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Institut Charles Gerhardt Montpellier, CNRS/ENSCM/UM, 240, Avenue du Professeur Emile Jeanbrau,
34090 Montpellier, France

(Received 1 October 2017; accepted 22 December 2017; published online 11 January 2018)

The reactivity of various Pd ensembles on the Au−−Pd(100) alloy catalyst toward CO oxidation
was investigated by using density functional theory (DFT). This study was prompted by the search
for efficient catalysts operating at low temperature for the CO oxidation reaction that is of primary
environmental importance. To this aim, we considered Pd modified Au(100) surfaces including Pd
monomers, Pd dimers, second neighboring Pd atoms, and Pd chains in a comparative study of the min-
imum energy reaction pathways. The effect of dispersion interactions was included in the calculations
of the O2 dissociation reaction pathway by using the DFT-D3 scheme. The addition of the dispersion
interaction strongly improves the adsorption ability of O2 on the Au−−Pd surface but does not affect
the activation energy barriers of the Transitions States (TSs). As for O2 to dissociate, it is imperative
that the TS has lower activation energy than the O2 desorption energy. DFT-D3 is found to favor, in
some cases, O2 dissociation on configurations being identified from uncorrected DFT calculations
as inactive. This is the case of the second neighboring Pd configuration for which uncorrected DFT
predicts positive Gibbs free energy (∆G) of the O2 adsorption, therefore an endergonic reaction. With
the addition of D3 correction,∆G becomes negative that reveals a spontaneous O2 adsorption. Among
the investigated Au−−Pd (100) ensembles, the Pd chain dissociates most easily O2 and highly stabi-
lizes the dissociated O atoms; however, it has an inferior reactivity toward CO oxidation and CO2

formation. Indeed, CO strongly adsorbs on the palladium bridge sites and therefore poisoning the
surface Pd chain. By contrast, the second neighboring Pd configuration that shows somewhat lower
ability to dissociate O2 turns out to be more reactive in the CO2 formation step. These results evidence
the complex effect of Pd ensembles on the CO oxidation reaction. Associative CO oxidation proceeds
with high energy barriers on all the considered Pd ensembles and should be excluded, in agreement
with experimental observations. Published by AIP Publishing. https://doi.org/10.1063/1.5007247

I. INTRODUCTION

Bimetallic alloys and nanoparticles have attracted consid-
erable attention in the field of heterogeneous catalysis due to
their unusually increased activity and selectivity compared to
their monometallic state.1 Their enhanced catalytic reactivity
can be attributed to the synergetic effects of mixed composi-
tion metals presented as ligand (the electronic impact due to
the change in the electronic density) and ensemble or lattice-
strain (the geometric impact due to a different ratio of the active
metal site) effects.2,3 For example, Suo et al. have made use
of the ensemble effect of Co to design an effective Pd−−Co
alloy catalyst for oxygen reduction reactions.4 The coinage
metals (Cu, Ag, Au) electronically influence the Pd catalyst
by improving its selectivity in the hydrogenation reaction of
acetylene.5–7

In recent years, the Au−−Pd system demonstrates grow-
ing attention because of the possible synergy of the two Au
and Pd components in low-temperature CO oxidation reac-
tions8,9 which is a hot topic due to concern for the environment.
Monometallic Au particles are known to adsorb CO at low

a)Author to whom correspondence should be addressed: hazar.guesmi@
enscm.fr and tzonka.mineva@enscm.fr

T (≤RT); however, they do not activate dioxygen since no oxi-
dation is observed between molecular CO and molecular O2

on these surfaces.10–12 In fact, no study has reported any sig-
nificant O2 activation or dissociation to form oxygen adatoms
on Au substrates, including stepped or polycrystalline surfaces
between 200 and 500 K.13 For supported catalysts, as Au can-
not dissociate O2, the activation of O2 is predicted to occur
on the oxide support (at the Au-oxide interface) when it is
reducible as TiO2

14 or CeO2.15 In the case of non-reducible
supports such as alumina, activation of O2 is predicted to take
place on the Au nanoparticles themselves through the forma-
tion of hydroperoxo species (OOH) which could occur in the
presence of water traces.16 This suggests then that the addi-
tion of a second element to Au, able to dissociate O2, might
facilitate the CO oxidation, whatever the nature of the used
oxide support.17 Since Pd surfaces are known to dissociate O2

at temperatures below ∼100 K,18 the idea to add Pd to Au to
favor the dissociation of O2 is prone in the literature to improve
the catalytic properties of Au. Based on this thought, Good-
man and co-workers have studied two types of Au−−Pd model
catalysts, synthesized as thin films on Mo(110) or as nanopar-
ticles on a TiO2 thin film.8,9 At low pressures of CO (1 × 10�7

Torr), the observed inactivity of the catalysts in CO oxidation
reactions was attributed to the formation of isolated Pd
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sites that were incapable to dissociate O2. At higher CO pres-
sures, the Au−−Pd alloys showed superior reactivity toward
CO oxidation reactions compared with pure Pd catalysts (no
comparison was made with Au). The authors concluded that
Pd segregation into the surface under high CO pressure expo-
sure leads to the formation of contiguous Pd sites, at least Pd
dimers able to dissociate O2. These experiments coupled with
Infra Red Absorption Spectroscopy (IRAS) studies showed
that only contiguous Pd sites, attested by the formation of
bridge CO (1970-1990 cm�1), could dissociate O2 and there-
fore favor the CO oxidation reaction. Note that the segregation
of Pd to the surface takes place under CO pressure >0.1
Torr.

In the last years, the segregation of Pd in the Au−−Pd sur-
face exposed to reactive gas such as NO, O2, and CO was thor-
oughly studied by our group.19–22 In order to understand the
surface segregation phenomena of Pd in the Au−−Pd(100) sur-
face, Monte Carlo simulations based on the density functional
theory (DFT)-Ising model23,24 were performed for different
temperatures and CO pressures.20 The resulted segregation
isotherms confirmed the Pd surface enrichment observed by
previous experimental studies8,9,22 and evidenced the forma-
tion of an exotic ordered structure with Pd chains on the
surface. Such a stable structure is in line with the formation
of Pd dimers suggested by Goodman’s group.8,9 Could this
structure be responsible for the observed high performance of
the Au−−Pd(100) surface toward the CO oxidation reaction?
This is one of the questions addressed in the present paper.

Reactive molecular beam scattering (RMBS), reflection–
absorption infrared spectroscopy (RAIRS), temperature-
programmed desorption (TPD), and density functional theory
(DFT) techniques were used by Mullins and co-workers25 in an
attempt to enhance the fundamental understanding of oxygen
activation and reaction with CO on the Pd−−Au(111) surface.
The results show that larger Pd ensembles favor dissociative
CO oxidation, whereas associative CO oxidation and O2 des-
orption are the two main competing processes for the Pd−−Au
surface containing small Pd ensembles. The experimental
observations exclude the associative CO oxidation pathway
and mechanistic insights into the interaction of oxygen are
still needed.

The herein DFT work aims to investigate the reactiv-
ity of different Pd ensembles toward the O2 dissociation
and CO oxidation reactions. For this, the reactivity of pure
Au(100) and Pd modified Au(100) surfaces (Pd monomers,
Pd dimers, second neighboring Pd atoms, and Pd chains) are
compared. The present paper is organized as follows: the com-
putational methods are described in detail in Sec. II, and the
results are presented and discussed in Sec. III. Section III
starts by a deep analysis of O2 adsorption and dissociation
mechanisms with the identification of transition state (TS)

barriers. Besides, the effect of adding an empirical disper-
sion correction to O2 adsorption and activation processes on
the different considered surfaces is analyzed. In the second
part of the paper, the overall CO oxidation reaction was stud-
ied considering the Langmuir-Hinshelwood model. Two CO
oxidation reaction mechanisms are analyzed. In the first one,
CO2 formation occurs after dissociated oxygen interacts with
adsorbed CO molecules. In the second mechanism, the for-
mation of the CO−−OO intermediate was considered. Finally
Sec. IV presents a brief discussion and summarizes the most
important conclusions.

II. CATALYST SURFACE MODELS
AND COMPUTATIONAL DETAILS

Spin unrestricted calculations were performed within
the plane-wave pseudopotential method based on density
functional theory as implemented in the Vienna Ab initio
Simulation Package (VASP).26,27 Ions are described by
employing the Projector Augmented Wave (PAW)28,29 pseu-
dopotential for the atomic core region. The exchange–
correlation energy was calculated within the Perdew, Burke,
and Ernzerhof formulation of the generalized-gradient approx-
imation (GGA-PBE).30,31 After the extensive test calcula-
tions for the total energy convergence, the kinetic energy
cutoff for plane wave expansion was set to 415 eV. Pure
metallic Au(100) and alloyed Au−−Pd(100) surfaces were
constructed using slabs of six atomic layers representing
c(2 × 2) supercells containing 48 atoms. The alloyed surfaces
represent different Pd ensembles where one, two, and a chain
of Pd atoms are substituted on the Au surface (see Fig. 1).
Each slab was separated from its periodic images by 15 Å
of vacuum space. The calculations were performed allowing
relaxation of the upper four metallic layers and reactive gas
molecules. The bottom two layers were fixed at the Au bulk
geometry, with the calculated equilibrium lattice constants of
4.17 Å, in good agreement with the experimental value of
4.08 Å.32 Adsorbed reactive gas was located on one side of
each slab. The Brillouin zone (BZ) is sampled with a k-mesh of
5 × 5 × 1 within the Monkhorst–Pack scheme. The total
energy calculations are also repeated with a k-mesh 7 × 7
× 1 and the difference between the values are found lower than
10�3 eV/atom. The convergence criterion for the electronic
self-consistent cycle was fixed to 10�6 eV per supercell.
Atomic positions and lattice parameters were both relaxed
using the conjugate gradient algorithm until all the forces are
below 0.01 eV Å�1. The electronic structure of the adsorption
systems was analyzed through the Bader charge density analy-
sis33 with the implementation of Henkelman and co-workers34

which allows analyzing the density issued from the VASP
code.

FIG. 1. (100) surfaces of pure Au, Pd substituted Au sur-
faces, and pure Pd. The color code is as follows: yellow
for Au and gray for Pd.
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The transition states (TSs) of the elementary steps were
determined using the nudged-elastic-band (NEB) method.35

Reaction pathways were optimized with a set of eight inter-
mediate geometries (16 in complex cases), obtained by lin-
ear interpolation with a mixed internal and Cartesian coor-
dinate system using the string theory,36 as implemented in
the Opt’n Path suite.37 The obtained approximate transition
states were refined by minimizing the residual forces below
10�2 eV·Å�1 with the quasi-Newton algorithm implemented
in the VASP. All potential energy surface (PES) extrema were
verified by the calculation of the vibrational frequencies within
the harmonic approximation (one imaginary frequency for the
transition state and none for the minimum energy structure).
The Hessian or force constant matrix was computed by finite
differences on nuclei forces followed by a diagonalization pro-
cedure. The resulting eigenvalues correspond to the harmonic
frequencies.

From a theoretical point of view, uncorrected DFT cannot
accurately capture weak interactions such as van der Waals
forces and it is always difficult to ascertain the existence of
a physisorbed O2 state on the Au surfaces. In order to eval-
uate the effect of the dispersion correction term in the DFT
calculated adsorption energies of the O2 molecule and on
the overall O2 dissociation reaction mechanism, we employed
the D3 dispersion term as implemented in the VASP code.38

In this method, dispersion correction is added via the inclu-
sion of pairwise atom interaction and the three-body term.
Apart from DFT-D2, this method is less empirical since coef-
ficient parameters (Cij

6 , Cij
8 ) are computed from first princi-

ples calculations and these parameters are geometry (coor-
dination number) dependent.38 Besides, DFT-D3 is generally
invoked to calculate the dispersion correction on the adsorption
of small molecules on the metal surface since it is consid-
ered as more accurate due to the inclusion of the three-body
term.39,40

III. RESULTS AND DISCUSSION

In this section, the optimized structures and calculated
energies of reactants, TSs, and products of the O2 disso-
ciation and CO2 formation reactions occurring on different
diluted Pd ensembles of the Au−−Pd(100) surface are pre-
sented and discussed. In these ensembles, Pd atoms are sub-
stituted on the Au(100) surface and denominated as follows:
1Pd monomer (Au−−Pd1), 2Pd dimer (Au−−Pd2), 2Pd second
neighboring (Au−−Pd2-2neigh), and 1Pd chain (Au−−Pdchain).
For comparison, the elementary reaction steps are also com-
puted on monometallic Au(100) and Pd(100) surfaces. Note
that each considered Pd ensemble has a given probability
to exist over the surface before or during gas exposure and

therefore to participate in the reaction. In a work devoted to the
investigation of the ordering of Pd on Au−−Pd surfaces, Gotsis
et al. have41 confirmed that the Pd atoms tend to be sur-
rounded by Au atoms as first neighbors and that Pd second
neighbors may exist. As an example, diluted Pd monomers
on the Au(111) surface have been shown to catalyze the
dissociative adsorption of H2 at a temperature as low as
85 K.42 Our recent studies have also demonstrated the sta-
bility of Pd monomers, dimers,22 and Pd chains20 in Au−−Pd
surface alloys interacting with reactive gas. Furthermore, the
considered configurations do not include larger Pd ensembles
because as demonstrated by Kim and Henkelman43 the cat-
alytic reactivity of Pd motifs that are larger than Pd4 on the
CO oxidation tends to converge to the reactivity of the pure
Pd(100) surface.

Concerning the calculation level of theory, and in order to
evaluate the effect of dispersion energies, the O2 adsorption
and dissociation are computed with and without the inclu-
sion of dispersion correction. Thus, the effect of dispersion on
the adsorption and activation energy values as well as on the
geometric parameters is evaluated. Finally, the activation ener-
gies and reaction paths of CO2 formation are compared and
discussed. The adsorption energies of CO and O2 molecules
calculated on pure and alloyed surfaces were calculated from
the following equation:

Eads(0 K) = Egas/surf − (Esurf + Efree−gas), (1)

where Esurf represents the electronic energy of the bare surface,
Efree-gas is the electronic energy of the reactive gas, and Egas/surf

is the electronic energy of the adsorbed system. ∆Eads and
∆νO−−O are the adsorption energy and frequency differences
between the DFT-D3 and DFT calculations, respectively. For
O2 in the gas phase, the triplet state was considered.

A. Adsorption and dissociation of O2: Dispersion
correction and Pd ensemble effects
1. Adsorption of O2

Based on previous studies,44 three main positions for
adsorbed O2 on (100) surfaces are possible: top-bridge-top
(t-b-t), end-on (eo), and 4-fold-hollow sites (see Fig. 2). In
the t-b-t configuration, both O atoms are close to the top sites
while the center of mass is placed at the bridge site. In the
eo configuration, one of the O atoms is on top of the metal
atom and the other does not bind to the surface. This adsorp-
tion site is also called the Pauling mode. In the 4-fold-hollow
site, the O2 molecule is in the center of the four metal atoms,
parallel to the surface. From the three types of oxygen adsor-
bates on the (100) surface, the Pauling adsorption mode (eo) is
found to be less stable and not taken into consideration in this
paper.

FIG. 2. Top and side views for the three main positions
of adsorbed O2 on (100) surfaces. Oxygen is represented
by red balls.
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TABLE I. DFT and DFT-D3 adsorption energies (Eads), preferred adsorption site, O−−O stretching frequencies
(νO−−O), and the characteristic interatomic distances (d). The computed DFT ∆νO−−O of O2 in the gas phase is
1690 cm�1.

Preferred
Computational Eads adsorption νO−−O d(M−−O) d(O−−O)

method (eV) site (cm�1) (Å) (Å)

Au(100)

DFT �0.05 4-fold 786 2.31 1.41
DFT-D3 �0.36 4-fold 776 2.30 1.41

Au−−Pd1

DFT �0.23 4-fold 778 2.30a-2.16b 1.41
DFT-D3 �0.52 4-fold 766 2.30a-2.16b 1.41

Au−−Pd2

DFT �0.60 (�0.55) t-b-t (4-fold) 1035 2.04 1.33
DFT-D3 �0.82 (�0.82) t-b-t (4-fold) 1030 2.04 1.33

Au−−Pd2-2neigh

DFT �0.37 4-fold 760 2.30a-2.17b 1.41
DFT-D3 �0.64 4-fold 753 2.30a-2.18b 1.41

Au−−Pdchain

DFT �0.71 (�0.66) t-b-t (4-fold) 1026 2.02 1.33
DFT-D3 �0.93 (�0.93) t-b-t (4-fold) 1024 2.02 1.33

Pd (100)

DFT �1.50 4-fold 700 2.11 1.42
DFT-D3 �1.72 4-fold 692 2.11 1.42

aAu−−O.
bPd−−O.

Energetic, geometric, and frequency calculations of the
O2 molecule adsorbed on the different considered Au−−Pd
surfaces are depicted in Table I. The preferred adsorp-
tion configurations are shown in Fig. 3 (denominated
“initial”).

From DFT optimized calculations and as expected, the
adsorption energies are found to be very weak on the Au
surface (�0.05 eV) and are found to increase with increas-
ing Pd assemblies on the surface. Over monometallic Pd,
the adsorption energy is predicted to be �1.5 eV, in line
with previous theoretical results.45 Adding the empirical dis-
persion (D3) interactions improve the adsorption ability of
O2 on Au(100) with an adsorption energy change ∆Eads

= �0.31 eV. The D3 corrections lead to less pronounced stabi-
lization of the adsorbed O2 in the presence of one Pd (Au−−Pd1)
monomer and two Pd (Au−−Pd2-2neigh) monomers with ∆Eads
=�0.29 and�0.27 eV, respectively. The dispersion interactions
have a least impact on Pd dimers, chains, and monometallic
Pd surfaces (∆Eads = �0.22) as follows from the results in
Table I. Considering the entropic contribution to the Gibbs
free energy of O2 desorption, at the conventional operating
temperature of CO oxidation, which is of �0.64 eV at 298 K
and 1 bar,46,47 the uncorrected DFT calculated O2 adsorption
energies on Au(100), Au−−Pd1(100), Au−−Pd2-2neigh(100), and
Au−−Pdchain surfaces lead to positive Gibbs free energies ∆G

(∆G = Eads(DFT) � T∆SO2 with �T∆SO2 = +0.64 eV.45,46 This
means that the O2 molecule adsorbed on the monometallic
Au surface, the isolated Pd monomers, the Pd second neigh-
boring atoms, and even on the Pd dimers has a higher prob-
ability to desorb than to adsorb. Surprisingly, when the D3
dispersion-like term is added, the latter conclusion remains
valid only for the pure Au and the isolated Pd monomers,
which is in high agreement with experimental observations.25

Indeed, for the case of Au−−Pd2-2neigh(100), Au−−Pd2(100),
and Au−−Pdchain(100), the calculated O2 adsorption energies
≤�0.64 eV predict zero or negative Gibbs free energies. This
result suggests that the inclusion of dispersion correction may
favor O2 adsorption on configurations (Pd second neighbor-
ing atoms and Pd dimers) that would otherwise be identified
as inactive.

Concerning the preferable adsorption site of O2 molecule,
dispersion correction seems to play a role only for the case of
Au−−Pd surfaces with Pd dimers and chains. More precisely,
both DFT and DFT-D3 calculations predict the 4-fold site to
be a solely preferred site over the (100) monometallic Au and
Pd surfaces as well as on Au−−Pd1 and Au−−Pd2-2neigh sur-
faces. For Au−−Pd2(100) and Au−−Pdchain(100), two preferred
adsorption sites, the t-b-t site (where each oxygen interacts
with one Pd) and the 4-fold site, are predicted. The DFT
adsorption energy difference of +0.05 eV is found between
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FIG. 3. The structures of O2 preferred adsorption (initial), transition, and
dissociated (final) states. The lowest energy structures obtained from atomic
oxygen surface diffusion (diffused) are also shown.

t-b-t and 4-fold sites, with a preference to the t-b-t one. The
dispersion correction cancels this energy difference giving
Eads(t-b-t) = Eads(4-fold) (see Table I). Let us note that the
t-b-t O2 adsorption on the Au−−Pdchain, which represents
1/2 monolayer Pd coverage of the Au(100) surface, is pre-
dicted to be more favored by 0.1 eV than that on the
Pd dimer (Au−−Pd2). This result indicates that there could
be some effect of unsaturated Pd atoms in the chain on
the O2 adsorption energy in comparison to the Au−−Pd2

configuration.
The O2 adsorption causes a significant O−−O bond elon-

gation in all the cases, compared to the O−−O distance
in the gas phase that is 1.23 Å using DFT. The O−−O
bond of adsorbed O2 on dimers and chains of Pd is 0.1 Å
shorter than that in O2 adsorbed on the monometallic Au
and Pd surfaces as well as on the diluted Au−−Pd surfaces.
Indeed, it appears that the O−−O distance depends only on
the adsorption site (shorter on t-b-t sites and longer on 4-
fold sites). As expected, the energy gain of the order of
0.2–0.3 eV due to the attractive dispersion corrections is too
small and does not cause any noticeable shortening in the
interatomic distances, in agreement with previous theoretical
results.48

The vibrational frequency of adsorbed O2 and metal-O2

is also related to the type of adsorption site. The O−−O dis-
tance elongations correlate well with the obtained red shifts
of O−−O stretching frequencies in respect of those com-
puted by us, νO−−O = 1690 cm�1 for the gas-phase O2. In the
t-b-t bonding on Au−−Pd2 and Au−−Pdchain surfaces, the red
shift (∆νO−−O) is ∼690 cm�1. In the 4-fold sites, an oxy-
gen molecule undergoes a stronger deformation and ∆νO−−O

amounts to 900-1000 cm�1. Experimentally, O2 molecular

adsorption on Pd(100) is documented to occur at T = 80 K.
The O−−O stretching frequency obtained from High Resolu-
tion Electron Energy Loss Spectroscopy (HREELS) is 90 meV
(726 cm�1)17 which reveals a very good agreement with our
computed νO−−O frequency in the 4-fold O2 on Pd(100). It
is commonly accepted that the very large red shift of the
O−−O stretching frequencies in molecularly adsorbed oxy-
gen on open and closed packed 4d-metallic surfaces measured
since earlier HREELS studies17 originates from the formation
of peroxo and/or superoxo dioxygen species. The elonga-
tion and by consequence the weakening of the O−−O bond
are associated with an electron transfer from the surface to
the unoccupied O2 orbital. The Bader charges that we com-
puted for the six adsorbate structures corroborate this under-
standing. The charge of t-b-t adsorbed O2 is less negative
(qO2 = �0.5) than that of 4-fold hollow adsorbed O2 (qO2

= �0.8) in agreement with previous DFT studies of O2 molecu-
lar adsorption on AuM (M = Ni, Pd, Pt) (111) alloy surfaces,49

on the Au(100) surface,44 and on Pd monomers on Au(100).50

The Bader charges are reported in the supplementary
material, Table S1.

2. Activation energy for O2 dissociation

The dissociation of adsorbed O2 passes through a tran-
sition state (TS), whose energy depends on the particular Pd
configuration as follows from the computed activation energies
in Table II. Figure 3 shows the initial state, TS, and final state
configurations of O2 adsorption and dissociation reactions on
the six considered surfaces.

The activation energy barriers collected in Table II are
found to vary between +0.09 and +0.63 eV, depending on
the (100) surface composition and Pd arrangements. The very
low energy value calculated on the monometallic Pd surface
(+0.09 eV) agrees very well with the experimental results
demonstrating that the O2 dissociation on the bare Pd(100)
surface precedes the associative adsorption at a temperature
as low as T = 10 K.17 At an elevated temperature (T = 150 K),
molecularly adsorbed oxygen is detected only when the entire
surface is covered with atomic oxygen and the adsorption
of O2 is also readily followed by a spontaneous dissocia-
tion.51 Although the DFT (0 K) calculated O2 adsorption on
Pd(100) is rather strong (Eads = �1.50 eV with DFT and Eads

TABLE II. Activation energies (Eact), interatomic distances of O2 in the
transition state on the O2 dissociation pathways, and the activation energy
differences (∆Eact) between DFT and dispersion corrected DFT-D3 calcula-
tions.

DFT DFT-D3

Eact d(O−−O) Eact d(O−−O) ∆Eact

Surface (eV) (Å) (eV) (Å) (eV)

Au(100) 0.63 2.06 0.59 2.06 0.04
Au−−Pd1(100) 0.54 2.04 0.51 2.04 0.03
Au−−Pd2(100) 0.56(0.50)a 2.04 0.47 2.03 0.09(0.03)a

Au−−Pd2-2neigh(100) 0.44 2.02 0.41 2.01 0.03
Au−−Pdchain(100) 0.51(0.47)a 1.98 0.43 1.98 0.08(0.04)a

Pd(100) 0.09 1.70 0.09 1.70 0.00

aActivation energy barriers calculated by taking the 4-fold adsorption site as the initial
adsorbed state.

ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-148-017803
ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-148-017803
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�1.72 eV with DFT-D3), the predicted O−−O distance of 1.42 Å
is larger compared to the O−−O distances on Au−−Pd(100)
surfaces (see Table I). This result shows that the molecule
is close to its dissociation state. Indeed, the O−−O distances
in the TS on the bare Pd surface is 1.70 Å, that is, 0.28
Å longer compared to d(O−−O) in molecularly adsorbed O2

(see Table I).
Comparing the DFT adsorption energies in Table I with

the TS barriers in Table II, we note that the O2 molecule will
preferably desorb from Au(100) and Au−−Pd2-2neigh because
of the larger activation barriers than the respective adsorp-
tion energies. When the D3 dispersion-like term is added, this
conclusion remains valid only for the pure Au(100) surface
but changes in the case of Au−−Pd2-2neigh(100). In the latter
case, the O2 desorption energy, that is, the negative of Eads

(DFT-D3), is +0.64 eV, being now larger than the DFT-D3
TS barrier energy of +0.41 eV. The latter result reasonably
agrees with Eact = +0.33 eV, reported in the previous theoret-
ical work on O2 dissociation on second neighboring Pd atoms
in AuPd(100).50 We found similar activation energies in the
case of Au−−Pd2(100) (Eact = +0.47 eV) and Au−−Pdchain(100)
(Eact = +0.43 eV) surfaces, using the DFT-D3. This can be
explained by the geometry of the TS complexes. As follows
from the inspection of all the TS structures, the O−−O bond
breaking processes only occur over the 4-fold sites of the
(100) surface. Because the favorable adsorption site of O2 on
Au−−Pd2 and Au−−Pdchain is the t-b-t one, the TS structures
on these surfaces undergo structural changes in comparison
to the respective initial states (see Fig. 3). These changes are
because of the diffusion of the O2 molecules from the preferred
t-b-t adsorption site to the 4-fold site in the TS structures. The
examination of the structural transition from the t-b-t to the
4-fold adsorption sites show that in the absence of D3 cor-
rection, O2 has to overcome an energy barrier of +0.05 eV to
diffuse from the t-b-t to 4-fold site. This result also suggests
that different conclusions can be made if dispersion correc-
tions are not considered and in particular for the initial state
and TS that involve different Au and Pd atoms. Because the
dispersion interactions can affect the rate limiting step of reac-
tions over Au-Pd surfaces, all the results that are presented in
the following include the D3 correction.

3. O2 dissociation

In Fig. 4, a superposition of the O2 dissociation
reaction pathways on the six considered surfaces is pre-
sented for comparison. The endothermic O2 dissociation (the
energy of the adsorbed O atoms is higher than that of the
adsorbed O2 molecule) on Au−−Pd1(100), Au−−Pd2(100), and
Au−−Pd2-2neigh(100) is evidenced (see Table III). The reac-
tion becomes exothermic on surfaces involving Pd dimers
and monomers only if atomic oxygen diffusion from Au
to Pd is considered (see diffused configuration in Fig. 3).
The surface geometries after the diffusion are also shown
in Fig. 3 together with O adsorption sites in final and dif-
fused configurations. The optimization calculations of surface
oxygen lead to lower states than the final one in the case
of Au−−Pd1, Au−−Pd2, and Au−−Pd2-2neigh. The exothermic
reaction without additional O2 displacements is established

FIG. 4. Minimum energy reaction pathways for O2 adsorption and dis-
sociation on Au(100), Au−−Pd1(100), Au−−Pd2-2neigh(100), Au−−Pd2(100),
Au−−Pdchain(100), and Pd(100) from DFT-D3 calculations. The energies of
the initial states, TSs, and final states are calculated by taking as a reference
the bare surface + O2 in the gas phase. The corresponding energies calculated
by uncorrected DFT could be found in Tables I and II.

for the O2 dissociation on Au−−Pdchain(100) and Pd(100) sur-
faces. Among the Au−−Pd surfaces studied here, the preferred
Pd arrangement for the O2 molecular adsorption, dissocia-
tion, and stabilization of the dissociated O atoms is therefore
Au−−Pdchain(100).

Examination of the charge difference analysis and Bader
charges, presented in Tables S2 and in Fig. S1 of the sup-
plementary material, for the transition states shows a similar
amount of charge transfer from the metal surface to the oxy-
gen atoms. Pd atoms are systematically more positive than Au
centers participating in the reaction. In addition, a charge accu-
mulation is observed along the first layer Pd and the second
layer Au bond (see Fig. S1 of the supplementary material).
This agrees with the very detailed orbital analysis reported
by Wang et al.50 for the O2 dissociation mechanism on Pd
monomers dispersed on Au(100). The charge accumulations
and/or depletions between the Au atoms of interest in the first
and second layers are significantly smaller than those between
Pd and Au, rendering the Au atom less positive. The negatively
charged oxygen will be strongly attracted by the more posi-
tive Pd atom than the Au atom. Note that the charges located
at O-centers are comparable on all the surfaces ranging from
pure Au to pure Pd and again their amount depends on the
adsorbate structure rather than on the compositions of the
metal surface. This result would suggest that the O2 disso-
ciation reaction on Au−−Pd(100) is governed by the ensemble
effect.

TABLE III. Adsorption sites of dissociated oxygen atoms in the final and
diffused states (see Fig. 3). Reaction energy of O2 dissociation (∆EF-I) and
including O diffusion step (∆ED-I).∆E is calculated as the differences between
the final and initial states, ∆EF-I, and the diffused and initial states, ∆ED-I.

Surface Final state ∆EF-I Diffused ∆ED-I

model configuration (eV) configuration (eV)

Au(100) 3-fold �0.24 . . . . . .

Au−−Pd1(100) 3-fold and bridge 0.12 3-fold �0.17
Au−−Pd2(100) Bridge 0.29 3-fold and bridge �0.33
Au−−Pd2-2neigh(100) 3-fold and bridge 0.13 3-fold �0.25
Au−−Pdchain(100) 3-fold �0.52 . . . . . .

Pd(100) 4-fold �1.09 . . . . . .

ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-148-017803
ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-148-017803
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B. CO oxidation and CO2 formation

This part of the section is devoted to the identification
of CO2 formation minimum energy reaction pathways. At
a first glance at the CO oxidation overall reaction, it seems
likely that the Langmuir-Hinshelwood mechanism takes place
between chemisorbed CO and O species, followed by CO
+ O recombination and CO2 desorption steps. This reaction
mechanism, which is fully supported by experiments,51 will be
thoroughly analyzed and discussed. As will become apparent
below, another mechanism, which was considered in previ-
ous theoretical studies,51,52 involving an OOCO intermediate
complex will be considered. This mechanism denoted herein
as association mechanism will be discussed in the second
part.

1. CO2 formation from CO and O

As the above results show a better dissociation abil-
ity of oxygen (the lowest activation energy barriers) over
Au−−Pd2-2neigh(100) and Au−−Pdchain(100) surfaces, the fol-
lowing analyses will concern only these two configurations.
All the results are obtained with DFT-D3.

In Figs. 5 and 6 are presented the overall reaction path-
ways of CO oxidation on the two considered Pd ensembles.
The successive elementary steps are as follows: O2 molecu-
lar adsorption, O2 dissociation, the adsorption of CO in the
vicinity of one of the two adsorbed atomic oxygen, and CO2

formation. In all cases, two adsorption sites are investigated
for the adsorption of CO on the surface: CO adsorbs on Pd
sites or on Au sites. For each system, the initial state (the
zero reference) is taken as the sum of the energies of the con-
sidered bare surface and CO and O2 in the gas phase. All
calculated vibrational frequencies of minimum energy reac-
tion pathways are provided in the supplementary material,
Table S3.

The O2 dissociation reaction, slightly endothermic
(+0.13 eV) on Au−−Pd2-2neigh and highly exothermic on the
Pd chain (�0.52 eV), leads to dissociated oxygen atoms (O)
bounded to Pd and Au sites (Figs. 5 and 6). On both configu-
rations, the coming CO molecule has the possibility to adsorb

FIG. 5. Calculated energy profiles for O2 dissociation and CO2 formation
on the Au−−Pd2-2neigh (100) surface. (∗) indicates the adsorbed state. The
color code is as follows: yellow for Au, gray for Pd, red for O, and blue
for C.

FIG. 6. Calculated energy profile for O2 dissociation and CO2 forma-
tion on the Pd chain and Pdchain(100) surface. (∗) indicates the adsorbed
state.

either on Au or on Pd sites in the vicinity of dissociated oxy-
gen. Let us note that for the case of the Au−−Pd2-2neigh (100)
surface, the diffusion of oxygen atoms (O) was not considered.
Indeed, as illustrated by the configuration reported in Fig. 3,
the oxygen diffusion leads to the surface reconstruction and
the formation of Pd dimers. This result is consistent with pre-
vious studies evidencing the stability of contiguous Pd sites
in the presence of reactive gas.22 So, in order to compare the
reactivity of isolated Pd sites by Au [present in the case of
the Au−−Pd2-2neigh (100) surface] and contiguous Pd sites, the
adsorption of CO on 2nd neighboring Pd is considered before
the oxygen diffusion process occurs.

From general point of view, the adsorption of CO and
the CO2 formation on Au sites (blue lines) are found to be
less exothermic than on Pd sites (red lines). On both Au−−Pd
surfaces, CO binds through the C-atom to the metallic site in
the vicinity of O.

Over the Au−−Pd2-2neigh (100) surface (Fig. 5), CO adsorbs
on the top position slightly tilted toward O. The calculated
DFT-D3 adsorption energies are found to be �1.11 eV and
�1.37 eV on Au and Pd sites, respectively. The values of
adsorption energies are on the order of +0.28 and +0.79 eV
lower than on the corresponding sites with surface free from
oxygen atoms, respectively. The calculated C−−O stretching
frequencies are computed to be of νC−−O = 2152 cm�1 and νC−−O

= 2124 cm�1 on Au and Pd sites, respectively. These DFT-D3
values are obtained after the application of a correction factor
of 1.033.20–22 In order to explore the nature of the adsorption
sites for CO adsorbed on the oxygen-saturated Au−−Pd(100)
surface, Liu et al.53 have collected a series of infrared spectra
and assigned the different peak to the corresponding adsorption
sites. According to that work, carbon monoxide adsorptions
on top of Au and Pd sites are manifested by CO stretching
frequencies at ∼2109 cm�1 and at ∼2087 cm�1, respectively.
Although our calculation overestimates these frequency val-
ues, it respects the shift of about 22 cm�1 between the two
assigned peaks. From identified transition state, the CO oxi-
dation reaction is found to take place with a small activation
barrier of +0.09 eV on the Au site and a barrier of +0.48 eV
on the Pd site. Each of these identified transition states is
characterized by a unique imaginary frequency of 213i cm�1

and 226i cm�1, respectively, and the carbon atom in CO is

ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-148-017803
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separated from O by ∼2 Å (2.03 Å on the Au site and 2.12 Å
on the Pd site).

In the case of the Au−−Pdchain(100) surface (Fig. 6),
the coming CO molecule adsorbs differently depending on
whether the site is Au or Pd. Thus, while CO adsorbs on
top of the Au atom (although slightly tilted), it prefers the
bridge sites over the chain of Pd. The adsorption energy of
CO on the Au atom is calculated to be �0.91 eV (blue line).
The distances between C and O are 2.91Å. To form CO2,
the system has to overcome a small barrier of +0.13 eV
which is only +0.04 eV higher than that on the Au site of
the Au−−Pd2-2neigh(100) surface. In the transition state, the
formed C−−O bond is found to be 1.98Å equivalent to an
imaginary frequency of 225i cm�1. Over Pd, the adsorption
of CO is much more exothermic and the adsorption energy
is higher by 0.79 eV than on Au. This result is in line with
Temperature Programmed Desorption (TPD) results53 where
the measured peaks for CO on top of Au and on bridge of
Pd atoms shift and lose intensity with increasing temperatures
and desorb above 126 K and 400 K, respectively. At the Pd
bridge site, the C−−O stretching frequency is computed to be
νC−−O = 1949 cm�1, which concords with the measured exper-
imental IR values at 1973 cm�1.22,53 To form CO2, the system
has to overcome a high activation barrier of +0.79 eV with the
calculated imaginary frequency of the transition state of 278i
cm�1. This high activation energy results from the strong bond-
ing of CO on bridge Pd sites over chain configuration. Note
that similar results (Fig. S2 of the supplementary material) are
found for the CO adsorption and CO2 formation pathways on
Pd dimers.

Interestingly, whatever the considered Au−−Pd ensem-
ble, once O attachment to CO occurs, CO2 forms and read-
ily desorbs. In all the cases, the geometry optimizations of
TS structures show changes from single C−−O to double
C==O bonds occurring simultaneously with the breaking of the
C-metal bond followed by the transformation of the O==C−−O
group into the linear geometry of the gas phase CO2 molecule.
The final highly exothermic minimum energy states show
CO2(g) at distances higher than 3 Å from the surface. This
result together with the lower identified CO2 formation energy
barriers of +0.09 eV and +0.13 eV indicate that CO oxidation
is likely to occur when the coming CO is adsorbed on the
Au site. That is, the more weakly the CO is adsorbed on the
surface, the more easily it oxidizes. When CO adsorbs on Pd
sites, it could be oxidized more easily on Au−−Pd2neigh(100)
surfaces than on Au−−Pdchain(100). Moreover, our results sug-
gest that the Au−−Pd2-2neigh ensembles could be the operating
active sites during low-temperature CO oxidation reaction
while Au−−Pd2 and Au−−Pdchain ensembles would be poisoned
by CO. It is worth noting that these results concord with the
very low Pd coverage (0.2 ML) in Au−−Pd(100) system that
was reported to be able to catalyze the CO oxidation reaction
at low temperature.8,9

Regarding the reactivity of pure gold and palladium sur-
faces, we first note that CO oxidation on the pure Au sur-
faces is not observed experimentally.1–3 Gold surfaces and
even Au-nanoparticles do not activate the dioxygen dissoci-
ation (vide infra). In the case of Pd surfaces, both oxygen and
CO adsorb strongly at low temperatures with O2 dissociative

adsorption.17,18 To overcome the strong Pd−−CO and Pd−−O
interactions, a high temperature is required, which therefore
turns the pure Pd surface to be not reactive for low-temperature
CO oxidation.54

