy active sites. Since the Pt/Ru mixed
metal material is used as an anode in a direct oxidation
methanol fuel cell, these interpretations may give one a
clue about the optimized structure of high activity catalysts
of some specific fuel cell applications.
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