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The most prominent and intensively studied anode catalyst
material for direct methanol oxidation fuel cells consists of a
combination of platinum (Pt) and ruthenium (Ru). Classically,
their high performance is attributed to a bifunctional reaction
mechanism where Ru sites provide oxygen species at lower
overpotential than Pt. In turn, they oxidize the adsorbed
carbonaceous reaction intermediates at lower overpotential;
among these, the Pt site-blocking carbon monoxide. We
demonstrate that well-defined Pt modified Ru(0001) single
crystal electrodes, with varying Pt contents and different local
PtRu configurations at the surface, are unexpectedly inactive for
the methanol oxidation reaction. This observation stands in
contradiction with theoretical predictions and the concept of
bifunctional catalysis for this reaction. Instead, we suggest that
pure Pt defect sites play a more critical role than bifunctional
defect sites on the electrodes investigated in this work.

The bimetallic combination platinum-ruthenium (PtRu) is a
prominent and intensively studied bimetallic catalyst for their
application as anode material in direct methanol fuel cells.[1]

The underlying electrocatalytic methanol oxidation reaction
(MOR) does not necessarily proceed directly to CO2. Instead a
number of side products can form, i. e., formaldehyde, formic
acid, methylformate or adsorbed CO, which remain as incom-
plete reaction products in the solution or adsorbed on the
catalyst surface.[2] Among these side reactions, a vital issue is
the formation of strongly binding *CO as reaction intermediate,
which acts as catalyst poison, significantly lowering the catalyst
activity (the * denotes an adsorbed species throughout this

manuscript). Consequently, studies on both the MOR and the
electrocatalytic CO oxidation reaction (COOR) received much
attention over the last decades.[1a,b] It is well established that the
addition of Ru to the commonly employed bare Pt electro-
catalyst material reduces the overpotential for the COOR and
MOR. Historically, Watanabe and Motoo rationalized the
performance improvements for this family of catalyst materials
by a bifunctional Langmuir-Hinshelwood reaction mechanism.[3]

In this simple mechanistic picture, carbonaceous species adsorb
preferentially on Pt sites, and the oxophilic Ru sites provide
oxygen species (*OH/*O) at lower overpotential than Pt
promoting the formation of CO2.

[3] The amount and the local
atomic configuration of these bifunctional sites (catalytic
ensemble effect[4]) play a crucial role in the catalysts’ reactivity,
which depends on the material‘s nominal composition. Further-
more, mutual modifications of the electronic properties by the
foreign metal (ligand effect) modify the binding energies of the
adsorbates and contribute to the resulting catalytic properties.[5]

A combination of all these effects leads to the observation that
the maximum catalytic activity is not necessarily obtained for
catalyst materials with a 50 :50 Pt :Ru ratio and that the
optimum ratio will be different for the MOR and the COOR.[6]

In general, the COOR is considered as the rate-limiting step
for the MOR.[1a] In that context, Tritsaris and Rossmeisl
determined the reactivity of various flat and stepped mono-
and bimetallic surfaces making use of the concept of binding
energies as reactivity descriptor (specifcally for *CO and *OH
binding energies) and the so-called linear scaling relations.[7]

Their results suggest a high MOR activity of Pt80Ru20/Ru(0001)
surface alloys, which according to the authors is in qualitative
agreement with the high activity observed experimentally for
nanostructured catalyst materials with similar composition.[7]

Stimulated by this work, we here present experimental results
for the MOR on PtxRu1� x/Ru(0001) surface alloys prepared under
ultrahigh vacuum conditions (UHV), which present very similar
structural characteristics[8] to those in the computational work
introduced above. In addition we explored monolayer high Pt
island modified Ru(0001) (PtX� ML/Ru(0001)) and electrochemi-
cally restructured PtX� ML/Ru(0001) electrodes to elucidate other
structural parameters that possibly drive the MOR. In order to
discuss possible CO poisoning effects, we included the COOR
results from previous studies recorded on electrodes with
similar composition and structural properties.[6e,9]

Figure 1 and Figure 2 show the results from the electro-
chemical/-catalytic investigations on the various PtxRu1� x/Ru-
(0001) and Ptx� ML/Ru(0001) electrodes. In the case of PtxRu1� x/
Ru(0001) (Figure 1), we investigated electrodes with increasing
surface Pt contents (25 at.%, 35 at.% and 80 at.%). The corre-
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sponding STM images are shown in the insets, where Ru/Pt
atoms appear as bright/dark spots (reprinted from Ref. [8a]).
The STM images for PtX� ML/Ru(0001) electrodes (Figure 2) were
acquired before the MOR measurements. For PtX� ML/Ru(0001),
we investigated two samples with coverage of ca. 0.3 ML Pt,
but different island densities and another sample with ca.
0.5 ML Pt. The structure formation and structural properties of
the electrodes are described in the experimental section (see
also Ref. [8], Ref [10]). In Figure 1 and Figure 2, the left columns
show the cyclic voltammograms (CVs) recorded in N2-saturated
0.5 M H2SO4 electrolyte (black curves). The right columns show
an overlay of the MOR current (blue curves) recorded in 0.5 M
H2SO4+0.2 M MeOH and a part of the CO oxidation current (red
curves) recorded in CO saturated 0.5 M H2SO4. All voltammo-
grams were recorded at 10 mVs� 1. The full COOR curves,
showing significantly higher activities than the MOR curves, are
provided for comparison in the SI.

First, we briefly describe how the features in the CVs are
related to the structural properties of the electrodes (see also
Ref. [6a] and Ref. [9] for a detailed description). For all
electrodes, the Faradaic currents observed at potentials

<0.25 V are associated with the hydrogen evolution reaction
(HER) and hydrogen underpotential deposition (HUPD). The
oxidation/reduction peaks at potentials >0.25 V in the pos-
itive-/negative-going potential scan are attributed to the
reversible formation and desorption of *OH/*O on the Ru
surface. In the case of the PtxRu1� x/Ru(0001) electrodes, these
redox features are broader compared to the PtX� ML/Ru(0001)
electrodes. This broadening is caused by changes in Ru sites’
electronic properties induced by the incorporation of Pt
atoms.[6e]

In the positive-going COOR scan (red curve) CO poisoning
suppresses the current on all electrodes at potentials <0.50 V.
For PtxRu1� x/Ru(0001) electrodes the currents increase sharply
at potentials >0.5 V, reaching mass transport limitation be-
tween 0.75 V and 0.9 V, with currents around 650 μAcm� 2 (see
SI). In comparison, the PtX� ML/Ru(0001) electrodes are less active
than the surface alloys in the potential range investigated.[9]

Unexpectedly, the MOR studied on such electrodes (blue
curves) imply that all electrodes are almost inactive since the
MOR curves are almost indistinguishable from the CVs. The only
difference between the MOR and the CV curves is a slight

Figure 1. Electrochemical/-catalytic properties of PtxRu1� x/Ru(0001) surface
alloys with increasing Pt coverage (from top to bottom). The left column
shows the CVs (black curves) in plain electrolyte, and the right columns, the
COOR (red curves), and the MOR (blue curves). Full COOR curves are shown
in the SI. The insets show representative STM images (7 nm×7 nm), where
Pt/Ru atoms appear as dark/bright spots (reprinted with permission from
Ref. [8a]).

Figure 2. Electrochemical/-catalytic properties of PtX� ML/Ru(0001) surfaces.
First and second-row show Pt0.3� ML/Ru(0001) electrodes with different island
density, and the bottom row shows a Pt0.5� ML/Ru(0001) electrode. The left
columns show the CVs (black curves) in plain electrolyte and the right
columns show the COOR (red curves) and the MOR (blue curves). Full COOR
curves are shown in the SI. The insets show representative STM images
(100 nm×100 nm). “ !!” and “! !” indicate PtRu step and interface sites.
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increase of the MOR current at potentials > ~0.5 V. This
becomes more apparent from Figure S4 where the CV currents
are plotted together with the MOR currents. For a better
comparison of the MOR activities we isolate the MOR currents
by subtracting the CV currents from the MOR currents. With this
we remove the contribution from other surface redox processes
in the positive-going potential scan as discussed in more detail
in the SI. The resulting curves are shown in Figure 3. To explain
this unexpected low activity of the presented model electrodes
for the MOR, we discuss in the following paragraphs systemati-
cally the influence of CO poisoning, structural effects, and
electronic effects on the reaction.

Overall, CO poisoning cannot be the origin of the low MOR
activity for the following two reasons. First, the COOR is
sufficiently fast at potentials >0.5 V for all electrodes. Thus,
possible *CO forming as poisoning intermediate during MOR on
the surface should, in fact, readily oxidize to CO2 in this
potential region. Secondly, the presence of *CO should
suppress (or at least significantly lower) the HUPD and the HER at
potentials <0.25 V during the MOR as it is observed for the
COOR (in red), which is not the case (compare blue and black
curves in Figure 1 and 2). Thus, it can be reasonably excluded
that (i) the surface is significantly poisoned by *CO during the
MOR and that (ii) the electro-oxidation of *CO is the rate-
limiting step for the MOR on the type of bimetallic PtRu
surfaces investigated in this work.

