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We perform density-functional theory calculations to investigate the adsorption of oxygen at the Au�100�
and Au�110� surfaces. For the clean surfaces, we find that the added-row �5�1� /Au�100� structure is more
stable than the unreconstructed �1�1� /Au�100� surface and the missing-row �2�1� /Au�110� structure is
more stable than the unreconstructed �1�1� /Au�110� surface, which is consistent with experimental results.
For oxygen adsorption on Au�100�, the most stable structure is predicted to be a low coverage ��0.1 ML� on
the added-row reconstructed surface, while for adsorption on Au�110�, the most stable configuration of those
considered is a �2�1� missing-row structure with 1 ML coverage of oxygen. From these results, together with
those of our previous investigations into the O /Au�111� system, we use the Wulff construction to predict the
nanoparticle shape as a function of oxygen chemical potential, which we correlate with pressure �p� and
temperature �T�. For low values of the oxygen chemical potential ��−0.6 eV, corresponding, e.g., to p
=1 atm and T�600 K�, the nanoparticle consists of clean �111� facets. For slightly higher values, clean �111�
facets still dominate but there are small regions of �110� facets, which are covered with the �2�1�-2O
reconstruction. With progressively increasing values of the chemical potential �e.g., from −0.4 to −0.18 eV,
corresponding to, e.g., p=1 atm and T=420–200 K�, the �111� facets become covered with a thin oxide-like
structure, and the �110� regions with the �2�1�−2O / �110� surface reconstruction become larger and finally
dominate. These findings indicate that for low temperature oxidation reactions, where gold nanoparticles have
been reported to be surprisingly active, such thin “surface-oxide-like” structures on the �111� and �110� sur-
faces could possibly play a role in the behavior of the nanogold catalysts.
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I. INTRODUCTION

In contrast to the long held view that gold is catalytically
inert, it is now well known that Au nanoparticles both sup-
ported on reducible oxide supports and unsupported are no-
tably more active than other transition metals for low tem-
perature oxidation of CO and other heterogeneous catalytic
reactions.1–4 This has stimulated huge efforts in an attempt to
understand the mechanisms responsible for the high activity,
including investigations into the nature of oxygen on gold
surfaces.4 The active site, however, for nanoparticle gold
catalysts remains under debate.5 Clearly, the catalytically rel-
evant sites will depend crucially on the exposed surface ori-
entations of the crystallite.6,7

Considerable investigations have been carried out, both
experimentally and theoretically, into the interaction of oxy-
gen with the Au�111� surface.8,10–32 Recently, we predicted,
based on density-functional theory �DFT� calculations for the
adsorption of oxygen at Au�111�,8 that a thin surface-oxide-
like configuration is the most favorable structure of those
considered. Furthermore, this structure was predicted to be
stable up to temperatures of around 420 K at atmospheric
pressure. Although the clean �111� surface �which is recon-
structed into a “herringbone” structure9� has the lowest sur-
face energy of the low-index surfaces, the adsorption of ad-
particles, such as oxygen, can change the relative stability
and so it is important to consider the surfaces energies of
other low-index orientations. The Au�100� clean surface has
been experimentally studied using low energy electron dif-
fraction �LEED�,33 He-ion scattering,34 and scanning tunnel-
ing microscopy �STM�.35 All the experimental results indi-
cate a reconstructed, slightly rotated, and densely packed

triangular structure for the topmost layer. Originally, a
�1�5� reconstruction was suggested, which seemed to agree
well with high-resolution STM images, but other models
with larger surface unit cells have also been put forward.4

From embedded-atom calculations, Daw and Baskes pre-
dicted that a �1�1� reconstruction was favorable, which has
a slightly buckled quasitriangular surface with 20% higher
surface atomic density than the unreconstructed �1�1� sur-
face, which agrees semiquantitatively with the experimental
results.36 Ab initio studies performed by Fiorentini et al.37

show that a close-packed quasihexagonal reconstruction is
possible for the �100� surface of the late 5d metals, Ir, Pt, and
Au. For the clean Au�110� surface, both glancing-incidence
x-ray diffraction38 and high-resolution electron microscopy39

confirmed the “missing-row” model of reconstructed
Au�110�. A later LEED intensity analysis of the recon-
structed �1�2� /Au�110� surface reported a modification of
the missing-row model, namely, that it contained consider-
able distortions, which are at least three layers deep.40

With regard to O adsorption on Au�100� and Au�110�,
Davis and Goodman observed that oxygen desorbs recombi-
natively in a single peak at 470 K from Au�100�,21 and no
ordered overlayer structure was observed. By using an elec-
tron bombardment of physisorbed and condensed oxygen
molecules on Au�110�-�1�2� at 28 K, chemisorbed atomic
oxygen was produced.41 This structure was investigated with
UV photoelectron spectroscopy �UPS�, where it was found
that the electronic structure of chemisorbed oxygen bears a
strong resemblance to that of gold oxide �Au2O3�. Coverages
beyond one monolayer were associated with gold oxide. It
was found that chemisorbed oxygen reacts vigorously with
carbon monoxide even below 100 K.41
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In the present paper, we examine the interaction of atomic
oxygen and the stability of oxygen adsorption and thin sur-
face oxides on Au�100� and Au�110� for a range of coverages
and atomic geometries. By using these results, together with
those of our earlier study of the O /Au�111� system, we pre-
dict the nanomorphology of Au particles in an oxygen atmo-
sphere by using the Wulff construction. Among other things,
the calculations indicate that under the conditions of techni-
cally low temperature oxidation reactions, e.g., p=1 atm and
200 K�T�420 K, the nanoparticles are dominated by
�110� and �111� facets, which are covered with a very thick
surface-oxide-like structure. The paper is organized as fol-
lows: In Sec. II, we give details of the first-principles DFT
total-energy calculations, including a brief description of the
ab initio atomistic thermodynamics approach. In Sec. III,
results are presented for the clean Au�100� and Au�110� sur-
faces. The results for O /Au�100� systems, including atomic
and electronic structures and adsorption energies, are pre-
sented in Sec. IV, while those for O /Au�110� are presented
in Sec. V. The discussion, including the results of the surface
free energy and associated temperature and pressure depen-
dence, and the predicted nanoparticle shapes, is given in Sec.
VI. The conclusion is given in Sec. VII and convergence
tests are described in the Appendix.

II. CALCULATION METHOD AND DEFINITIONS

The calculations are performed using the DFT total-
energy Vienna ab initio simulation package �VASP�.42–44 We
employ the projector augmented-wave method45,46 �PAW�
and the generalized-gradient approximation �GGA� for the
exchange-correlation functional.47 The wave functions are
expanded in a plane-wave basis set with an energy cutoff of
36.75 Ry �500 eV�. The Fermi level and/or electronic occu-
pancies are smeared by a Gaussian function with a tempera-
ture broadening of kBTel=0.1 eV �kB is the Boltzmann con-
stant� and the total energy is extrapolated to zero
temperature. The PAW potential is generated taking scalar
relativistic corrections into account. We use symmetric slabs
for the clean surface energy calculations, where the Au�100�
surface is described by a six-layer slab and the unrecon-
structed Au�110� surface by a nine-layer slab. For Au�100�,
we relax the two topmost and bottom two atomic layers, and
keep the center two layers fixed at the bulk positions. For
Au�110�, we relax the three topmost and bottom three atomic
layers, and keep the center three layers fixed at the bulk
positions. For the �2�1� missing-row reconstruction of the
Au�110� surface, we use 11 atomic layers, keeping the center
three layers fixed at the bulk positions and relaxing all other
atoms. The �1�1� /Au�111� surface is modeled by a seven-
layer slab, with the top and bottom two layers relaxed. All
slabs are separated by more than 15 Å of vacuum space. For
the adsorption studies, oxygen is placed on one side of the
slab, where the induced dipole moment is taken into account
by applying a dipole correction.48 We allow atomic relax-
ation of all gold atoms in the top four layers of the �100�
surface and the top five layers of the �110� surface, plus the
oxygen atoms. The final forces on the atoms are less than
0.01 eV /Å. For the k-point sampling, 4�20�1 and 4

�12�1 meshes are used for the �5�1� /Au�100� and
�2�1� /Au�110� surface unit cells �SUCs�, which generate
33 and 21 k points in the surface irreducible Brillouin zone
�IBZ� for the Brillouin zone integration, respectively.
Equivalent k points are used for all of the surface structures
studied to maximize the accuracy. Convergence tests were
performed regarding the energy cutoff, k-point sampling, the
number of layers, as well as cell size, and are reported in the
Appendix. The results, together with those tests reported in
Ref. 8 for O /Au�111�, demonstrate the high accuracy of our
calculations.

We evaluate the surface energy as

�surf =
1

2A
�Esurf

tot − nEbulk
tot � , �1�

where Esurf
tot and Ebulk

tot are the total energies of the �fully re-
laxed� surface system and a gold atom in bulk, respectively.
n is the number of Au atoms in the corresponding slab and A
is the corresponding surface area of the employed SUC.

The average adsorption energy per oxygen atom is de-
fined as

Ead = −
1

NO
�EO/Au − �EAu + NOEO� + �NAuEAu

bulk� , �2�

where NO is the number of oxygen atoms in the SUC, and
EO/Au, EAu, and EO represent the total energy of the
adsorbate-substrate system, the clean unreconstructed sur-
face, and the free oxygen atom, respectively. For oxygen
adsorption on an unreconstructed surface, �NAu is equal to
zero. For surface structures involving a different number of
Au atoms compared to the clean unreconstructed reference
slab, �NAu is the number of Au atoms missing from, or
added to, the corresponding reference surface. EAu

bulk is the
total energy of a gold atom in bulk. This term appears since
the missing �or added� Au atoms are assumed to be rebound
at �dissociated from� kink sites at steps, which contribute an
energy equal to that of a bulk Au atom.49,50 The adsorption
energy Ead is defined such that a positive number indicates
that the adsorption is exothermic �stable or metastable� and a
negative number indicates endothermic �unstable�.

We consider the surface in contact with an oxygen atmo-
sphere, which is described by an oxygen pressure p and a
temperature T, and calculate the Gibbs surface free energy of
adsorption as

��T,p� = �GO/Au
slab − GAu

slab + �NAu�Au − NO�O�/A . �3�

GO/Au
slab and GAu

slab are the Gibbs free energies of the O /Au
surface under consideration and that of the clean unrecon-
structed substrate reference system, respectively. �Au and �O
are the chemical potentials of a Au and an O atom, respec-
tively, and A is the surface area. We take �Au=gAu-bulk, the
free energy of a bulk Au atom. For pressures not exceeding
about 100 atm, the contribution from the pV term in Gibbs
free energy is negligible. In this work, we neglect vibrational
contributions. In our previous study for O /Au�111�, we
found that for the lowest energy surface structure, vibrational
contributions for T�600 K were not greater than 	3 meV.
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Thus, the total energies are the predominant term in the
Gibbs free energies.

The T and p dependence is mainly given by �O, i.e., by
the O2 gas phase atmosphere, as follows:51

�O�T,p� =
1

2
�EO2

total + �̃O2
�T,p0� + kBT ln� pO2

p0 �	 , �4�

where p0 corresponds to atmospheric pressure and �̃O2
�T , p0�

includes the contribution from rotations and vibrations of the
molecule, as well as the ideal-gas entropy at 1 atm.51 EO2

total is
the total energy of the oxygen molecule. We also consider
the Gibbs free surface energy,

�surf
O/Au�T,p� = �EO/Au − NAu�Au − NO�O�/A − �surf

unrel.clean.

�5�

Here, NAu is the number of Au atoms in the O /Au system.
The surface energy of the clean unrelaxed �and unrecon-

structed� surface, �surf
unrel.clean, is subtracted because an asym-

metric surface slab is used in the adsorption calculations. It
can be shown that Eq. �5� is equivalent to �surf

O/Au�T , p�
=��T , p�+�surf.

III. Au(100) AND Au(110) CLEAN SURFACES

The calculated lattice constant of face-centered-cubic gold
is 4.175 Å and the bulk modulus is 132 GPa. The corre-
sponding experimental values are 4.08 Å and 170 GPa.52

Thus, the DFT-GGA result slightly overestimates the former
and, correspondingly, underestimates the latter. The calcu-
lated value agrees very well with previous DFT-GGA results,
where values of 4.19 Å and 132 GPa were reported.53 The
theoretical �DFT-GGA� cohesive energy of Au is
3.05 eV /atom and the value reported from VASP by using the
local density approximation �LDA� is 4.39 eV /atom.54 The
experimental result is 3.81 eV /atom.52 The GGA thus under-
estimates and the LDA overestimates the cohesive energy. In
our GGA calculations for the cohesive energy, the free gold
atom has been calculated including spin polarization.

We calculate the surface energies for the relaxed unrecon-
structed �1�1� surfaces of Au�100�, Au�110�, and Au�111�,
as well as that for the added-atom �5�1� /Au�100�
surface36,37 �see Fig. 1�a�� and the missing-row �2
�1� /Au�110� surface40 �see Fig. 1�b��. �Note that for the
latter two surface unit cells, the convention is opposite to
some used in the literature; i.e., �1�5� and �1�2� have been
used to denote these structures in some publications, but they
are identical to the ones discussed here.� The surface ener-
gies are given in Table I. It can be seen that the added-atom
�5�1� /Au�100� and missing-row �2�1� /Au�110� surfaces
are more stable than the corresponding unreconstructed �1
�1� clean surface �by 0.005 eV /Å2�, which is consistent
with experimental results, which find the clean surfaces to be
reconstructed.33–35,38–40 For the �2�1� /Au�110� missing-
row surface, the interlayer distance between the top two lay-
ers is contracted significantly by 21%. The two atoms in the
third layer �see Fig. 1�b�, atoms 3 and 4� exhibit a rumbling
of 0.33 Å perpendicular to the surface, which is in agreement
with the experimental value of 0.24 Å.40 The bond lengths
between the metal atoms and their deviation relative to the
bulk values are listed in Table II. Our calculated results agree
very well with the results from a LEED intensity analysis.40

The bond length does not vary as much as the large contrac-
tion of the interlayer distance between the top two layers due

TABLE I. Surface energy, �surf �in eV /Å2�, for the relaxed unreconstructed and reconstructed clean
surfaces, the first �d12� and second �d23� interlayer distances �in Å�, and the deviation ��� from the corre-
sponding bulk values �in %�.

Clean surface d12 �d12 d23 �d23 �surf

�1�1� /Au�110� 1.28 −13.3 1.60 8.40 0.057

�2�1� /Au�110� missing-row 1.16 −21.4 1.50 1.63 0.052

�1�1� /Au�100� 2.01 −3.7 2.07 −0.84 0.054

�5�1� /Au�100� added-atom 2.51 20.2 2.07 −0.84 0.049

�1�1� /Au�111� 2.44 1.2 2.40 −0.41 0.045

(a)

(b)

1

1

2

2

3

3

4
5

[1 0 0]

[1 0 0]

[0 1 1]

[0 1 0]

FIG. 1. �Color online� Top �upper� and side �lower� views of the
atomic geometry of �a� the added-atom �5�1� /Au�100� structure
and �b� the missing-row �2�1� /Au�110� surface. Darker �yellow�
and light �pale yellow� spheres indicate Au atoms in the topmost
and lower lying layers, respectively. The SUCs are indicated. �The
numbers on the atoms are labels referred to in Table II.�
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to compensation from the lateral deviations in the second
layer and the buckling in the third layer.

IV. OXYGEN ADSORPTION ON Au(100)

For oxygen adsorption on the Au�100� surface, we con-
sidered various structures �see Fig. 2�. We also investigated
an oxygen structure involving on-surface and subsurface ad-
sorption �not shown in Fig. 2�, reported as “the most stable
�2�2� structure” considered for O on Ag�100� �see Fig. 5�b�
of Ref. 55� and a “�2
2�
2� missing-row reconstruction,”
which was studied for O on Ag�100� �see Fig. 3 of Ref. 56�.
In the former structure, one O atom is in the hollow site and
another O atom is in a “subhollow” site, while two additional
O atoms are located in subsurface octahedral sites. The
�2
2�
2� missing-row reconstruction consists of two oxy-
gen atoms in the pseudo-three-fold hollow sites and two sub-
surface O atoms in the subsurface octahedral site.56 How-
ever, for Au�100�, we find that both these structures are less

stable than the others we considered and they are not dis-
cussed further. It is interesting to note the significant rum-
pling of the top Au layer that oxygen adsorption induces for
the added-atom �5�1�-O, �5�1�-2O, and �5�2�-O struc-
tures �see Figs. 2�f�–2�h��. The average oxygen adsorption
energies �cf. Eq. �2��, with respect to atomic oxygen, are
plotted in Fig. 3 as a function of coverage and the values are
given in Table III. It can be seen that the structure involving
on-surface oxygen adsorption in the quasi-three-fold hollow
site of the added-atom �5�2� surface �Fig. 2�h�� has the
most favorable energy.

The bond lengths between the oxygen atom and its three
neighboring gold atoms for the lowest energy structure are
2.11, 2.11, and 2.20 Å, respectively. We also consider the
difference electron density, n��r�,

n��r� = n�r� − n0�r� − nO�r� , �6�

where n�r� is the total electron density of the adsorbate-
substrate system, and n0�r� and nO�r� are the electron densi-
ties of the clean substrate and the free oxygen atom, respec-
tively, where the atomic geometry of the substrate is that of

TABLE II. Calculated Au-Au bond lengths �in Å�, deviation
from the bulk value �d �in %�, and corresponding experimental
values for the �2�1� /Au�110� missing-row surface structure. At-
oms are labeled as in Fig. 1�b�.

This work Expt.a

Bond length �d Bond length �d

Au1-Au2 2.84 −3.7 2.80 −2.8

Au1-Au4 2.82 −4.4 2.74 −5.0

Au2-Au3 2.85 −3.4 2.79 −3.3

Au2-Au4 3.08 4.3 3.01 4.4

Au2-Au5 2.99 1.2 2.94 2.0

Au3-Au5 2.99 1.4 2.96 2.7

Au4-Au5 2.93 −0.6 2.84 −1.5

aReference 40.

(a)

(e)(e)

(b) (c) (d)

(f) (g) (h)

FIG. 2. �Color online� Top �upper� and side �lower� views of the
atomic geometries considered for O /Au�100�. �a� �2�1�-O, �b�
�2�2�-O, �c� �2�2�-2O or c�2�2�-O, �d� �3�3�-O for oxygen in
the hollow site, �e� missing-row �2
2�
2�R45°-O, �f� added-atom
�5�1�-O, �g� added-atom �5�1�-2O, and �h� added-atom �5
�2�-O. The small dark �red�, large gray �yellow�, and light gray
�pale yellow� spheres correspond to oxygen atoms, uppermost Au
atoms, and second layer Au atoms, respectively. The SUCs are
indicated.

FIG. 3. �Color online� Calculated average adsorption energy of
oxygen on Au�100� versus coverage, with respect to atomic oxygen.
The upper and lower horizontal lines represent the experimental
�2.56 eV� and theoretical �3.14 eV� values of the O2 binding energy
per atom, respectively.

TABLE III. Average adsorption energy �in eV�, Ead, per O atom
for the O /Au�100� structures shown in Fig. 2. All energies are
given with respect to the free oxygen atom �which includes spin
polarization�. Also given are the number of O atoms �NO�, the num-
ber of topmost Au atoms �NAu-top� in the SUC, and the correspond-
ing coverage �in ML�.

Structure NO NAu-top Coverage Ead

�2�1�-O 1 2 0.50 2.78

�2�2�-O 1 4 0.25 3.11

�2�2�-2O 2 4 0.50 2.86

�3�3�-O 1 9 0.11 3.12

Missing-row �2
2�
2�R45°-O 2 3 0.50 3.30

Added-atom �5�1�-O 1 6 0.20 3.32

Added-atom �5�1�-2O 2 6 0.40 3.03

Added-atom �5�2�-O 1 12 0.10 3.75
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the relaxed adsorbate system �but without the O atoms�. This
quantity then shows from which regions the electron density
has been depleted and increased due to O adsorption on the
surface. The calculated difference electron density distribu-
tion for the �5�2�-O structure is shown in Fig. 4. Qualita-
tively, the features are very similar to those obtained for
oxygen adsorption on Au�111� at low coverage, as reported
in Ref. 8 �Fig. 3�, with a depletion of the Au 5d states and an
increase in the O 2p states, as well as a polarization of the O
atoms. In Fig. 5, we show the corresponding projected den-
sity of states �PDOS�. It can be seen that there is a hybrid-
ization between the O 2p and Au 5d orbitals. The valence
PDOS for the O atom shows that there are two main regions
of high electron density below the Fermi level. These corre-
spond to bonding- and antibonding-like states. The bonding
states are located near the bottom of �and within� the Au 5d

band, and the antibonding states near the top of it are largely
occupied, thus preventing a strong covalent bonding. The
PDOS is also qualitatively similar to that obtained for oxy-
gen adsorption on Au�111� at low coverage, as reported in
Ref. 8 �Fig. 4�.

V. OXYGEN ADSORPTION ON Au(110)

For oxygen adsorption on the Au�110� surface, we consid-
ered six structures �see Fig. 6�. Three of these configurations
were stimulated by O structures that form on other noble
metal �110� surfaces, in particular, the missing-row �1
�2�-O structure �Fig. 6�d�� has been reported for Ag�110�,57

the missing-row �2�1�-2O structure �Fig. 6�e�� has been
reported for Pt�110�,58 and the c�2�6� structure �Fig. 6�f��
has been reported for Cu�110�.59 The average adsorption en-
ergies, with respect to atomic oxygen, are plotted in Fig. 7 as
a function of coverage and the values are given in Table IV.
It can be seen that the missing-row �2�1�-2O structure �Fig.
6�e�� has the most favorable energy. It is interesting to note
for this structure that the “surface-oxide” layer is composed
of �edge-sharing� AuO4 units that contain four oxygen atoms
around one gold atom, while the O atoms are twofold coor-
dinated to Au. This AuO4 unit is rather similar to that con-
stituting the atomic network of gold oxide Au2O3.60 The
bond length between the oxygen atom and its nearest neigh-

FIG. 4. �Color online� Difference electron density for the added-
atom �5�2�-O /Au�100� structure. The dark �red� isosurfaces indi-
cate an increase in electron density, and the light �pale blue� iso-
surfaces represent a depletion. The black spheres indicate the posi-
tion of the gold atoms. The value of the isospheres is 	2.0
�10−5 e /Å3.

FIG. 5. PDOS for the added-atom �5�2�-O /Au�100� structure.
The Au PDOS of the first metal layer atoms that are bonded to
oxygen are indicated by dashed �6s� and solid �5d� dark lines, re-
spectively. The PDOS of the O 2s and 2p states are represented by
the dashed and solid gray lines, respectively. The Fermi energy is
denoted by the vertical line.

(a) (b) (e)(c) (d) (f)

FIG. 6. �Color online� Top �upper� and side �lower� views of the
atomic geometries considered for O /Au�110�: �a� �2�1�-O, �b�
�2�2�-O, �c� �3�3�-O, �d� missing-row �1�2�-O, �e� missing-
row �2�1�-2O, and �f� a c�2�6� structure. Small dark �red�, large
gray �yellow�, and light gray �pale yellow� spheres represent O
atoms, Au atoms in the uppermost layer, and deeper lying Au at-
oms, respectively. The SUCs are indicated.

FIG. 7. �Color online� Calculated average adsorption energy of
oxygen on Au�110� versus coverage, with respect to atomic oxygen.
The upper and lower horizontal lines represent the experimental
�2.56 eV� and theoretical �3.14 eV� values of the O2 binding energy
per atom.
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bor gold atom for the lowest energy missing-row �2
�1�-2O structure is 2.03 Å, which is very close to the value
of 2.01 Å, which is the average Au-O bond length within a
AuO4 unit in gold oxide Au2O3.60 Furthermore, the values of
93.9° and 86.7° for the two bond angles of O-Au-O around a
center gold atom are very similar to those we obtained for
the four O-Au-O angles of the AuO4 units in bulk gold oxide
�Au2O3� of 91.2°, 94.4°, 86.7°, and 87.6°.60 These four
angles can be classified into two types, with average values
of 92.8° and 87.2°. Thus, there is a strong similarity between
the local geometry of the �2�1�-2O surface oxide with
structural building blocks of the bulk gold oxide Au2O3.

The calculated difference electron density distribution of
the �2�1�-2O surface structure is shown in Fig. 8. A deple-
tion of Au 5d states of the surface gold atoms bonded to the
oxygen atoms is evident, while there is an increase in elec-
tron density, and a polarization, on the O atoms. It is inter-
esting to note that these electron redistributions are very
similar to those about the O atom, which is twofold coordi-
nated to Au atoms in the low energy surface-oxide-like struc-
ture we considered on Au�111� �see Fig. 12�a� of Ref. 8�. In
Fig. 9, we show the corresponding PDOS. It can be seen that
there is a hybridization between O 2p and Au 5d orbitals.
The valence PDOS for the O atom shows three main regions:
bonding states at the bottom of the valence band, a feature at
around −1.5 eV, and a large unoccupied peak. The PDOS is
rather similar to that of the bulk gold oxide Au2O3 described
in Ref. 60, which has a notably broader Au 5d band as com-

pared to Au2O, which is hybridized with O 2p states, and a
high DOS that is unoccupied and characterized by a hybrid-
ization of Au 5d–O 2p states. This is consistent with UPS
results, which find that the electronic structure of chemi-
sorbed oxygen on Au�110� resembles that of gold oxide
Au2O3 at 28 K.41 This suggests that the “chemisorbed oxy-
gen species” bears a close resemblance to this �2�1�-2O
structure. The PDOS for the �2�1�-2O structure shows a
metallic character, while Au2O3 is semiconducting. Further-
more, the work function change of this chemisorbed species
was reported to be 0.9 eV. We calculated the work function
change for the �2�1�-2O /Au�110� structure and found a
value of 0.82 eV, which is in close agreement with the ex-
perimental value.

VI. THERMODYNAMICAL ANALYSIS

In Fig. 10, we show the surface free energy of adsorption
�cf. Eq. �3�� for the most favorable structures we investigated
for O on the Au�100�, Au�110�, and Au�111� surfaces. The
steeper the gradient, the higher the O coverage. By using Eq.
�4�, we correlate the oxygen chemical potential with tem-
perature for two selected pressures, namely, that which cor-
responds to UHV and the other at atmospheric pressure as is
characteristic of real pressures employed in technical cataly-
sis. It can be seen that the Au�111� surface-oxide structure is
predicted to be stable in a temperature region of 200–420 K
for a pressure of 1 atm. For the �110� surface, the missing-
row �2�1�-2O structure is stable at 1 atm to temperatures of
around 480 K, while for the Au�100� surface, the added-row
�5�2�-O structure is predicted to be stable up to a tempera-
ture of �600 K at atmospheric pressure.

In Fig. 11, to compare the relative surface energies of
these structures on a common scale, we plot the surface free
energy �cf. Eq. �5�� for the most stable structures of O on the
low-index surfaces as a function of oxygen chemical poten-
tial, ��O. For selected values of ��O, we show the predicted
nanomorphology of the crystallites by using the Wulff con-
struction. For low values of ��O ��−0.5 eV� the crystal

TABLE IV. Average adsorption energy �in eV�, Ead, per O atom
for the considered O /Au�110� structures shown in Fig. 6. All ener-
gies are given with respect to the free oxygen atom. Also given are
the number of O atoms �NO�, the number of topmost Au atoms
�NAu-top� in the SUC, and the corresponding coverage �in ML�.

Structure NO NAu−top Coverage Ead

�2�1�-O 1 2 0.50 2.80

�2�2�-O 1 4 0.25 2.89

�3�3�-O 1 9 0.11 2.75

Missing-row �1�2�-O 1 1 0.50 3.20

Missing-row �2�1�-2O 2 1 1.00 3.62

c�2�6� 8 10 0.67 3.19

FIG. 8. �Color online� Difference electron densities for the �2
�1�-2O /Au�110� missing-row structure. The dark �red� isosurfaces
indicate an increase in electron density and the light �pale blue�
isosurfaces represent a depletion. The black spheres represent the
position of the oxygen and gold atoms. The value of the isospheres
is 	4.0�10−5 e /Å3.

FIG. 9. PDOS for the missing-row �2�1�-2O /Au�110� struc-
ture. The Au PDOS of the first metal layer atoms that are bonded to
oxygen are indicated by dashed �6s� and solid �5d� dark lines, re-
spectively. The PDOS of O 2s and 2p states are represented by the
dashed and solid gray lines, respectively. The Fermi energy is de-
noted by the vertical line.
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shape is dominated by clean Au�111� facets, which have the
lowest Gibbs surface free energy for this chemical potential
region as well as smaller �100� facets, with the added-row
�5�2�-O structure. As ��O is increased to the range where
the surface-oxide-like structures form on the �111� and �110�,
e.g., at ��O=−0.4 eV, the crystal shape now consists of fac-
ets of each of these oxygen structures, in addition to the
mentioned �100� orientation, where the dominant facet is still
�111�. As the chemical potential is increased further to, e.g.,
��O=−0.3 eV, regions of �111� and �100� facets decrease
and that of �110� increases. At ��O=−0.2 eV, the polyhe-
dron is dominated by �110� facets, covered by the missing-
row �2�1�-2O structure, and the �100� regions have disap-
peared. The finding that thin surface-oxide structures on the
Au�111� and Au�110� surfaces are predicted to be stable un-
der conditions at which low temperature gold-based catalysts
are active indicates that such structures could possibly be
present and play a role in the catalytic activity of gold nano-
particles.

Interestingly, the predicted qualitative behavior of the
nanogold particles agrees well with recent high-resolution
electron microscopy experiments, which include an “envi-
ronmental sample holder,” where the particles were exposed
to a controlled oxygen �or hydrogen� atmosphere and their
morphology monitored.64 In particular, after cleaning the
nanoparticles, which were deposited on both TiO2 and amor-
phous carbon, they exhibited �111� and �100� planes, just as
we obtained �see Fig. 11 for ��O=−0.5 eV�. For exposure to
oxygen at a pressure of 2 mbars ��2�10−3 atm� at room
temperature, the particles changed to a “more spherical”
shape. These experimental conditions would correspond ap-
proximately to ��O=−0.3 eV, where the �111� and �100�
facets begin to reduce in favor of the presence of �110�
planes, which gives a more rounded nature �see Fig. 11 for
��O=−0.3 eV�. At this value of the oxygen chemical poten-
tial, the gold planes are covered with the predicted thin oxy-

(110)

(100)

(111)

(5 2)-O�

(2 1)-2O�

FIG. 11. �Color online� Surface free energies for O at Au�100�,
Au�110�, and Au�111� for the lowest energy structures as a function
of the O chemical potential, where ��O is defined as �O

−1 /2EO2

total. For Au�111�, Au�110�, and Au�100�, the most stable
structures correspond to the surface-oxide structure reported in Ref.
8 �Fig. 11�g��, the missing-row �2�1�-2O /Au�110� �Fig. 6�e��, and
the added-atom �5�2�-O /Au�100� �Fig. 2�h�� structures, respec-
tively. The horizontal sections of the dark �blue�, gray �red�, and
light gray �yellow� lines represent the clean surfaces of Au�110�,
Au�100�, and Au�111�, respectively. The corresponding tempera-
tures are given for two selected pressures �cf. Eq. �4��, one corre-
sponding to UHV conditions and the other to atmospheric pressure.
The predicted nanoparticle shapes are shown for selected values of
the oxygen chemical potential as listed �and as indicated by the
downward pointing arrows in the plot�. For the crystallites, the fac-
ets are indicated as follows: midgray �red� �100�, dark gray �blue�
�110�, and light gray �orange� �111�. The dashed vertical line la-
beled “theory” and the dot-dashed vertical lines labeled “expt.” rep-
resent the calculated �Ref. 60� and experimental �Refs. 61–63� val-
ues of the heat of formation of bulk Au2O3 per O atom. The solid
vertical line indicates the energy zero of the change in the O chemi-
cal potential with respect to the energy of a free isolated O2 mol-
ecule at absolute zero: ��O=�O−1 /2EO2

total.

