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Abstract: We have investigated the structure sensitivity of methanol electrooxidation on eight transition
metals (Au, Ag, Cu, Pt, Pd, Ir, Rh, and Ni) using periodic, self-consistent density functional theory (DFT-
GGA). Using the adsorption energies of 16 intermediates on two different facets of these eight face-centered-
cubic transition metals, combined with a simple electrochemical model, we address the differences in the
reaction mechanism between the (111) and (100) facets of these metals. We investigate two separate
mechanisms for methanol electrooxidation: one going through a CO* intermediate (the indirect pathway)
and another that oxidizes methanol directly to CO2 without CO* as an intermediate (the direct pathway). A
comparison of our results for the (111) and (100) surfaces explains the origin of methanol electrooxidation’s
experimentally-established structure sensitivity on Pt surfaces. For most metals studied, on both the (111)
and (100) facets, we predict that the indirect mechanism has a higher onset potential than the direct
mechanism. Ni(111), Au(100), and Au(111) are the cases where the direct and indirect mechanisms have
the same onset potential. For the direct mechanism, Rh, Ir, and Ni show a lower onset potential on the
(111) facet, whereas Pt, Cu, Ag, and Au possess lower onset potential on the (100) facet. Pd(100) and
Pd(111) have the same onset potential for the direct mechanism. These results can be rationalized by the
stronger binding energy of adsorbates on the (100) facet versus the (111) facet. Using linear scaling relations,
we establish reactivity descriptors for the (100) surface similar to those recently developed for the (111)
surface; the free energies of adsorbed CO* and OH* can describe methanol electrooxidation trends on
various metal surfaces reasonably well.

Introduction

Direct methanol fuel cells (DMFCs) are attracting consider-
able attention, especially in the area of portable-power
applications.1,2 Many of the problems present in hydrogen PEM
fuel-cell technology, particularly those concerning hydrogen
storage, can be circumvented by using methanol as a fuel.3

However, certain technical challenges, such as their low activity
and efficiency as compared to H2-PEM fuel cells, limit the
usefulness of DMFCs.4 Specifically, regarding electrocatalysis
at the DMFC anode, there are two related concerns: (1) CO is
a very stable intermediate resulting from methanol decomposi-
tion while simultaneously being a strong poison for the platinum
electrode and thus seriously reducing its activity;4 and (2) the
anode overpotential with existing technology is higher than that
of a hydrogen-based fuel cell, thus reducing the overall fuel
cell efficiency, even though the equilibrium potential of the
anode reaction is similar to that of the hydrogen fuel cell anode.

To solve these problems, various groups have proposed
modifying the anode catalyst.3 While Pt is the transition metal
with the highest activity for this reaction, it does not have
adequate electrooxidation activity at practically relevant over-
potentials.4 Several alloy catalysts (especially the well-known
Pt-Ru alloy4-6 and its derivatives7,8) have been proposed to
lower the working overpotential and increase the activity of
DMFC anodes through a combination of bifunctional9 and
ligand10,11 effects. However, there is still room for improvement
in catalyst design for two main reasons: (1) even with these
new materials, activity and efficiency are lower than desired,
and (2) most of these alloys are composed of very expensive
transition metals, and therefore the cost is prohibitive, particu-
larly for large-scale applications.

Density functional theory (DFT) has been used to better
understand many aspects of electrochemical reactions. For
instance, DFT has been implemented for elucidating the
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mechanisms for the oxygen reduction reaction,12,13 the hydrogen
evolution reaction,14 electrochemical water splitting,15 and
methanol electrooxidation.16,17 On the basis of this understand-
ing, one can identify essential characteristics for good electro-
catalysts; this approach has been successful in identifying new
materials for potential application as electrocatalysts.18,19 In
addition, DFT has been used to describe other relevant
electrochemical phenomena such as metal dissolution.20,21

To identify better catalysts for use as DMFC anodes, it is
important to understand the mechanism of methanol electrooxi-
dation on the catalyst surface. Recent work details a model of
this reaction using two “reactivity descriptors”, the adsorption
energies of carbon monoxide and hydroxyl, to predict the lowest
potential at which methanol electrooxidation can occur on close-
packed (111) and (0001) transition metal surfaces.17 Addition-
ally, this model allows for the prediction of the methanol
electrooxidation pathway at low potentials on those surfaces.
However, there is evidence that methanol electrooxidation may
be structure sensitive.16,22-24 Particle size effects have been
previously reported on supported Pt nanocatalysts for this
reaction.25,26 In single-crystal studies, higher currents at a given
potential for the Pt(100) surface as compared to the Pt(111)
surface have been reported at intermediate potentials.23 Ad-
ditionally, several groups have reported a difference in both the
mechanism of electrooxidation and the extent of CO* poisoning
on Pt(100) and Pt(111).16,22,23

In this work, we develop a model for methanol electrooxi-
dation on the (100) facets of eight fcc metals and contrast it
with that on the (111) facets of the same metals. Using this
framework, we elucidate the reasons for the structure sensitivity
of this reaction established on pure Pt. We then make predictions
as to the structure sensitivity of this reaction on seven other fcc
transition metals, where only limited systematic experimental
electrocatalytic studies could be found. Subsequently, we
generalize our findings by characterizing the onset potential (that
is, the potential at which the reaction is downhill in free energy)
of a general fcc(100) surface using two parameters: the free
energies of adsorbed carbon monoxide and hydroxyl species,
respectively. Finally, we suggest how our results can offer some

guidance toward the identification of improved DMFC anode
alloy catalysts.

Methods

The adsorption energetics of all adsorbates are calculated using
DFT as implemented through DACAPO, a total energy code.27,28

A periodic 3 × 3 surface unit cell (corresponding to a 1/9 ML
coverage for each adsorbate) of the fcc(100) surface with four layers
of metal atoms and five equivalent vacuum layers between
successive slabs is used in this study. Adsorption is allowed on
only one of the two exposed surfaces, with the dipole moment
adjusted accordingly.29,30 The bottom two layers of metal atoms
in each slab are kept fixed at their bulk positions, while the top
two layers are allowed to relax. Adding more layers of metal atoms
and allowing further relaxation showed a negligible effect on
adsorbate binding energies. Ionic cores are described by Vanderbilt
ultrasoft pseudopotentials.31 The Kohn-Sham one-electron sets are
expanded in a series of plane waves with a kinetic energy cutoff
of 25 Ry. The surface Brillouin zone is sampled using a
Monkhorst-Pack 4 × 4 × 1 grid.32 The exchange-correlation
energy is described by the self-consistent Perdew-Wang general-
ized gradient approximation (PW91-GGA).33 Electron density is
determined through the iterative diagonalization of the Kohn-Sham
Hamiltonian, Fermi population of the Kohn-Sham states (kBT )
0.1 eV), and Pulay mixing of the resulting electron density. All
total energies have been extrapolated to 0 K. The energetics
determined here are sufficiently accurate to determine trends for
methanol electrooxidation across the periodic table. Calculations
involving Ni are spin polarized. To account for zero-point energy,
we calculate vibrational frequencies of gas-phase molecules and
adsorbates on Pt by numerical differentiation of forces implementing
a second-order finite difference approach with a step-size of 0.015
Å.34 The Hessian matrix is mass-weighted and diagonalized to yield
the frequencies and normal modes of vibration for the adsorbed
species. We assume that the zero-point energies and entropies of
adsorbates on other metals are similar to that of Pt. Prior work has
shown that this assumption is fairly accurate.12,17

We also account for changes in entropy. For gas- and liquid-
phase molecules, tabulated values of entropy from the literature
are used.35 For molecules bound to the surface, the vibrational
entropy is calculated assuming a quantum mechanical harmonic
oscillator with the same vibrational frequencies as for the zero-
point energy.

All free energies are calculated relative to H2O, CO2, and H2;
for example, the free energy of methanol is calculated from the
reaction

as follows:

where TE is the total energy of reactant and product species
calculated by DFT, T is the standard temperature (298 K), ZPE is
the zero-point energy for the species as calculated from the
vibrational frequencies, and S is the entropy of the species. Free
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energies of surface intermediates are also calculated in a similar
manner, for example:

where TEclean is the total energy of the clean slab, TECHOH* is the
total energy of CHOH* adsorbed on a clean slab, ZPECHOH* and
SCHOH* are the zero-point energy and entropy for the adsorbed
CHOH*, and the rest of the terms are as defined above.

To treat the electrochemical potential (U), we apply the concept
of the computational standard hydrogen electrode (SHE).12 For this
reference, under standard conditions, the free energy of two protons
and two electrons at zero potential is equal to the free energy of
the hydrogen molecule. The change in free energy at a given
potential U of a reaction involving the formation of a proton electron
pair versus that at the SHE is equivalent to ∆G ) -eU, where e
is the charge on the electron. This approach has been used to
successfully describe several other reactions; further details can be
found therein.12,36-38

Using this concept, we can calculate the onset potential and
reaction pathway of methanol electrooxidation in the following
manner. Given that an applied potential U will change the free
energy of all electrons by ∆G ) -eU, if one looks at the overall
reaction mechanism (Figure 1), on any catalytic surface, there exists
a potential at which the free energy of all reaction steps along at
least one oxidative pathway becomes exothermic in the product
direction. We define this potential as the onset potential of the
reaction. Mathematically, this is defined as:

where i refers to steps along a given pathway, j is the set of all
possible pathways, ∆GSHE is the change in free energy for the
reaction step at 0 V versus SHE, e is the charge on an electron,
and Uonset is the onset potential. One can also use this information
to define the possible reaction pathway at the onset potential.

Furthermore, the most endothermic step along this pathway is
defined as the potential-determining step, as it defines what the onset
potential will be on a given catalytic surface. Yet, we note here
that while at U ) Uonset, methanol electrooxidation is thermody-
namically feasible, kinetics and surface poisoning may render the
activity of the catalyst very low at this potential.

Results and Discussion

The overall anode reaction for direct methanol fuel cells is:

This reaction can follow multiple pathways; in the present
analysis, we restrict ourselves to possible intermediates occurring
in proton- and electron-transfer reactions. Additionally, we
consider only Heyrovsky-type reactions,39 except in the case
of adsorbed CO* and OH* forming gas-phase CO2 and a proton/
electron pair, where CO-O bond formation and a Heyrovsky
proton-electron transfer step occur. Importantly, we include
only the thermodynamic barriers; while kinetics will play a role,
we believe that the general trends described here provide a valid
representation of fuel cell chemistry on different metal surfaces.
Intermediates that are closed-shell molecules (e.g., CH3OH,
CO2) are treated as gas-phase molecules, as the bond energy to
the surface will be unlikely to overcome the entropy loss through
surface binding. Hydrogen adsorption is not considered in our
study, as at any reasonable DMFC anode potential hydrogen
coverage is known to be very low.40

The overall reaction pathways considered in our analysis are
given in Figure 1. Two broad classes of reaction mechanism are
accounted for: (1) the direct mechanism, wherein methanol is
oxidized to CO2 without going through a CO* intermediate, and
(2) the indirect mechanism, where CO* is a reaction intermediate.
The exact pathway utilized under standard methanol electrooxi-
dation conditions has been the subject of discussion in the
literature;16,41-44 accordingly, the role of different surfaces in
selectively promoting either of these pathways is unclear. For
example, several groups have asserted that at moderate potential,
the reaction on Pt takes place via the direct mechanism on the (111)
facet, but via the indirect mechanism on the (100) facet.16,23 Jarvi
and Stuve22 also point to the difference in CO* poisoning of the
two surfaces as indicative of possible structure sensitivity in the
reaction mechanism. Unfortunately, only limited mechanistic
analysis is available on facets of other transition metals.41 The
relative free energies of all reaction intermediates on the eight
fcc(100) surfaces studied here are given in Table 1. These can be
compared to the energetics of the same reaction intermediates on
the corresponding fcc(111) surface, as reported recently17 and also
provided in Table 1. We note that a positive value in the table
indicates that the surface species is not as stable as the reference
molecules at the standard conditions (CO2(g), H2O(l), and H2(g)
at 298 K and 1 bar pressure); while these molecules can exist on
the surfaces studied, reaction to form the reference molecules would
be exothermic at standard conditions.
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Figure 1. Schematic representation of the reaction paths and possible
intermediates considered here for methanol electrooxidation. Green arrows
indicate the indirect mechanism to CO2 formation. Arrows to the right also
include the generation of a proton/electron pair (not shown) from either
the carbonaceous species or the surrounding H2O (the latter implies the
addition of a hydroxyl group). We note that liquid-phase reactions can take
place for CH2O and HCOOH, but are not included in our analysis.23

CO2(g) + 2H2(g) + * f CHOH* + H2O(1)

∆GCHOH* ) TEH2O + TECHOH* - TECO2 - 2*TEH2 -
TEclean + ZPEH2O + ZPECHOH* - ZPECO2 - 2*ZPEH2 -

T*(SH2O + SCHOH* - SCO2 - 2*SH2)

Uonset ) min(max(∆GSHE
i

e ))
j

CH3OH + H2O f CO2 + 6H+ + 6e-
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Electrooxidation of Methanol on Pt(111) and Pt(100). As Pt
is known to be the best monometallic catalyst for the elec-
trooxidation of methanol,16,45,46 we begin our analysis by
looking at the differences between methanol electrooxidation
on the (100) and (111) surfaces of this metal. The stability of
all intermediates studied on these two surfaces is compared in
Figure 2. The more open Pt(100) surface binds all intermediates
more strongly than the closer-packed (111) surface. If one looks
at the d-band center of the two facets (shown in Table 1), one
can see that Pt(100) has a d-center closer to the Fermi level
than the Pt(111) surface, which would explain the higher
reactivity of the surface.47 This result is not surprising, given
the lower coordination of the (100) surface atoms (each surface

atom has eight nearest neighbors as compared to nine on the
(111) surface; bulk fcc metal atoms have 12 nearest neighbors).48

One can calculate the onset potential for the overall chemical
reaction for each metal on both the (100) and the (111) surfaces
(see Figure 3). For Pt, the onset potential of the direct
mechanism is somewhat lower on the (100) surface (0.37 V on
(111) versus 0.21 V on (100)). The indirect (via CO*)
mechanism is significantly easier on the (100) surface (0.56 V
vs 0.92 V on the (111) surface). This large difference in the
indirect mechanism is a result of the much stronger binding of
OH*, and therefore the much more accessible water activation,
on the (100) facet as compared to the (111) facet. Because of
the very strong binding of CO* on the (100) surface (much
stronger than the binding on the (111) surface), the activity of
methanol electrooxidation through the direct mechanism on the
(100) surface will be very low due to CO* poisoning of the
surface; however, the formation of CO2 via the direct mechanism
at low potentials has been noted on this surface at relatively
low potentials.49-51 At intermediate potentials (U ≈ 0.6 V),
both the direct and the indirect pathways are thermodynamically
available on Pt(100), whereas on Pt(111) only the direct pathway
is available. Given the high CO* coverage that is likely to be
present on both surfaces (due to that intermediates’ stability),
the energetic availability of the indirect pathway on Pt(100) at
intermediate potentials may also account for its higher reactivity
than that of Pt(111) at such potentials, as the indirect pathway
allows for the removal of the CO* poison. This is consistent
with the experimental and theoretical observations of Cao et
al.,16 who found that the direct pathway accounted for the
activity at intermediate potentials on Pt(111) but that the indirect
pathway is dominant on Pt(100) at these potentials. At higher
potentials, we predict that the indirect pathway becomes
available to Pt(111) as well. This is in line with experiments,
which find that at these potentials, the activity of the two
surfaces is very similar.22 A direct quantitative comparison
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Table 1. d-Band Center with Respect to the Fermi Level (εd - εf) and Calculated Adsorption Free Energies (in eV) for Methanol
Electrooxidation Intermediates at Standard Conditions (298 K, 1 bar) on the (111) and (100) Facets of Eight fcc Metalsa

facet εd - εf CH3O CH2OH CHOH H2COOH CHO COH H2COO C(OH)2 CO CHOO COOH OH

Rh (111) -2.10 0.46 0.63 0.43 0.91 0.30 -0.07 1.33 0.46 -0.58 0.25 0.32 0.54
(100) -1.88 0.18 0.27 -0.01 0.25 -0.60 -0.55 0.16 0.14 -0.90 -0.06 -0.19 0.02

Ir (111) -2.92 0.72 0.51 0.47 0.91 0.32 0.01 1.36 0.25 -0.49 0.24 0.26 0.67
(100) -2.64 0.02 0.03 -0.30 0.27 -0.66 -0.59 0.04 -0.27 -1.05 -0.14 -0.32 -0.08

Ni (111) -1.59 0.27 0.96 0.80 0.67 0.53 0.21 1.25 0.92 -0.56 0.39 0.65 0.29
(100) -1.49 0.04 0.60 0.45 0.21 0.27 -0.12 0.66 0.56 -0.71 -0.08 0.28 -0.04

Pd (111) -1.86 1.08 0.63 0.70 1.28 0.46 0.26 2.42 0.65 -0.62 0.85 0.71 1.04
(100) -1.75 0.83 0.63 0.29 0.97 0.29 0.04 1.59 0.26 -0.62 0.65 0.40 0.70

Pt (111) -2.48 1.15 0.41 0.39 1.24 0.36 0.05 2.43 0.14 -0.41 0.94 0.51 1.16
(100) -2.38 0.71 0.31 -0.18 0.96 0.18 -0.08 1.39 -0.04 -0.78 0.61 0.17 0.56

Cu (111) -2.57 0.63 1.59 1.96 0.99 1.58 2.03 1.77 1.64 0.62 0.43 1.38 0.57
(100) -2.48 0.29 1.26 1.57 0.52 1.21 1.56 0.73 1.45 0.50 0.12 1.01 0.17

Ag (111) -4.23 1.06 1.77 2.51 1.39 1.84 3.00 2.50 1.98 1.23 0.89 1.71 0.98
(100) -4.17 0.70 1.64 2.17 0.96 1.71 2.76 1.65 1.92 1.02 0.50 1.45 0.53

Au (111) -3.45 1.82 1.39 2.18 2.11 1.50 2.57 3.42 1.56 1.23 1.41 1.55 1.71
(100) -3.40 1.32 1.18 1.46 1.48 1.30 1.58 2.35 1.37 0.72 1.07 1.34 1.10

a Entries for Pt are in bold. CO2(g), H2O(l), and H2(g) are used as reference. Zero-point energy and entropy corrections are included. Calculated free
energies for closed-shell gas-phase intermediates are: CH3OH ) 0.11 eV; CH2O ) 0.71 eV; HCOOH ) 0.42 eV; CO2 ) 0 eV. The absolute DFT error
for these molecules is reasonably small; for comparison, the standard table values are: CH3OH(g) ) 0.05 eV; CH2O(g) ) 0.57 eV; HCOOH(g) ) 0.44
eV; CO2(g) ) 0 eV.

Figure 2. Free energies for all methanol electrooxidation intermediates
on the Pt(111) and Pt(100) surfaces, with H2, CO2, and H2O as a reference;
see also Table 1. In red/orange are the most stable intermediates for each
step on the (111)/(100) facet, respectively. Other isomeric intermediates
with a higher energy are shown in blue/green, respectively. The energy
levels of gas- and liquid-phase molecules, independent of the metal surface,
are shown in black. The x-axis indicates how many proton/electron
pairs have been created from the original reactants (e.g., CH3OH +
H2Of HCOOH (g) + 4H+ + 4e-).
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between model and experiments is beyond the scope of this
work, due to kinetic, diffusion, coverage, solvent, and other
effects not included in this simple model. However, we believe
our model is adequate for capturing trends in reactivity across
surfaces, as discussed here.

Methanol Electrooxidation on (111) and (100) Surfaces of
Other Transition Metals. We can also extend this analysis to
other metals to examine the trends in structure sensitivity across
transition metals. The free energies of adsorption for the selected
surface intermediates on both the (111) and the (100) facets of
eight transition metals are given in Table 1. A comparison of
the onset potential for the direct and indirect mechanisms on
these surfaces is shown in Figure 3. The pathway and potential-
determining step for the direct and indirect mechanism on the
(100) and (111) surface of each transition metal are shown in
Figure 4.