The role of different structural properties on the COOR and
MOR activity is first discussed separately for the PtxRu1� x/
Ru(0001) and PtX� ML/Ru(0001) electrodes. Previous work shows
that for the COOR all PtxRu1� x/Ru(0001) electrodes are more
active than Ru(0001) terminated by a Pt monolayer or pure
Pt(111) electrodes, strongly suggesting that bifunctional effects
drive the COOR on these surfaces.[6e] The activity of the PtxRu1� x/
Ru(0001) electrodes is directly related to the abundance of
compact threefold Ru ensembles vicinal to a Pt atom (maximum
activity at ca. 25–35 at.% Pt).[6e] From the MOR curves in Figure 3
a) it seems that the activity increases slightly at potentials
>0.6 V with increasing Pt content. This possible trend should,
however, not be overinterpreted. More important is that the
low MOR activity apparently contradicts the classical bifunc-
tional mechanism, computational findings,[7] and that three-

and fourfold Pt ensembles adjacent to Ru atoms are beneficial
for the MOR.[6a–c] According to these concepts, the Pt0.8Ru0.2/
Ru(0001) electrodes were expected to be the most active
surface, which were also suggested from scaling relations to be
very active materials for the MOR.[7] We expected that at least
qualitative predictions from such scaling relations between
experiment and theory would hold, which was for example
successfully shown for the oxygen reduction reaction on well-
defined electrodes.[11]

For the PtX-ML/Ru(0001) electrodes it was shown in previous
studies that the COOR activity increases with increasing Pt
coverage (for coverages <1.0 ML).[9a] In that case, the activity
increase was attributed to an increase in the Pt area, with a
negligible effect of PtRu step sites at the Pt islands’ edges. In
contrast, the MOR activity on these electrodes is negligible,
even though the surface contains large Pt regions on the
monolayer high Pt islands, providing three- and fourfold
ensembles which were suggested to be beneficial for the
dehydrogenation of MeOH.[6a–c] Note that most of these
ensembles are, however, not located adjacent to Ru atoms,
except for those (i) at the interface between the monolayer
high Pt islands attached to the former Ru step (PtRu interface
sites) and (ii) at the perimeter of the Pt islands and the Ru(0001)
terrace (PtRu step sites) indicated by “! !” and “ !!” in the
STM images in Figure 2. An interesting observation from the
MOR curves in Figure 3 is that the PtX-ML/Ru(0001) electrodes
appear to be in general more active for the MOR compared to
the PtxRu1� x/Ru(0001) electrodes at potentials >0.7 V, even
though the latter contain a more considerable amount of
bimetallic PtRu surface sites. We suggest that the activity is
related to the different structural properties of these two types
of electrodes.

In a simplified picture, the PtX� ML/Ru(0001) electrode
surfaces contain two types of PtRu sites; namely the interface
and step sites introduced above. We assume that the PtRu
interface sites do not contribute significantly to the overall
activity since their flat geometric arrangement resembles that
of the PtxRu1� x/Ru(0001) surfaces, which are also almost inactive
for the MOR. Differently, the PtRu step sites consist of Pt atoms
with lower coordination than those in a flat configuration in the
surface alloys. It is well established that the very different
physical properties of such low-coordinated sites contribute in
different ways to gas-phase catalytic and electrocatalytic
activities compared to terrace sites.[12] In that sense, it has for
example been reported that the MOR activity on stepped Pt(hkl)
electrodes increases with an increasing number of Pt step
sites.[13] Furthermore, it is important to note that Ru modified
stepped Pt electrodes, are active for the MOR.[14] Based on the
MOR activity of the two samples with different Pt island density
and hence different amount of PtRu step sites (see blue and
orange curves in Figure 3 b)) we were, however, unable to
provide direct evidence that these sites contribute significantly
to the overall activity. Hence either the change in the number
of these sites is too low to result in a measurable current
contribution or these sites are merely inactive for the reaction,
possibly due to electronic effects discussed further below.

Figure 3. Comparison of the MOR activity in the positive-going scan of a)
PtxRu1� x/Ru(0001) and b) PtX� ML/Ru(0001) electrodes. Curves are obtained by
subtracting the CV (black curves) from the MOR curves (blue) from Figure 1
and 2. SI/LI refer to surfaces with large/small islands (see text for details).
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A former study also showed that the COOR activity of
PtX� ML/Ru(00001) electrodes significantly increases when the
surface is irreversibly restructured (obtained by successive
potential cycling to an upper potential limit fixed at 1.05 V).[9]

