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Structure of rhenium surfaces in an oxygen environment
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Using density functional theory in conjunction with thermodynamic considerations, we studied different clean
and oxygen-covered Re surfaces: low-index Re(0001), Re(101̄0), Re(101̄1), and Re(112̄1) as well as high-index
Re(134̄2), all surfaces that were found to be relevant in oxygen-induced surface faceting of rhenium. We found
that on more open surfaces oxygen adsorption begins at lower oxygen chemical potentials, which can be correlated
to the stronger O–surface interaction. Furthermore, at high-oxygen coverages close-packed Re(0001) becomes
significantly more stable than the other Re surfaces that have been investigated. In addition to the stability
of surface structures, we also provide quantitative information on the geometries and binding energies, which
are of relevance for understanding the properties and catalytic behavior of Re-based catalysts operating under
oxygen-rich conditions.
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I. INTRODUCTION

Catalysts are often composed of high-surface-area nanopar-
ticles dispersed over a support material. The equilibrium
shape of such nanoparticles (in the asymptotic limit given
by the Wulff shape1) is commonly thought to consist of
closely packed surfaces that are likely to have the lowest free
energies. For this reason and also for simplicity, these surfaces
are mostly taken to model catalysts and are investigated in
the presence of the considered reactants (see Refs. 2–5 for
related studies on rhenium). However, for some cases it has
been shown that even high-index faces might be present on
the equilibrium-shaped nanoparticles as well.6 As atomically
rough high-index surfaces, which have higher densities of
steps, kinks, and possibly defects, usually show better per-
formance as catalysts than their close-packed counterparts,
this has interesting implications for our understanding of the
catalysts’ properties. