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Results of a periodic density-functional theory study of the adsorption of carbon monoxide (CO), hydroxyl (OH),
and carboxyhydroxyl (COOH) on Au(110) and Pt(111) surfaces are presented, including their binding energetics,
binding geometry, and vibrational characteristics. The reaction pathway and activation barrier for COOH
formation from CO and OH on both surfaces are also computed and compared. The relationship between our
findings and previous experimental and theoretical results are discussed, particularly in connection with the
striking CO electro-oxidation capability of (single-crystal) gold electrodes.

Introduction

The catalytic oxidation of carbon monoxide is one of the most
important catalytic reactions in both heterogeneous and homo-
geneous media. In heterogeneous gas-phase catalysis, CO
oxidation plays an essential role in the ‘‘water–gas shift’’
reaction,1,2 whereby CO reacts with water with formation of
carbon dioxide and hydrogen, and in the removal of CO by
oxidation with dioxygen in catalytic car exhaust converters.3,4

Electrooxidation of CO is a process analogous to the water–
gas shift reaction in which CO2 and hydronium ions form by
oxidation with water at the metal–water interface. Adsorbed
CO is also a common reaction intermediate in the electroox-
idation of methanol and other organic feedstocks, which are
used in fuel-cell technology. There have also been numerous
studies of the water–gas shift reaction carried out homoge-
neously by transition-metal complexes in aqueous media.5

It has been known for a long time that the oxidation of CO
could be effectively catalyzed by certain transition metals.6

There are many experimental and theoretical studies on the
catalytic oxidation of CO over platinum group metals (for a
recent review, see e.g. ref. 7). It was long believed that gold
failed as a catalyst. However, the oxidation of hydrogen on a
gold gauze was observed as early as 1906.8 The earliest
reference to gold as a catalyst for carbon monoxide oxidation
dates from 1925.9 Recent studies showed that Au, deposited as
small particles on reducible and non-reducible metal oxides, is
an excellent catalyst for CO oxidation at low temperatures.7,10

There is no consensus yet as to the exact physical origin of the
catalytic activity of these supported gold particles: though
some authors relate it to the special activity of the contact
interface between the gold particles and the oxide support,10

others adhere to the special activity of the ‘‘quantum-sized’’
gold particles as stabilized by their interaction with the oxide.7

Recent density functional theory (DFT) studies seem to
provide support in favour of both interpretations.11

The electrochemical oxidation of CO is mainly of interest in
fuel cell technology. An important issue in contemporary fuel
cell electrocatalysis is to develop new materials that can oxidize
CO at low overpotentials, or adsorb only a small amount of

CO while still capable of oxidizing hydrogen. The current state-
of-the-art CO tolerant catalyst consists of platinum modified
by second or third metal, such as ruthenium.12,13 In relation to
fuel cell catalysis, the electrochemical oxidation of carbon
monoxide on (modified) platinum has been extensively studied
over the past decades. The generally accepted ‘‘reactant-pair’’
mechanism proposed by Gilman14 assumes a Langmuir–
Hinshelwood (LH) type reaction between adsorbed carbon
monoxide and an oxygen-containing surface species. Despite
the fact that the exact nature of the oxygen-containing species
is still unknown most of the authors write it as surface-bonded
OH. In reaction equations, this mechanism reads as:

H2O þ * " OHads þ H1 þ e� (1)

OHads þ COads - 2* þ CO2 þ H1 þ e� (2)

Many previous publications15–18 as well as recent experimen-
tal work19 from our group have demonstrated the validity of the
LH mechanism for both the CO adlayer oxidation on stepped
Pt[n(111) � (111)] electrodes and for the continuous CO
oxidation on rotating platinum electrodes,20 with a competitive
adsorption of the two reactants, CO and OH. The LH mechan-
ism has also been invoked to explain the CO oxidation kinetics
on other transition-metal electrodes such as Ru,21,22 Rh23 and
Pd.24 For the CO adlayer oxidation on platinum, a Tafel slope
of 75 � 3 mV dec�1 has been reported, irrespective of the
platinum surface structure.25 As suggested by Santos et al.26

and Herrero et al.,27 such a value of the Tafel slope could be
interpreted in terms of the following, more detailed mechanism:

H2O þ * " OHads þ H1 þ e� (1)

OHads þ COads - COOHads (3)

COOHads - 2* þ CO2 þ H1 þ e� (4)

In fact, the involvement of a hydroxylcarbonyl radical inter-
mediate was postulated in Gilman’s original paper.14 Spectro-
scopic evidence for the formation of surface-bonded COOH
species in the electrochemical oxidation of a CO adlayer on Pt
was reported by Watanabe et al. using infrared spectroscopy in
the attenuated total reflection mode,28,29 from the observation
of a weak band between 1300–1500 cm�1. On the basis of
infrared spectra of stable transition-metal hydroxycarbonyl
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complexes, a band is expected near 1600 cm�1. However,
considering that this is the spectral region of the water bending
vibrations, the unequivocal identification of this band requires
experiments in deuterated water.

As in the gas-phase, gold is also known to be an excellent
catalyst for CO oxidation under electrochemical conditions,
both in acidic and alkaline solutions. Interestingly, the electro-
chemical CO oxidation may take place at single-crystal gold
without the need for an oxidic support, suggesting fundamen-
tally different properties of gold under electrochemical condi-
tions compared to the gas-phase. Detailed investigations of the
electrochemical CO oxidation on gold were published by
Weaver et al.30 In acidic solution, they suggested the following
mechanism:

COads þ H2O " COOHads þ H1 þ e� (5)

COOHads - CO2 þ H1 þ e� (4)

This mechanism was suggested on the basis of the observed pH
dependence in acidic and alkaline solution and the near unity
reaction order in CO solution concentration. In contrast to CO
oxidation on Pt, there is no competitive adsorption between
reactants, which is related to the low adsorption energy of CO
on Au. However, as noted by Weaver et al., the observed Tafel
slope of ca. 120 mV dec�1 is difficult to interpret in terms of the
above mechanism, as it suggests a rate-determining first
electron transfer step. Another important difference between
CO oxidation on Au and Pt, as noted by Weaver et al., is the
observation that on Au CO oxidation is catalyzed at potentials
markedly below those corresponding to the initial formation of
adsorbed hydroxyl, whereas on Pt the onset of CO oxidation
essentially coincides with the initial formation of adsorbed
hydroxyl. This suggests a stabilization of surface-bonded OH
by adsorbed CO, or the direct formation of a COOH species
without the need of forming the surface-bonded hydroxyl.
Such stabilization was in fact suggested by the SERS experi-
ments of the Weaver group, which indicated the formation of a
surface-bonded oxygen species on gold in the presence of CO,
which was not observed in the absence of CO. However,
Blizanac et al. have recently suggested that the real onset
potential for OH adsorption is ca. 0.3 V lower than the onset
potential suggested by voltammetry or surface-enhanced
Raman spectroscopy, explaining the unexpected reactivity for
CO oxidation at these low potentials.31

Given the apparent importance of the surface-bonded
COOH species in the mechanism of electrochemical CO oxida-
tion, we have undertaken detailed density-functional theory
(DFT) calculations of CO, OH, and COOH adsorption and
formation on gold and platinum surfaces. We have chosen the
Au(110) and Pt(111) surfaces as the two low-index planes most
typically studied for CO oxidation. Our purpose is to provide
mechanistic insight into the CO oxidation reaction on gold and
platinum electrodes by providing the relevant energetics of
COOH formation and adsorption. In particular, we want to
address the questions of why gold is such a good CO electro-
oxidation catalyst (even in acidic solution), without the need
for nano-sized particles or support interactions, and what
could be the possible differences in reaction mechanism on Pt
and Au suggested by these calculations. We note that similar
DFT-based calculations have been published recently by
Anderson and Neshev32 and by Saravanan et al.33 for COOH
formation on small Pt clusters, as well as by Ishikawa et al.
using a combination of DFT cluster calculations and bond-
order conservation arguments.34,35 Our DFT calculations are
based on the slab geometry, which should give more reliable
energetics, and specifically aim at comparing Pt and Au in
order to resolve the seemingly disparate CO oxidation kinetics
observed on these two electrode surfaces.

The paper is organized as follows. In the next section, the
computational details are outlined. In the following sections,

the adsorption energetics of CO, OH, COOH, and the ener-
getics of formation of COOH from surface-bonded CO and
OH are discussed separately for the Au(110) and Pt(111)
surface. The results will be compared in a final section and
discussed in terms of the above-mentioned mechanisms.

Computational methods

1. Slab approach

Periodic slab calculations were performed using the Vienna
ab initio simulation package (VASP),36–38 as described in
ref. 39. Briefly, the surfaces were modeled as four-layer slabs,
with the atomic distances fixed to the calculated bulk lattice
distance, and a vacuum, corresponding to six (for (Au110)) and
five (for Pt(111)) equivalent layers. The top metal layer was
relaxed in all calculations. The (2 � 2) unit cell was used to
model both Au(110) and Pt(111) surfaces. The computed CO,
OH and COOH coverages were therefore 0.25 ML.
The adsorption of CO was always restricted to a perpendi-

cular orientation, with the oxygen pointing away from the
surface. The adsorption of OH was performed by allowing for
a tilting of the O–H molecular axis, with the oxygen fixed to
one of the high-symmetry sites and the hydrogen pointing
away from the surface. M–C, C–O, M–O and O–H bond
distances as well as OH tilting angles with the surface (a) were
fully optimized.
The ground-state electronic energy was calculated using the

density functional theory (DFT) formalism. The Kohn–Sham
equations were solved in the so-called DFT-generalised gradi-
ent approximation (GGA). The Vosko–Wilk–Nusair40 form of
the local density approximation was used, in combination with
the PW91 functional for the GGA.41 The Kohn–Sham orbitals
were expanded in a plane-wave42 basis set and the interaction
of the valence electrons with the ion cores was described by
ultrasoft pseudopotentials.43 The calculated lattice constants
for bulk Au and Pt were found to be 4.18 and 3.96 Å,
respectively, in reasonable agreement with the experimental
values of 4.08 and 3.92 Å.44 The plane-wave expansion was
truncated at an energy cut-off of 350 eV and a grid of at least
7 � 5 � 1 for Au(110) and 7 � 7 � 1 for Pt(111) Monkhorst–
Pack special k-points were used to perform the Brillouin-zone
integrations. The binding energy was computed as the differ-
ence between the energy of the composite system and the sum
of the energies of the clean surface and uncoordinated adsor-
bate. No spin polarisation effects were accounted for, except
for the uncoordinated OH species, the energy of which was
calculated in the spin-unrestricted mode.
To determine the reaction path and activation energy for the

CO þOH reaction, a two-dimensional potential energy surface
was computed by systematically changing the position of the
OH within the unit cell, requiring that the CO remains at or
near the atop adsorption site. All other remaining degrees of
freedom were optimized at each energy calculation. From this
two-dimensional potential energy surface, the reaction path
was obtained, with the transition state (defining the activation
energy) as the saddle point of the surface.
Vibrational frequencies were computed by two different

methods. First, the nM–CO and nCO stretching frequencies were
calculated from a potential energy surface (PES), consisting of
7–9 points, respectively, within a range of displacements of
ca. �0.20 Å using the AnharmND program.45,46 A second
approach to calculate the vibrational properties of the system is
via the vibrational power spectrum, which can be obtained by
Fourier transformation of the velocity autocorrelation
function (vacf).47 The latter can be obtained from ab initio
molecular dynamics simulations, which were performed with
the same program package VASP.
The ab initio molecular dynamics simulations were carried

out using the same arrangement of atoms as described above;
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however, in order to account for possible coupling effects and
to reduce the statistical noise, the size of the unit cell was
doubled in both directions of the surface plane. The starting
geometry was taking from the static calculations with slightly
elongated arrangements of the adsorbate. The Verlet integra-
tion scheme was used with a time step of 0.5 fs and no
constraints to the molecular geometries of the adsorbate were
applied. However, the substrate atoms were kept fixed. The
temperature of the system was set to 300 K using the
Nosé-thermostat in a microcanonical ensemble.

The functional setup was identical with the calculations
described above, with the difference that only the G-point
was used to perform the Brillouin zone integrations, which
should be a reasonable simplification due to the larger size of
the unit cell. The vacf was calculated following the standard
scheme47 with a correlation length t ¼ 1.5 ps. The resulting
correlation function was multiplied with a smoothing function
f(t) with f ðtÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1� tÞt

p
to achieve a properly vanishing

correlation function. The Fourier transform of this vacf gives
the vibrational power spectrum of the adsorbate layer.

2. Cluster approach

Density functional theory calculations for 9-atom (consisting
of layers of 4, 1, and 4 atoms) Au and 10-atom (consisting of

layers of 7 and �3 atoms) Pt clusters (see Fig. 1) were carried
out with Gaussian98 program package.48 Harmonic vibra-
tional frequencies were computed with the BPW9141 func-
tional. For C and O the 6-31G* basis set was employed, for H
atom we used triple-zeta 6-311G** basis, for Au and Pt the
LANL2DZ basis set with an effective core potential and
double-zeta valence orbital. Different functionals (BLYP,49,50

B3LYP51) and larger clusters were also used to validate the
obtained vibrational frequencies. Frequency calculations were
performed using optimized geometries from periodical DFT
calculations. We should stress here that we used this approach
in case of ‘‘complicated’’ molecules such as adsorbed COOH
due to the time-consuming procedure of calculating the full
multidimentional PES as input for the AnharmND program.
Despite the fact that the optimized geometries that are minima
in periodical calculations should not be the equilibrium geo-
metries for the cluster calculations, comparison of the different
results (see below) indicates that this approach still allows to
obtain fairly accurate vibrational frequencies.

Results and discussion

Au(110)

Adsorption of CO and OH on Au(110). The calculated
binding energies, optimized bond distances and vibrational
properties of adsorbed CO and OH on the various sites on
the Au(110) surface are collected in Tables 1 and 2. Our
calculations suggest that there are two preferred sites for CO
adsorption on Au(110): the atop adsorption site and the short
bridge site both with a binding energy of ca. 0.7 eV. The Au–C
bond length for CO adsorbed atop is 1.98 Å, for bridged-
bonded CO it is 1.48 Å. The C–O bond length in case of bridge-
bonded CO is slightly elongated (1.167 Å) compared to the
atop coordination (1.151 Å), in agreement with the lower C–O
vibrational frequency observed in the short-bridge site.
The vibrational frequencies for atop- and bridge-bonded CO

adsorbed computed using the slab and cluster approaches, as
well as those obtained from the MD generated vibrational
spectrum for atop adsorbed CO, are also compared in Table 1
(for uncoordinated CO, a stretching frequency of 2132 cm�1

was obtained with VASP39). The obtained frequencies gener-
ally agree quite well with experiment. For Au(110)/CO
adsorbed atop a C–O stretching frequency of 2040–
2100 cm�1 is found, whereas for bridge-bonded CO a vibra-
tional frequency of ca. 1960 cm�1 is obtained. Literature values
for the C–O stretching frequency, adsorbed at the top site on
polycrystalline Au, fall within the range of 2000–2100 cm�1.
Beden et al.52 reported in an IR study the presence of linearly
bonded (close to 2120 cm�1) and bridge-bonded (1930 cm�1)
CO at Au in 1 M HClO4. Tadayyoni and Weaver53 reported a
value of 2080–2150 cm�1 for the C–O stretching frequency
obtained by the SERS method. Later, Zhang and Weaver54

reported a nCO of 2115 cm�1 obtained by the same method.
Table 2 gives the results obtained for OH adsorbed on the

different sites of the Au(110) surface. It is found that OH
preferentially adsorbs on the short bridge site with a tiltingFig. 1 The clusters used for Au(110) (top) and Pt(111) (below) surfaces.

Table 1 Binding properties of CO on Au(110)

anh(VASP) harm(G98)
MD

Adsorption site Binding energy/eV r(Au–C)/Åa r(C–O)/Å vAuC/cm
�1 vCO/cm

�1 vAuC/cm
�1 vCO/cm

�1 vCO/cm
�1

atop �0.691 1.983 1.151 310 2042 338 2102 2070

bridge short �0.673 1.478 1.167 248 1962 255 1959 —

bridge long �0.070 1.737 1.153 — — — — —

hollow 0.067 1.817 1.149 — — — — —

a The M–C distance refers to the perpendicular distance from the first metal layer. The same holds for the Au–O, Au–C, Pt–C and Pt–O columns in

Tables 2, 3, 5, 6 and 7.
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angle of ca. 1111 to the surface. The other adsorption sites are
considerably less favourable.

Adsorption of COOH on Au(110). The computed binding
characteristics (VASP) and vibrational properties (VASP-MD,
Gaussian 98) of adsorbed COOH on Au(110) are collected in
Tables 3 and 4. The same table also gives the Gaussian 98
computed bond lengths. Fig. 2 shows the vibrational power
spectrum of COOH as obtained from an ab initio molecular
dynamics run with VASP. It is found that COOH prefers to
adsorb on Au(110) with the carbon atom coordinated to a
single Au surface atom with a binding energy of �1.78 eV
relative to the uncoordinated COOH. Vibrational frequencies
for the uncoordinated COOH are collected in Table 4. From
the vibrational frequencies calculated for uncoordinated
COOH and the typical spectral regions for monomeric car-
boxylic acid, the modes at 1000–1100, 1250–1300, 1700–1850,
and 3500–3600 cm�1 may be identified as the C–OH stretching
mode, the O–H bending mode, the C–O stretching mode, and
the O–H stretching modes, respectively. For COOH adsorbed
on Au(110) we also obtain a vibration mode at 249 cm�1

corresponding to the Au–C(OOH) stretching mode. In general,
the agreement between the VASP-MD and the Gaussian98
results is quite good, suggesting the validity of the approach
followed for the G98 calculations.

Compared to adsorbed CO, the Au–C bond length in
adsorbed COOH is longer, i.e. 1.983 Å vs. 2.095 Å, whereas
the O–H bond length remains almost unchanged (see Table 3).
Both C–O bond lengths in COOH have increased compared to
CO, exhibiting values typical for carboxylic compounds (1.21
and 1.37 Å). The n(Au–C) vibration frequency decreases from
338 cm�1 (CO/Au(110)) to 249 cm�1 (COOH/Au(110)).

Formation of COOH from CO and OH on Au(110). The
energy profile of the reaction path for the formation of COOH
from co-adsorbed CO and OH on Au(110) is shown in Fig. 3.
The reaction coordinate plotted is the distance between the C
in the CO fragment and the O in the OH fragment. The initial
state represents CO adsorbed atop and OH adsorbed bridge
within the same unit cell, as illustrated in the figure. In the final

state, the carbon atom of the COOH is coordinated slightly off
the atop site (see also Fig. 3). In the transition state, the OH is
essentially above the long-bridge site next to the Au atom
coordinating the CO. The reaction barrier with respect to the
reactants within the same unit cell is 0.25 eV; with respect to
the reactants at infinite separation (dashed line in Fig. 3), it is
0.57 eV. The energy gain (exothermicity) for the formation of
COOH is 0.91 eV with respect to reactants within the same unit
cell, and 0.69 eV with respect to the reactants at infinite
separation.
The low barrier found for the CO þ OH reaction is in

agreement with recent calculations of CO þ O reaction on gold
by Liu et al.11 They found that on Au(221), which is similar to
(110), CO can readily react with co-adsorbed atomic O with a
barrier of 0.25 eV.

Table 2 Binding properties of OH on Au(110)

Adsorption site Binding energy/eV r(Au-O)/Å r(O-H)/Å a

atop �2.239 2.067 0.976 108.6

bridge short �2.499 1.615 0.976 111.1

bridge long �2.188 1.145 0.978 123.6

hollow �1.780 1.122 0.981 166.0

Table 3 Binding properties of COOH on Au(110)

Adsorption

site

Binding

energy/eV

r(Au–C)/

Å

r(C–O1)/

Å

r(C–O2)/

Å

r(O2–H)/

Å

CO1O2Hfree — — 1.198 1.331 0.990

CO1O2H �1.78 2.095 1.212 1.366 0.988

Table 4 COOH vibrational frequencies in cm�1

VASP G98

Free — nC–O 1046; dOH 1275;

nC¼O 1819; nOH 3513

Adsorbed on Au(110) nCOH 1010; dOH 1230; nCO 1680; nOH 3530 nAu–C 249; nCOH 957; dOH 1245; nCO 1748; nOH 3518

Adsorbed on Pt(111) nCOH 1040; dOH 1260; nCO 1670; nOH 3560 nPt–C 308; nCOH 1038; dOH 1244; nCO 1739; nOH 3559

Literature63 nC–O 1190–1075; dOH 1380–1280; nC¼O 1800–1740; nOH 3580–3500

Fig. 2 Calculated vibrational power spectra for COOH adsorbed on
Au(110) and Pt(111).

Fig. 3 Energy profile as function of the reaction coordinate for CO þ
OH on Au(110). The reaction coordinate is defined as a distance
between C(O) and O(H). The dashed line shows the energy at infinite
separation of CO and OH.
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Pt(111)

Adsorption of CO and OH on Pt(111). Binding energies,
geometries, and vibrational properties for CO and OH on the
different adsorption sites of Pt(111) are collected in Tables 5
and 6. These systems have been extensively studied in the
literature, and the results presented here agree with previous
calculations. The DFT slab calculations predict the fcc site to
be the most energetically favourable for CO on Pt(111), in
disagreement with experiment. In fact, calculations predict the
atop site to be the least favourable. This artifact of the DFT
calculations has been discussed in detail in the literature.55

Here, we focus on CO adsorbed on the atop site and compare
the computed results with the available experimental data. As
reported previously,39 CO adsorbs on-top on Pt(111) with
binding energy of ca. �1.6 eV relative to uncoordinated CO.
The Pt–C and C–O bonds are 1.849 Å and 1.156 Å, respec-
tively. The VASP computed vibrational frequencies are
452 cm�1 (for nPt–C) and 2074 cm�1 (for nC–O), slightly lower
than the frequencies obtained from cluster calculations,
511 cm�1 and 2104 cm�1, respectively (Table 5). The VASP-
computed frequencies agree well with the experimental values
of 466 cm�1,56 and 2084 cm�1.57

In Table 6 the binding energies and properties of OH
adsorbed on various sites on Pt(111) are collected. The calcula-
tions show that for OH adsorption there are two favourable
sites, top and bridge with adsorption energies �2.33
and �2.26 eV, respectively. Since the difference in adsorption
energy between these two sites is small (ca. 0.07 eV) we
consider only the top site for CO þ OH reaction study. The
preference of OH for the atop coordination on Pt(111) is in
good agreement with recent UHV experiments by Bedurftig
et al.58

COOH adsorption on Pt(111). Tables 4 and 7 give the
computed binding energy, geometry, and vibrational proper-
ties of COOH adsorbed on Pt(111). COOH adsorbs most
favourably with the C atom coordinated to one Pt surface
atom, with a binding energy of �2.39 eV, which is about 0.6 eV
more negative (i.e. more favourable) than on Au(111). The
adsorption geometry, as well as the vibrational properties, are
very similar to COOH adsorbed on Au (Tables 4 and 7), as can
be seen from the vibrational power spectrum shown as the
dashed line in Fig. 2. The characteristic vibration modes for
COOH adsorbed on the Pt(111) cluster are also presented in
Table 4.

As in the case of Au(110), the Pt–C bond length in adsorbed
COOH is elongated, i.e. 2.00 Å vs. 1.85 Å for the Pt–C bond in
Pt–CO, whereas the O–H bond length, 0.98 Å, is similar to that
in free COOH. Both C–O bond lengths in COOH have
increased compared to CO, namely 1.21 Å (C–O) and 1.36 Å

(C–OH). Also, the Pt–C vibration frequency decreases from
452–511 cm�1 for Pt(111) –CO to 308 cm�1 in Pt(111) –COOH.

Formation of COOH from CO and OH on Pt(111). The
energy profile of the reaction path for the formation of COOH
from co-adsorbed CO and OH on Pt(111) is shown in Fig. 4.
The reaction coordinate plotted is the distance between the C
in the CO fragment and the O in the OH fragment. The initial
state represents both CO and OH adsorbed atop within the
same unit cell, as illustrated in the figure. In the final state, the
carbon atom of the COOH is coordinated slightly off the atop
site (see also Fig. 4). The reaction barrier with respect to the
reactants within the same unit cell is 0.58 eV; with respect to
the reactants at infinite separation (dashed line in Fig 4), it is
0.71 eV. The energy gain (exothermicity) for the formation of
COOH is 0.60 eV with respect to reactants within the same unit
cell, and 0.47 eV with respect to the reactants at infinite
separation.
The result obtained for the barrier of the CO þ OH reaction

is in reasonable agreement with a similar DFT calculation
carried out by Anderson and Neshev, who found 0.44 eV for
the reaction on a 2-atom Pt cluster. It is also close to values
computed for the CO þO reaction: Alavi et al.59 found 0.65 eV
for reactants in the same unit cell and 1.05 eV at infinite
separation; Gong et al.60 report 0.79 eV; whereas Eichler
et al. report a value of 0.74 eV.61,62

Mechanistic implications and concluding remarks

The aim of this final section is to discuss to what extent the
results presented above may aid in understanding the

Table 5 Binding properties of CO on Pt(111)

anh(VASP) harm(G98)
MD

Adsorption site Binding energy/eV r(Pt–C)/Å r(C–O)/Å vPtC/cm
�1 vCO/cm

�1 vPtC/cm
�1 vCO/cm

�1 vCO/cm
�1

Top �1.631 1.849 1.156 452 2074 511 2104 2100

Bridge �1.752 1.600 1.179 — — — — —

Hollow hcp �1.798 1.481 1.189 — — — — —

Hollow fcc �1.803 1.441 1.192 — — — — —

Table 6 Binding properties of OH on Pt(111)

Adsorption site Binding energy/eV r(Pt–O)/Å r(O–H)/Å a

Atop �2.330 2.001 0.981 145.0

Bridge �2.262 1.728 0.985 111.6

hollow hcp �1.792 1.638 0.980 180.0

hollow fcc �1.897 1.592 0.980 178.9

Table 7 Binding properties of COOH on Pt(111)

Adsorption

site

Binding

energy/eV

r(Pt–C)/

Å

r(C–O1)/

Å

r(C–O2)/

Å

r(O2–H)/

Å

C atop �2.34 2.005 1.213 1.362 0.984

Fig. 4 Energy profile as a function of the reaction coordinate for
CO þ OH on Pt(111). The reaction coordinate is defined as a distance
between C(O) and O(H). The dashed line shows the energy at infinite
separation of CO and OH.
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seemingly disparate CO oxidation kinetics on Pt and Au
electrodes. To facilitate this discussion, the computed reaction
profiles for the CO þ OH reaction on Au(110) and Pt(111) are
compared schematically in Fig. 5.

The figure illustrates the significantly lower activation energy
for the CO þ OH reaction on Au(110) compared to Pt(111).
Even though we did not carry out similar calculations for the
reaction on Pt(110) (the most active surface for the electro-
chemical CO oxidation19), we believe these mechanistic impli-
cations still generalize to the other surfaces of Au and Pt,
including polycrystalline. On the (110) surface, one expects the
binding of CO, OH, and COOH to be stronger, shifting the
entire curve of Fig. 4 down in energy, presumably a bit more in
favour of the CO þ OH reactant side than the COOH product
side. This implies that the activation energy would remain
similar to, or even higher than on Pt(111), leaving the compar-
ison with Au(110) intact. The DFT results for the CO þ O
reaction on Pt(111) and Pt(100) obtained by Eichler62 indeed
suggest that the more open Pt(100) surface has a slightly higher
activation energy.

Even though the DFT results clearly point to a lower
activation energy for the CO oxidation by OH on Au(110)
compared to Pt, we do not believe that this fact in itself
explains the surprisingly high activity of Au(110) for the
electrochemical CO oxidation. However, Fig. 5 also indicates
a qualitatively different kind of stabilization of the adsorbed
COOH intermediate with respect to the adsorbed CO þ OH
fragments on the Au(110) surface, as compared to the Pt(111)
surface. Although the formation energy of COOH from
adsorbed CO and OH is similar on both surfaces (there is in
fact a 0.1 eV extra stabilization on Au, but this number is
insignificant as it is within the error bars of current DFT
methods), the fact that the entire energy curve lies higher in
energy for Au(110) suggests that the actual stability and
corresponding surface coverage is high for COOH and low
for CO on Au(110), but high for both on Pt(111). Therefore,
COOH is expected to be stable on Au and Pt, but CO only on
Pt. This stability of the COOH intermediate on gold may be an
important reason for the activity of single-crystal gold in the
electrochemical oxidation of CO at room temperature, as it
would also explain why there is no need for small gold
nanoparticles or an oxidic support under electrochemical con-
ditions (in stark contrast to the gas-phase CO oxidation).

The energy difference calculated for the adsorbed CO þ OH
fragments between Au(110) and Pt(111) is mainly due to the
different adsorption strengths for CO. Whereas CO is strongly
adsorbed on Pt and leads to self-poisoning and the associated
negative reaction order in CO solution concentration, on Au
the CO adsorption is much weaker and the electrochemical CO
oxidation rate exhibits the conventional positive reaction order
in CO solution concentration. Therefore, Fig. 5 obviously
explains the different reaction orders on both surfaces.

What remains to be discussed is whether the scheme in Fig. 5
could also aid in understanding the seemingly disparate role of
OH in CO electro-oxidation on gold and platinum, as well as
the experimental pH dependence. Whereas on Pt, CO oxida-
tion takes place in the potential region at which OH is formed
on the surface and exhibits a Tafel slope of ca. 75 mV dec�1, on
gold CO oxidation starts at potentials before any surface
oxidation is evident and exhibits a Tafel slope close to
120 mV dec�1. We believe the gold oxidation kinetics may be
explained by two (at least apparently) alternative schemes. In
the first scheme, one would still adhere to the necessity of
forming OH on the surface, as suggested by Markovic et al.,31

which should then be a rate-determining step as the potential
for OH formation is unfavourable (note that OH adsorption is
in fact slightly more favourable on Au(110) than on Pt(111);
see Tables 2 and 6). This would, in principle, explain the Tafel
slope of 120 mV dec�1. Once formed, adsorbed OH rapidly
reacts with adsorbed CO to COOH and CO2, as suggested by
the low barrier in Figs. 3 and 5. However, considering the low
concentrations of both CO and OH on the surface in this
scheme, it is difficult to imagine how this could lead the very
substantial CO oxidation currents measured experimentally—
CO oxidation would still be a slow reaction in this scheme.
Also, we believe that there is no direct experimental evidence
for the formation of surface-bonded OH on gold in the
potential region of interest. An alternative scheme makes use
of the above-mentioned relative stability of adsorbed COOH
on Au. This stability in combination with the low barrier for
the CO þ OH reaction on gold may in fact suggest a reaction
directly with water:

COads þ H2O - COOHads þ H1 þ e�

(rate-determining step) (6)

COOHads - CO2 þ H1 þ e� (fast) (7)

Note the different rate-determining step in this mechanism
compared to the mechanism discussed in the Introduction
(reactions 4 and 5). This scheme would explain both the
(apparent) absence of surface-bonded OH during CO oxida-
tion as well as the 120 mV dec�1 Tafel slope. However, this
scheme would not exhibit the experimentally observed pH
dependence, as (at least formally) the rate of reaction 6 is not
pH dependent. Unfortunately, a quantitatively accurate DFT
calculation of the rate-determining step in this scheme, espe-
cially regarding any possible pH dependence, is still very
expensive. It would require simulating a fully solvated proton
at the metal–water interface and the inclusion of the electrode
potential (however, for some initial simulations, see ref. 64).
The computed energy profile for the CO þ OH reaction on

Pt(111) is not in disagreement with the mechanism suggested
for CO oxidation kinetics on Pt in the Introduction, i.e.
reaction 1, 3 and 4. Surface-bonded CO on Pt is much more
stable than on Au, and hence there is a substantial barrier
associated with forming COOH from CO and OH. In the
mechanisms suggested for both Au and Pt, surface-bonded
COOH is formed in or after the rate-determining step, suggest-
ing its concentration will be low and it should be very difficult
to observe this species using in situ vibrational spectroscopy.
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2003, 530, 71; (c) G. Kresse, A. Gil and P. Sautet, Phys. Rev. B,
2003, 68, 73401.
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