Direct Mechanism. For the transition metals studied, almost
all surface species are bound more strongly on the (100) than
on the (111) surface (CO* and H2COH* have the same free
energy on Pd(111) and Pd(100)). As noted previously, this
higher reactivity for the more open surfaces is in line with the
upshift in the d-band center for the more open surface as
compared to the (111) surface and, therefore, is of electronic
origin (see Table 1). As a result, reaction steps involving the
transformation of a gas-phase species to a surface species are
more exothermic on the more open surface; conversely, steps
involving the formation of a closed-shell molecule will be
energetically more difficult on the more-open surface. Conse-
quently, for the three group 11 metals (Au, Ag, Cu) and the
direct mechanism, where initial H abstraction from methanol
is the onset-potential determining step (PDS) on the (111)
surface, the onset potential is much lower on the (100) facet
(see Figures 3A,B and 4A,B). In fact, for Cu, the increased
binding results in a change in the PDS: from initial H abstraction
on the (111) surface to the release of a surface species to the
gas-phase on the (100) surface. On Pt, where the PDS does not
involve a closed-shell molecule, the effect of facets on the ∆G
of the potential-determining step is more ambiguous. On both
Pt facets, the initial H abstraction requires a potential within

0.1 V of the reported PDS. As with the group 11 metals, initial
H abstraction is easier on the more open (100) surface of Pt.
For the direct mechanism, on Rh, Ir, and Ni, the (111) surface
has a lower onset potential than the (100) surface. In the case
of Rh and Ir, the potential-determining step on the more close-
packed surface is the initial H abstraction; this becomes easier
on the (100) surface due to the stronger bonding; however, the
release of the surface intermediates becomes more difficult, and

Figure 3. The onset potential and potential-determining steps for methanol electrooxidation via the direct and indirect mechanisms on the (111) and (100)
facets of 8 transition metals. (A) Direct mechanism, (111) facet. (B) Direct mechanism, (100) facet. (C) Indirect (via CO*) mechanism, (111) facet. (D)
Indirect (via CO*) mechanism, (100) facet. The color of each bar indicates the potential-determining step, as explained in each legend.

Figure 4. (A,B) The thermodynamic minimum-energy paths for methanol
electrooxidation along the direct mechanism on the (111) [A] and (100)
[B] facets of the metals studied, with the potential-determining step indicated
in red for each metal. (C,D) The thermodynamic minimum-energy paths
for methanol electrooxidation considering only the indirect mechanism on
the (111) [C] and (100) [D] facets of the metals studied, with the potential-
determining step indicated in red for each metal. Arrows with no metal
name indicated on them were considered as possible steps but are found
not to be thermodynamically favorable for any of the metals studied.
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thus the onset potential is much higher on the open surface. In
the case of Ni, even on the (111) facet the PDS is the
transformation of a surface species to a closed-shell species; as
expected, this can be accomplished at a much lower potential
on the weaker-binding (111) surface than on the (100) surface.
Pd is an exception; the initial hydrogen abstraction to form
CH2OH* is equally difficult on both facets, and thus there is
no change in PDS or onset potential between the two Pd facets
considered.

Indirect Mechanism. As shown in Figure 3, on both the (111)
and the (100) surfaces for every metal, the indirect mechanism
has an onset potential equal to or greater than the onset potential
characterizing the direct mechanism. Figure 4C and D shows
the mechanism and potential-determining step for methanol
electrooxidation along the indirect pathways for these metals.
The trend in onset potential for the indirect mechanism for
different facets of the same metal is very similar to that found
for the direct mechanism. As with the direct mechanism, for
the indirect mechanism Rh, Ir, and Ni show a higher onset
potential on the more-open (100) surface than the close-packed
(111) surface. For the indirect mechanism on these metals, there
is a change in the PDS between the two surfaces studied. On
the (111) surfaces, water activation for Rh and Ir is the PDS;
on Ni, it is the removal of methoxy. Because of the stronger
binding of all species on the (100) surfaces, the H abstraction
becomes easier, but poisoning the surface by reactive intermedi-
ates becomes a problem. On Rh(100), Ir(100), and Ni(100),
removal of OH* and CO*, due to their too-strong binding, is
the PDS (see Figure 3D). In contrast to these three metals, on
Pt and Pd the onset potential is much lower on the open surface
than the close-packed one, because of the much stronger binding
of OH* on the Pt and Pd(100) surfaces (GOH* of 0.70 and 0.56
eV for Pd(100) and Pt(100) as compared to GOH* of 1.04 and
1.16 eV on the respective (111) surfaces). This stronger binding
allows for much easier water activation on the (100) surface.
As water activation (either directly or through carboxyl forma-
tion) is the PDS for the indirect pathway on both facets of Pt
and Pd, the more facile H2O activation on the open surface
results in a lower onset potential. For group 11 metals, stronger
binding of species on the (100) surface as compared to the (111)
surface makes dehydrogenation reactions (H abstraction from
methanol for Au; H abstraction from H2CO for Cu and Ag)
much more favorable at low potentials on the (100) surface than
on the (111) surface.