2. Association mechanism

The theoretical study of CO oxidation presented by
Molina and Hammer55 proposed an association mechanism
for CO2 formation on Au nanoparticles supported by the
MgO(100) surface. According to these authors, adsorbed CO
and O2 molecule form a four-center metastable structure
(OCOO), which readily dissociates into CO2 and atomic O
on the surface. The highly reactive sites for this reaction are
edges of the particle placed near the oxide substrate. A sim-
ilar mechanism for the CO oxidation reaction was proposed
by Yuan and co-workers56 who studied the catalytic activity
of Pd ensembles (Pd dimers and trimers) over the Au(111)
surface by DFT. The results show the high activity of Pd
dimer in which a two-step reaction of CO + O2 → OOCO
→ CO2 + O occurs. In this work, the association mechanism
was also investigated on all considered Au−−Pd(100) surfaces.
The first reaction step corresponds to CO and O2 co-adsorption
in nearest neighbor sites. In the second step, chemisorbed
O2 in a four-fold site or in a t-b-t site changes it adsorption
mode to the end-on (eo) position to allow more interaction
with adsorbed CO (see Fig. 7 for the case of Au−−Pdchain).
This step is found to be highly energetic (spans more than
1 eV) on different considered Au−−Pd ensembles. As shown
in Fig. 7, over the transition state, a metastable intermediate
OC–O−−O complex is formed. Then, the O–O bond in the
OC–O−−O complex is stretched and the second TS is reached
when the O−−O bond elongates to 1.66-1.70 Å. The latter
step occurs with relatively low energy barriers that vary from
+0.05 to +0.13 eV depending on the Au−−Pd ensemble. The
final step corresponds to the desorption of the formed CO2

molecule.
Our analysis of the CO oxidation reaction excludes the

association reaction mechanism over the Au−−Pd(100) surface
where the rate determining step is found to be the change of
adsorption configuration of molecular oxygen from t-b-t to
end-on configuration in order to allow one of the two oxygen
atoms interacting with the C atom of adsorbed CO. This result
is explained by the fact that the end-on adsorption of O2 on
the (100) surface is not likely to occur. All previous studies
supporting the association mechanism were conducted on flat
(111),57 stepped58 surfaces or nanoparticles55 where O2 end-
on adsorption may be favorable.

FIG. 7. Minimum energy structure configurations of CO oxidation reac-
tion pathway occurring via an association mechanism over the Pdchain(100)
surface.

ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-148-017803
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IV. CONCLUSIONS

In this paper, several important features are found con-
cerning the effect of the Au−−Pd ensemble on oxygen disso-
ciation and CO oxidation reactions.

(i) Concerning the theoretical level of calculation, the
inclusion of the dispersion correction term in the
calculation of O2 adsorption and dissociation reac-
tions captures qualitative agreement with experiment
that uncorrected DFT does not. Indeed, while uncor-
rected DFT results reveal that the O2 molecule
may preferably desorb from Au(100), Au−−Pd1(100),
and Au−−Pd2-2neigh(100) because of the larger iden-
tified activation energies than adsorption energies,
the O2 dissociation is found to be favorable on
Au−−Pd2-2neigh(100) when the D3 dispersion-like term
is added. Similarly, while uncorrected DFT calcu-
lations predict a low adsorption energy of O2 on
Au−−Pd2(100) that leads to positive Gibbs free energy,
the dispersion correction leads to more accurate results
and confirms the ability of the Pd dimer ensemble to
stabilize and to dissociate O2. This result suggests that
the inclusion of dispersion correction is important and
may favor configurations that could not be identified
by uncorrected DFT calculation

(ii) The O2 adsorption and the subsequent dissocia-
tion reaction are energetically favorable not only
on contiguous Pd sites [as in Au−−Pd2(100) and in
Au−−Pdchain(100)] but also on the second neighbor-
ing Pd atoms. This dissociation ability is due to the
Au−−Pd ensemble effect. Indeed, the adsorption of O2

on the 4-fold site of (100) surface makes it interact-
ing with the two second neighboring Pd atoms, which
deforms strongly the adsorbed O2 molecule resulting
in the O−−O distance close to that in the dissociation
transition state.

(iii) Minimum energy reaction pathways for CO oxidation
on Au−−Pd2chain and on Au−−Pd2-2neigh show very low
CO2 formation energy barriers when CO is adsorbed
on Au atom and higher barriers when CO is adsorbed
on Pd. This result indicates that CO oxidation is likely
to occur when the coming CO is adsorbed on the Au
site. In addition, because of its strong ability to absorb
CO, the Pd chain configuration is found to poorly oxi-
dize CO. By consequence, the Au−−Pd2-2neigh ensem-
ble may offer the best reactive Pd ensemble for low-
temperature CO oxidation reactions and may explain
observed experimental data. Additional investigations
on the effect of the entropy as well as the diffusion of
adsorbed species would provide more insights on these
complex reaction mechanisms.

(iv) The CO oxidation reaction involving the formation of
a metastable intermediate, the OC–O−−O complex, is
found to be highly energetic and this mechanism has to
be excluded on the Au−−Pd(100) surface.

SUPPLEMENTARY MATERIAL

See supplementary material for the Bader charge anal-
yses (Tables S1 and S2), for the charge density differences

calculated for all identified transition states of O2 dissoci-
ation (Fig. S1), the vibration frequency values of adsorbed
states and TSs of the identified reaction pathways of Figs. 5
and 6 (Table S3), and for minimum energy reaction pathways
of the CO oxidation reaction on the Au−−Pd2(100) surface
(Fig. S2).
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