FIG. 10. �Color online� Surface free energies of adsorption �cf. Eq. �3�� for O at Au�111� �left panel�, Au�110� �middle panel�, and
Au�100� �right panel� for the various low energy structures as a function of the O chemical potential, where ��O is defined as �O

−1 /2EO2

total. The corresponding temperatures are given for two selected pressures �cf. Eq. �4��, one corresponding to UHV conditions and the
other to atmospheric pressure. For the definition of the oxygen structures on Au�111�, we refer to Ref. 8. The dashed vertical line labeled
“theory” and the dot-dashed vertical lines labeled “expt.” represent the calculated �Ref. 60� and experimental �Refs. 61–63� values of the heat
of formation of bulk Au2O3 per O atom. The solid vertical line indicates the energy zero of the change in the O chemical potential with
respect to the energy of a free isolated O2 molecule at absolute zero: ��O=�O−1 /2EO2

total.
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gen structures. Experimentally, because this behavior of gold
clusters was observed on both TiO2 and amorphous carbon,
it indicates that the shape changes are driven by adsorption
on the metal surfaces, as is consistent with our results. Fur-
thermore, the experimental studies investigated the reactivity
of the particles for CO oxidation at room temperature, and
found, indeed, that a reaction to CO2 does occur.65

VII. CONCLUSIONS

We have studied the O /Au�100� and O /Au�110� systems
by using density-functional theory for a range of atomic
configurations and oxygen coverages. For O adsorption
on Au�100�, the most stable structure is the added-atom
�5�2�-O configuration, where O adsorbs in a quasi-three-
fold hollow site. For adsorption on Au�110�, the most stable
geometry corresponds to a missing-row �2�1�-2O structure,
which may be described as a surface oxide. By using the
Gibbs surface free energy, and by including the results of our
previous investigation into O adsorption on Au�111�, we ob-
tain the predicted Au nanoparticle morphology in an oxidiz-
ing environment, using the Wulff construction. At low oxy-
gen chemical potential, clean Au�111� facets dominate. For
higher values, e.g., from −0.4 to −0.18 eV, the O-Au sur-
face structures form on all the low-index facets, with the
�111� orientation dominating. At atmosphere pressure, this
corresponds to a temperature range of 420–200 K. For
values of the oxygen chemical potential in the range
from −0.26 to −0.18 eV, there is a switchover in that the
�110� facets are the dominant region. For a pressure of 1 atm,
this corresponds to a temperature range of �300–200 K.
Our results suggest, assuming that O2 can dissociatively
adsorb or atomic oxygen can be supplied from a catalyst
support material, that the surface-oxide like structures on
the �111�, and �2�1�-2O structures on the �110� facets, may
be present under low temperature oxidation reaction condi-
tions and could possibly play a role as a catalyst over gold
nanoparticles.
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APPENDIX: CONVERGENCE TESTS FOR SURFACE
ENERGIES

Convergence tests have been carried out for the surface
energies of Au�100� and Au�110� with regard to the k-point
sampling, energy cutoff, and number of atomic layers in the
symmetric slab. For the Au�110� surface, we used a �2�1�
SUC and calculated the unreconstructed and missing-row
surface energies. We tested k-point sets of 4�12�1 �21 k
points in the IBZ� and 5�15�1 �24 k points in the IBZ�,
where the total energy differed by only 0.0044 eV for the
unreconstructed surface and 0.027 eV for the missing-row
surface per SUC. Furthermore, we tested energy cutoffs of
500 and 600 eV, where the total energy differed by only
0.0006 eV for the unreconstructed surface and 0.0007 eV for
the missing-row surface per SUC. We also tested the number
of atomic layers in the slab. For the unreconstructed surface,
we found that the surface energy per SUC is 1.38 eV for the
case of 7, 9, and 11 layers. For the missing-row surface, the
surface energies per SUC are 1.36 �7 layers�, 1.29 �9 layers�,
and 1.28 eV �11 layers�. Thus, we regard the surface energy
to be converged at seven layers for the unreconstructed clean
surface, and at nine layers for the missing-row surface.

For the Au�100� surface, we used both a �1�1� and
�5�1� SUC to calculate the clean unreconstructed surface
energy. We tested k-point sets of 3�15�1 �16 k points in
the IBZ� and 4�20�1 �33 k points in the IBZ�, and found
that the surface energy per SUC is practically identical. Fur-
thermore, we tested energy cutoffs of 500 and 600 eV, where
the total energy differed by only 0.0015 eV per SUC. We
also tested the number of atomic layers in the slab. We found
that the surface energy per SUC differed only by 0.01 eV
between a six-layer and an eight-layer slab. Furthermore, we
used a �1�1� SUC to calculate the clean unreconstructed
surface energy and found that the surface energy is identical
to that obtained from the �5�1� SUC. Thus, our results, as
presented for the described calculation parameters, are highly
converged.
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