Structure Sensitivity. By comparing the onset potential of
the direct and indirect mechanisms on different facets of the
same metal (as in Figure 3), one may derive information on
the structure sensitivity of methanol electrooxidation on each
metal. We note that, to our knowledge, systematic experimental
studies have not been performed to determine the structure
sensitivity of methanol electrooxidation on metals other than
Pt. On Au, the onset potential for both mechanisms on both
facets is extremely high, although significantly higher for the
(111) facet than the (100) facet. On Ag, there is a possibility of
reaction occurring through the direct mechanism on the (100)
facet at intermediate potentials (U ≈ 0.6 V); on neither facet is
the indirect mechanism competitive. On Cu(100), the indirect
and direct mechanisms have similar onset potential, although
different PDS. In contrast, on Cu(111), the direct mechanism
has an onset potential clearly lower than the indirect mechanism,
and the PDS for the two mechanisms is different. As noted
previously, the difference in onset potential on Pt for the indirect
mechanism between the (100) and (111) facets will lead to

dominance of that pathway on the more-open facet at intermedi-
ate potentials, while the relative ease of the direct pathway for
both facets at low potentials allows methanol electrooxidation
at such potentials even on the (111) surface. On Pd(100), the
direct mechanism has a lower onset potential than the indirect
mechanism. On Pd(111), the indirect mechanism is not competi-
tive at all. Yet, the nature of the PDS remains invariant with
Pd facet for both the direct and the indirect mechanism. On Rh
and Ir, the direct mechanism has a much lower onset potential
than does the indirect mechanism for both facets. On Ni, the
indirect and direct pathways have similar onset potentials on
each surface, but clearly the onset potential is higher on the
(100) facet than it is on the (111) facet, a signature of structure
sensitivity.

The origin of this structure sensitivity can be understood in
the stronger binding of all intermediates on the less-coordinated
sites of the (100) surface as compared to the (111) surface.48,47

For metals where the potential-determining step for methanol
electrooxidation is the formation of surface species (e.g., Au),
the stronger binding leads to a lower onset potential on the (100)
surface. For more reactive metals (e.g., Ni), where the potential-
determining step is the removal of a surface species from the
surface, the close-packed (111) surface will have a lower onset
potential, as the adsorbates can more easily be removed from
that surface.

Reactivity Descriptors for Methanol Electrooxidation. Direct
Mechanism. In a recent paper,17 we demonstrated that the free
energy of molecules adsorbed through carbon is linearly
correlated with the free energy of adsorbed carbon monoxide
(CO*) on the (111)/(0001) surface of transition metals. Ad-
ditionally, the free energy of molecules bound through oxygen
is linearly correlated with the free energy of surface hydroxyl
(OH*). This correlation between adsorbate binding can be
understood through the following model: Adsorption on a
transition metal surface can be understood as the interaction of
two types of transition metal electron states, the hybridized sp
states and the d states of the metal, with the adsorbate sp
hybridized states. Across transition metals, there is very little
variation in the sp states; thus variation in the d states accounts
for much of the difference in adsorption strength across
transition metals. The interaction of the d states and the sp states
of any given adsorbate, therefore, determines relative bond
strength on different metals. Because this is true of all adsorbates
bound through the same atom (e.g., OH* and CH3O*), they are
also linearly correlated with each other. The slopes for the
correlation of different adsorbates can be understood through
the differences in generalized bond order of the adsorbed atom.
For a more detailed explanation, we refer the reader to Abild-
Pedersen et al.52 and references therein.53 Here, we find that a
similar scaling exists (with different correlations) between
species bound to the (100) surface of transition metals. The
different correlations for the two surface terminations are not
surprising, given the different adsorption geometries and sites
on the different surfaces.52 Thus, we can describe methanol
electrooxidation on the (100) surface using the same two key
reactivity descriptors derived for the (111)/(0001) surfaces, GCO*

and GOH*. A selection of the correlations for individual steps
and reaction intermediates on the (100) surface is given below
(all correlations are provided in the Supporting Information).

(52) Abild-Pedersen, F.; Greeley, J.; Studt, F.; Rossmeisl, J.; Munter, T. R.;
Moses, P. G.; Skulason, E.; Bligaard, T.; Nørskov, J. K. Phys. ReV.
Lett. 2007, 99, 016105.

(53) Bell, A. T.; Shustorovich, E. J. Catal. 1990, 121, 1.
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The respective correlations on the (111)/(0001) surfaces are
taken from ref 17. The correlations on the (100) surface are:

The above analysis suggests that the adsorption free energies
of CO* (GCO*) and OH* (GOH*) are two key descriptors for the
overall reaction scheme shown in Figure 1 and that these
quantities can be used to estimate the adsorption free energies
for all other reaction intermediates implicated in the direct and
indirect mechanism. This allows us to get a simplified overview
of the reaction mechanism. The two-dimensional phase-space
generated by the continuous variation of these two parameters
is mapped out in Figure 5, where the different regimes (shown
as a function of GCO* and GOH*) correspond to particular
potential-determining steps and are labeled accordingly. The
lines in Figure 5 represent the border between two regimes with
different potential-determining step. Figure 5 also illustrates the
compromises necessary to have a low onset potential. The lowest
onset potential for the direct mechanism on both surfaces occurs
at moderate OH* binding. On the (111) surface, Rh and Ni have
good binding properties required for a low onset potential; for
the (100) surface, Cu and Pt have very good binding charac-
teristics for low onset potential along the direct mechanism. We
stress that the reaction onset potential is only one important
parameter in determining the efficiency of a fuel cell. For a
highly active electrocatalyst, it is also important to avoid CO*
poisoning. In this respect, metals farther to the right (higher
GCO*) are better. Additionally, many metals oxidize or dissolve21

under electrochemical conditions, rendering them unfit for use
as DMFC anode catalysts.

It is instructive to note the differences in the phase-spaces in
the direct mechanism on the two facets studied (panels A and
B in Figure 5). While the same potential-determining steps are
mapped by the phase-spaces on both facets, the lowest-onset-
potential region on the (100) surface is lower in GOH*, while
slightly higher in GCO*. If one were to superimpose the
isopotential spaces of the two surfaces, the boundaries between
different potential-determining steps (shown in Figure 5) would

be shifted down and to the right for the (100) surface as
compared to the (111) surface.

Indirect Mechanism. A similar examination of the indirect
mechanism is also of value, for the following reasons. First, as
explained above, multiple groups have speculated on the
existence of the indirect mechanism, at least on some facets of
the Pt surface. Second, an efficient anode for direct methanol
fuel cells will have to address the problem of CO* poisoning.
By allowing any CO* generated through decomposition of
methanol to completely oxidize, one can alleviate the latter
problem. Using a similar analysis to the one described above,
we employ the linear scaling relationships to map out the indirect
mechanism phase-space. Selected correlations applicable to the
indirect mechanism on the (100) facet are given below; those
for the (111) facet are taken from ref 17. The correlations on
the (100) surface are:

The phase-space for the onset potential of the indirect mecha-
nism for both the (111) surface and the (100) surface are given
in Figure 5, panels C and D, respectively. As with the direct
mechanism, the general shape of the two spaces is similar. On
both facets studied, for surfaces with weak CO* binding, the
formation of formyl (CHO*) is potential-determining. For strong
CO* binding, the oxidation of CO* is difficult. For strong OH*
binding, the decomposition of adsorbed methoxy to formalde-
hyde is potential-determining, while weak OH* binding indicates
difficulty with the activation of water, either directly or through
the COOH* intermediate. Weak CO* and OH* binding indicates
difficulty with initial methanol oxidation for both surfaces.

Figure 5 can also illustrate the structure sensitivity of a
particular metal. The relative position of any surface on that
map will depend on the CO* and OH* binding, which will vary
from facet to facet for a given metal. By comparing the relative
position of a metal on the map for each facet, one can predict
the potential-determining step and onset potential for each facet,

CH3OH(g) f CH2OH* + H+ + e-

GCH2OH* ) 0.66*GCO* + 0.89 eV
∆G ) 0.66*GCO* + 0.78 eV

CH3OH(g) f CH3O* + H+ + e-

GCH3O* ) 1.08*GOH* + 0.11 eV
∆G ) 1.08*GOH*

CH2OH* f CH2O(g) + H+ + e-

GCH2OH* ) 0.66*GCO* + 0.89 eV
∆G ) -0.66*GCO* - 0.18 eV

CH2O(g) f CH2OOH* + H+ + e-

GCH2OOH* ) 1.08*GOH* + 0.30 eV
∆G ) 1.08*GCO* - 0.41 eV

CH3O* f CH2O(g) + H+ + e-

GCH3O* ) 1.08*GOH* + 0.11 eV
∆G ) -1.08*GOH* + 0.60 eV

CHO* f HCOOH(g) + H+ + e-

GCHO* ) 1.01*GCO* + 0.69 eV
∆G ) -1.01*GCO* - 0.27 eV

CH3OH(g) f CH2OH* + H+ + e-

GCH2OH* ) 0.66*GCO* + 0.89 eV
∆G ) 0.66*GCO* + 0.78 eV

CH3OH(g) f CH3O* + H+ + e-

GCH3O* ) 1.08*GOH* + 0.11 eV
∆G ) 1.08*GOH*

CH3O* f CH2O(g) + H+ + e-

GCH3O* ) 1.08*GOH* + 0.11 eV
∆G ) -1.08*GOH* + 0.60 eV

CH2O(g) f CHO* + H+ + e-

GCHO* ) 1.01*GCO* + 0.69 eV
∆G ) 1.01*GCO* - 0.02 eV

H2O(l) f OH* + H+ + e-

∆G ) GOH*

CO* + OH* f CO2(g) + H+ + e-

∆G ) -GCO* - GOH*

CO* f COOH* + H+ + e-

GCOOH* ) 0.80*GCO* + 0.70 eV
∆G ) -0.20*GCO* + 0.70 eV
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allowing the nature of the structure sensitivity on that metal to
be predicted.

