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ABSTRACT:Using a combination of periodic, self-consistent,
density functional theory (DFT) calculations and CO-
stripping voltammetry experiments, we have designed a new
class of Pt�Mbimetallic monolayer catalysts supported on a
non-Pt metal, which exhibit improved stability against CO
poisoning and might be suitable for proton-exchange mem-
brane fuel cell anodes. These surfaces help in reducing the
overpotential associated with anodic CO oxidation and
minimize the amount of Pt used, thereby reducing materials
cost. DFT calculations predict highly repulsive interactions
between adsorbed CO molecules on these surfaces, leading
to weaker binding and lower coverage of CO than on pure
Pt, which in turn facilitates oxidative removal of CO from
these catalytic surfaces.

Platinum, the monometallic catalyst of choice for the anode of
low-temperature fuel cells (FCs), shows very high activity for

the electro-oxidation of pure hydrogen. However, even trace
amounts of carbon monoxide present in the reformate H2/CO
mixture tend to poison the catalyst surface and substantially
increase the overpotential for this reaction (∼0.7 V).1,2 As a
result, identifying a CO-tolerant catalyst with low Pt content has
been the primary interest of several experimental3�6 and
theoretical7,8 studies. Various Pt alloys (e.g., PtRu, PtMo, PtSn)
have been proposed and shown to have highCO tolerance, leading
to lower overpotentials because of ligand effects and the bifunc-
tional nature of the catalyst.9 In this Communication, by using a
combination of density functional theory (DFT) calculations and
electrocatalytic experiments, we demonstrate an informed ap-
proach to designing a new class of anode alloy electrocatalysts
with lower Pt content and improved CO tolerance.

In an earlier study focused on the oxygen reduction reaction
(ORR) occurring at the cathode side of FCs, we showed that, by
depositing a single Pt monolayer on other metal substrates, the
reactivity of platinum atoms can bemanipulated by exploiting the
strain and ligand effects.10 Furthermore, the replacement of a
fraction of the Pt overlayer atoms with atoms of a more oxophillic
metal yielded remarkable improvements in ORR rates,11 mainly
by destabilizing OH intermediates on the Pt sites of the catalytic
surface. Inspired by the enhanced performance of these ternary
alloy cathode catalysts, we present here the design of an analogous
class of anode electrocatalysts. By suitable choice of the support
metal and the metal to be mixed with Pt atoms in the overlayer,
highly active electrocatalysts for the anodic H2 electro-oxidation in

the presence of CO are designed from first principles, prepared in a
single-crystal form, and characterized for electrocatalytic activity
experimentally. The repulsive interaction betweenCOmolecules on
the alloy surface is identified as a key reactivity descriptor.

First, using DFT calculations, we evaluate the combined strain
and ligand effects of depositing a Pt monolayer on Ir(111),
Ru(0001), and Pd(111) surfaces (see Supporting Information
(SI) for details of the calculations). CO binding energies
at 1/4 ML coverage on these surfaces are �1.27, �1.25, and
�1.87 eV, respectively. Compared to a value of�1.82 eV on pure
Pt(111), Pt*/Ir(111) and Pt*/Ru(0001) show significant reduc-
tion in CO binding energy, because of the compressive strain
within the Pt overlayer, induced by the smaller lattice constant of
the supporting metal, and the ligand effect between Pt and the
support metal. Next, we replace 1/4ML of the surface Pt atoms
with another metal (M), yielding surface compositions of Pt3M
for the overlayer. Subsequently, and in order to evaluate the
CO�CO interaction energetics, the CO binding energies at
coverages of 1/4 and

1/2ML are calculated. Figure 1 shows the
CO�CO interaction energies for all Pt3M overlayers on Ir(111),
Ru(0001), and Pd(111). Figure S2 (SI) shows the calculated
most stable configurations for CO at 1/2ML coverage on Pt3M
overlayers on Ir(111), which yields the most promising ternary
alloy compositions from those investigated here (see Figure 1).

The CO�CO interaction energies are positive for all M’s
considered in this study, indicating repulsive interactions,

Figure 1. Absolute CO�CO interaction energy [BE(θCO = 1/2ML)�
2BE(θCO = 1/4ML)] on various model surfaces. Positive interaction
energies indicate repulsive co-adsorption.
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destabilizing CO as its surface coverage increases. On Pt3M*/
Ir(111) surfaces, repulsion between CO molecules increases in
the orderM =Au, Pd, Pt < Rh < Ru <Re < Ir <Os. The higher the
CO�CO repulsion energy, the more CO-tolerant the surface
should be. For example, in the case of Pt3Os*/Ir(111), the
repulsion energy is 1.45 eV. At 1/4ML CO coverage, the binding
energies for the first CO on Pt*/Ir(111) and Pt3Os*/Ir(111)
surfaces are �1.27 and �2.29 eV, respectively. At 1/2ML CO
coverage, however, the differential binding energy for the second
CO on the Pt3Os*/Ir(111) is �0.83 eV, which is considerably
lower compared to the respective differential binding energy
of �1.01 eV on the Pt*/Ir(111) surface. For the model surfaces
studied here, and for cases with high CO�CO repulsion
energies, the first CO molecule (θCO = 1/4ML) adsorbing in
this unit cell goes onto highly reactive M atoms, whereas the
second COmolecule (θCO = 1/2ML) adsorbs on sites defined by
Pt atoms only. The CO�CO interaction energies on the Pt3M*/
Ru(0001) and Pt3M*/Pd(111) surfaces follow trends similar to
those found for Pt3M*/Ir(111), with some variations because of
different strain and ligand effects.

Because H2 electro-oxidation in itself is a relatively facile
reaction on the Pt(111) surface, the overpotential for that reaction
originates from the CO poisoning of that surface.12Watanabe9 has
proposed that the main reactivity descriptor for Pt-based anode
catalysts is their CO binding characteristics. Higher CO�CO
repulsion energy is expected to favor weaker Pt�CO interaction
and lead to lower CO coverages. Therefore, we expect that Pt3M
overlayers on different substrate metals, characterized by high
CO�CO repulsion energies, will show high reactivity toward H2

electro-oxidation in the presence of CO.
Given the above theoretical findings, we focused our experi-

mental efforts on systems with Ir(111) as the support of the Pt3M
overlayer. Accordingly, we synthesized electrocatalysts compris-
ing a Pt3M monolayer (M = Au, Pt, Pd, Ir, Rh, Re, or Os) on an
Ir(111) surface and then performed oxidative CO desorption
experiments on these model surfaces. As an example, the voltam-
metry curves for the deposition of a single Pt3Rh overlayer on the
Ir(111) single-crystal surface are shown in Figure S3 (SI).

CO adsorption on the resultant Pt3M*/Ir(111) surfaces is
performed by holding the electrode in a HClO4 solution at a
constant potential of 0.23 V (at which no CO oxidation takes place
on the surface) while CO is introduced into the cell. CO is then
removed from the solution through purging by Ar in order to study
its anodic stripping from the surface. Figure 2 presents the oxidative
CO desorption from Pt3Pd ML and Pt3Ir ML, each supported on
Ir(111), by sweeping the potential from 30mV. Figure 2 shows that
CO adlayers on the surfaces exhibit completely suppressed peaks in
the hydrogen adsorption/desorption region. The onset of CO
oxidation occurs at a less positive potential on the Pt3Ir*/Ir(111)
surface (0.55 V) than on the Pt3Pd*/Ir(111) surface (0.62 V), both
lower than that on a pure Pt(111) surface (∼0.70 V),1 indicating a
significant effect of the addition ofmetalMon the bonding ofCO to
Pt and also the enhanced CO�CO repulsion.

Further, we compare the theoretically calculated CO�CO
repulsion energy with the experimentally observed CO-stripping
potential on the Pt3M*/Ir(111) surfaces. As shown in Figure 3,
there is a good linear correlation between these two quantities,
which rationalizes our underlying design hypothesis that CO
destabilization, as controlled by surface composition, is a key
factor determining eletrocatalytic activity. In particular, the CO-
stripping potential drops from∼0.7 V on pure Pt(111) to 0.64 V
for Pt*/Ir(111), because of weaker Pt�CO binding due to the
compressive strain imparted by the Ir(111) substrate on the Pt
overlayer. Further, an additional ∼100 mV decrease in the CO-
stripping potential is realized by going from Pt*/Ir(111) to
Pt3Ir*/Ir(111) or Pt3Os*/Ir(111). This additional improvement
originates from the increased repulsive interaction between CO
molecules on the bimetallic Pt3M overlayer.

To elucidate the importance of the metal substrate, we then
calculated the CO binding energy (for 1/4 and

1/2ML coverages)
on the (111) facet of the Pt3Ir bulk alloy, which exposes a
monolayer of Pt3Ir on the surface, identical to the overlayer in the
Pt3Ir*/Ir(111) system, but in the case of Pt3Ir bulk alloy that
monolayer is supported by Pt3Ir, not Ir(111). On this Pt3Ir bulk
alloy, the first CO (1/4ML) binds to the (111) surface with a
binding energy of�2.35 eV, whereas on Pt3Ir*/Ir(111) this value
is �2.16 eV. The differential binding energy of the second CO
(1/2ML) on the (111) facet of Pt3Ir is �1.37 eV, and the
repulsion energy is 0.98 eV. The respective values on Pt3Ir*/
Ir(111) are�0.85 and 1.32 eV. Therefore, the (111) terminated
bulk alloy clearly binds CO more strongly than Pt3Ir*/Ir(111) at
all coverages probed and exhibits weaker CO�CO repulsion

Figure 2. CO-stripping peaks from the Pt3Pd*/Ir(111) and Pt3Ir*/
Ir(111) surfaces, obtained by sweeping the potential at a rate of 20 mV/s
in 0.1 M HClO4 purged by Ar. CO adsorption on the surfaces was done
by holding the electrode in a HClO4 solution at a constant potential of
0.23 V while CO was introduced into the cell. The blue and red arrows
indicate the onset potential for CO oxidation on the Pt3Ir*/Ir(111) and
Pt3Pd*/Ir(111) surfaces, respectively.

Figure 3. Measured CO-stripping potential on various Pt3M*/Ir(111)
surfaces as a function of the calculated absolute CO�CO repulsion
energy in a 2� 2 unit cell. The blue line is the best-fit line for the
Ir(111)-supported Pt3M monolayer systems: [CO-stripping potential
(mV/RHE)] = 636.8 � 69.8 � [CO�CO interaction energy (eV)];
R2 = 0.84.
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than Pt3Ir*/Ir(111). As a result, the (111) facet of Pt3Ir bulk alloy
is expected to have inferior CO tolerance compared to the
Pt3Ir*/Ir(111) overlayer structure. Our findings suggest that
the improved CO tolerance recently reported for PtIr bimetallic
alloys in electro-oxidation reactions13 may have been the conse-
quence of adsorbate-induced segregation, leading to the in situ
formation of Ir-rich subsurface layers, effectively resembling the
more CO-tolerant Pt3Ir*/Ir(111) structure identified in our studies.

Finally, we briefly comment on two relevant issues: (i) Under
typical reaction conditions, anode catalysts are expected to be
partially covered by OH species. Our studies do not account for
the co-adsorption of OH with CO, which could lead to the
bifunctional mechanism for CO electro-oxidation. Further stud-
ies would be needed to address possible interactions between
these two adsorbed species. Yet, the results shown in Figure 3
strongly suggest that the CO�CO interaction is a key reactivity
descriptor, even if not the only one. (ii) Analogous overlayer
structures studied in the context of ORR electrocatalysis were
remarkably stable, some of themmore stable than Pt, due to their
increased resistance of oxidation. Nevertheless, the long-term
stability of the mixed-metal Pt monolayer supported on other
metals, such as Ir and Ru, under anodic electro-oxidation condi-
tions needs to be investigated separately.

In conclusion, using first-principles calculations, we have
screened a number of mixed-metal Pt monolayer compositions
supported on other metals and identified a small set of promising
CO-tolerant Pt�M mixed monolayers supported on Ir(111).
Experimentally, these alloys showed high reactivity and lower
overpotential for CO-stripping compared to pure Pt(111). The
CO-stripping overpotential decreases with increasing CO�CO
repulsion energy. These electrocatalysts present attractive alterna-
tives to existing catalysts as a result of their decreased cost, high Pt
mass-specific activity, enhanced CO tolerance, and resultant reduc-
tion in overpotential for electro-oxidation of H2 in the presence of
CO. The molecular-level understanding provided by DFT calcula-
tions suggests that the enhanced CO tolerance originates from an
increased repulsive interaction between adsorbed CO molecules,
mediated by the novel electronic structure of these bimetallic
monolayer surfaces, which are supported by a non-Pt metal.
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