The STM images in Figure 4 a) and b) show a stable and
restructured surface of a Pt0.5� ML/Ru(0001) electrode. The stable
electrode‘s structural properties are similar to those on the as-
prepared electrode (see inset Figure 2 c)). The small additional
noisy features are residues from the electrolyte. On the
restructured electrode, cluster-like structures appear within the
perimeter of the original Pt islands, and Ru is removed from the
former Ru step edges, revealing the Ru terrace below (marked
by Ru#). The exact atomic composition/structure of the severely
restructured Pt areas is, unfortunately, not accessible from our
STM data. Previously we inferred that these structures are
primarily formed from Pt atoms, which migrate from the
monolayer islands in the second layer.[9] Furthermore we
suggested that these structures could also contain Ru atoms,
resulting from re-deposition of dissolved Ru on the newly
formed Pt structures. Based on a recent study on the dissolution
of Ag from AgPt/Pt(111) surface alloys, we suggest, however,
that with a flow-cell set-up redeposition of Ru atoms is unlikely
since it is more probable that dissolved species are transported
away from the electrode with the flowing electrolyte.[15] The
positive-going potential scans for the COOR (red) and MOR
(blue) on both stable and restructured electrodes are shown in
Figure 4 c). In both cases, the restructured electrodes are more
active than the stable counterparts at potentials >0.5 V.

Furthermore the MOR activity on the restructured electrodes is
significantly lower compared to the COOR activity. This
observation indicates that the COOR is not rate-limiting on
these electrodes for the same reasons as mentioned above.

First, note that the increase in activity for restructured
electrodes cannot be rationalized by an increase in Pt surface
area, since the restructuring of the monolayer high Pt islands
results in a decrease of effective Pt surface area. Second, we
suggest that the origin of the higher activity, for the COOR and
the MOR, is not attributed to a bifunctional effect at the
perimeter of the Pt structures, since these sites were shown
above to be rather inactive on the non-restructured electrodes.
Instead we assume that the increase in activity is due to an
increase in the number of Pt defect sites on the restructured Pt
areas. As mentioned above, low coordinated sites on vicinal
Pt(111) surfaces were shown to enhance the MOR.[13]

Finally, the low activity of the non-restructured electrodes
can eventually be rationalized by electronic effects, whose
impact on the adsorption properties of reactants on PtRu model
electrodes has been studied widely in the past. For example,
the binding energy of *CO,[16] *O[17] and *H2O

[18] on PtX� ML/
Ru(0001) electrodes decreases with decreasing Pt layer thick-
ness. This trend is ascribed to a downshift of the d-band centre
of the Pt atoms induced by the Ru(0001) support via strain and
ligand effects.[5b,19] Based on the concept of linear scaling
relations,[7,20] we assume that this trend is also valid for MeOH
and its reaction intermediates, which is discussed in detail in a
study focusing on the MOR activity on Pt multilayer modified
Ru(0001).[21] Furthermore, based on MeOH adsorption experi-
ments under UHV conditions, it was shown that the thermal
activation of MeOH is negligible for the first two Pt layers.[22]

Hence we propose that on the monolayer structures (surface
alloys and Pt monolayer islands) both the activation barriers for
the initial dehydrogenation of MeOH as well as the low binding
energy of its intermediates are responsible for the low activity.
Finally, note that MeOH adsorption and dissociation on clean
and *O pre-covered PtxRu1� x/Ru(0001) surfaces (similar to this
work) is possible under UHV conditions.[23] We suggest,
however, that these processes might not occur or are signifi-
cantly kinetically hindered under electrochemical conditions,
where the surface is presumably covered by densely packed
H2O, *O/*OH, (bi)sulfate,[24] hydrogen[25] adlayers or even a
combination of those at low potentials, acting as poison for the
MeOH adsorption/decomposition.

In total, our results on the non-restructured electrodes
demonstrate that the availability of bifunctional sites on a
catalyst surface does not necessarily enhance the MOR activity
and that *CO poisoning is not always a reasonable explanation
for low activities. Furthermore, we assume that the formation of
bimetallic sites on the restructured Pt areas is rather unlikely in
our experiment and hence from the higher MOR activities
observed on restructured electrodes, we infer that pure Pt
defect sites on the newly formed Pt clusters are catalytically
more relevant compared to the bifunctional sites at the
perimeter of the Ru(0001) supported Pt structures or the
bimetallic PtRu step sites on the non restructured PtX� ML/
Ru(0001) electrodes.

Figure 4. STM images (200 nm×200 nm) of Pt0.5� ML/Ru(0001) electrodes after
potential cycling a) to 0.90 V (stable electrodes) and b) after repeated cycling
to 1.05 V (restructured electrodes). Pt and Ru regions are annotated, where
Ru# denotes regions where the topmost Ru layer was removed. c) COOR (red
curves) and MOR activity (blue curves) recorded on stable (solid curves) and
restructured (dashed curves) Pt0.5� ML/Ru(0001) electrodes. The restructuring
was induced by 40 potential cycles to 1.05 V (not shown).
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