As seen in Figure 5, multiple regions in the phase-space of
the potential-energy surface are sampled by the set of eight fcc
metals on the (100) surface. However, the onset potential for
the indirect mechanism of the monometallic surfaces is too high
for practical use in direct methanol fuel cell anodes, as illustrated
in Figure 3. Thus, it is important to screen for alloy catalysts,
which may have lower onset potential. The predictive capacity
of this approach, then, is to quickly identify sets of metals that
may have synergistic effects. Using these two descriptors, we
can see that for improved performance, we should seek an alloy
that has moderate binding of both CO* and OH*. In particular,
Figure 5 suggests that to promote the indirect mechanism further
than on Pt(100), one has to devise an alloy surface that would
bind CO* weaker than Pt(100) and OH* slightly stronger than
Pt(100). On (111) surfaces, the indirect mechanism has a low
onset potential on Ni; yet Ni may suffer from other problems
such as dissolution in the reactive environment. Thus, an alloy
surface that has binding characteristics similar to those of Ni
but that is more resistant to degradation should be sought. One
way to get such a material is to find an alloy with a surface
composed of two separate metals. Such an alloy (such as the
well-known Pt-Ru alloy) would need to consist of metals with

different potential-determining steps (as can be easily determined
from Figure 5). This alloy would utilize a bifunctional mech-
anism, where one type of site can perform one difficult step
(e.g., H2O activation on Ru) and the other site can easily activate
a different step (e.g., initial methanol dehydrogenation or CO
oxidation, which can be done on Pt). A second model alloy
system may be one with homogeneous metal surface sites, which
have been electronically modified, either through strain or ligand
effects, such as the so-called near-surface alloys11,54-56 pos-
sessing the desired properties. As the present work shows, the
considerable structure sensitivity in metal surfaces should also
be taken into account when designing such a catalyst; the
stability of different alloy crystal facets may be a determining
factor in overall catalyst reactivity.

Conclusions

We have investigated the onset potential and the mechanism
of methanol electrooxidation on two different facets of eight

(54) Alayoglu, S.; Nilekar, A. U.; Mavrikakis, M.; Eichhorn, B. Nat. Mater.
2008, 7, 333.

(55) Zhang, J. L.; Vukmirovic, M. B.; Sasaki, K.; Nilekar, A. U.;
Mavrikakis, M.; Adzic, R. R. J. Am. Chem. Soc. 2005, 127, 12480.

(56) Zhang, J. L.; Vukmirovic, M. B.; Xu, Y.; Mavrikakis, M.; Adzic, R. R.
Angew. Chem., Int. Ed. 2005, 44, 2132.

Figure 5. The potential-determining steps for methanol electrooxidation on (111) and (100) facets plotted using GCO* and GOH* as descriptors. (A) Direct
mechanism on (111) surfaces. (B) Direct mechanism on (100) surfaces. (C) Indirect mechanism on (111) surfaces. (D) Indirect mechanism on (100) surfaces.
These two adsorption free energies describe the whole reaction landscape and can be used to estimate the potential through the linear relations described in
the text. For each region, the potential-determining step (PDS) is given. For the direct mechanism, region (a) has CH2O f H2COOH as the PDS; the PDS
for region (b) is CH2OH f H2CO. The x- and y-axis values are in eV. Iso-potential lines are included for reference. Each line represents a difference of 0.1
V. The position of the eight metals discussed in the text is included for reference. The true PDS for all metals is accurately reflected in Figures 3 and 4.
Because of the scatter in the linear relations used to make this figure, the PDS illustrated here might not be exactly accurate for a few surfaces.
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fcc metals: Au, Ag, Cu, Pt, Pd, Ni, Ir, and Rh, using
self-consistent, periodic density functional theory. We find
significant structure sensitivity in both the onset potential of
this reaction and the mechanism by which this reaction takes
place. In the well-studied case of Pt, we find that on Pt(111)
only the direct mechanism is thermodynamically favored at low
potentials; the indirect mechanism has a much higher onset
potential on that facet. Conversely, on Pt(100) both the direct
and the indirect mechanisms are thermodynamically feasible at
relatively low potentials. However, CO* poisoning will be much
stronger on the Pt(100) facet, making the activity through the
direct mechanism difficult to detect. This explains the structure
sensitivity observed in experiments, whereby at intermediate
potentials the indirect mechanism dominates Pt(100) activity
but the direct mechanism is the only one active on Pt(111) for
methanol electrooxidation. In general, for most metals studied,
we predict that the indirect mechanism would have higher onset
potential than the direct mechanism, on both (111) and (100)
facets. For the direct mechanism, Rh, Ir, and Ni show a lower
onset potential on (111), whereas Pt, Cu, Ag, and Au possess
lower onset potential on the (100) facet. Pd(100) and Pd(111)
show the same onset potential for the direct mechanism. Ni(111)
and Au (both facets) are the two cases where direct and indirect
mechanisms have the same onset potential. The origin of the
calculated onset potential is directly related to the stronger
binding of all intermediates on the more open (100) surface as
compared to the (111) surface, which can be explained by the
differences in the electronic structure and coordination of the
respective surface atoms.

Additionally, we have shown that the adsorption free energies
of OH* and CO* can determine the onset potential of methanol

electrooxidation for a generalized fcc(100) and fcc(111) surface.
Using these two reactivity descriptors, one can target an alloy
surface with desirable properties for the direct methanol fuel
cell anode reaction, specifically that with a low overpotential.
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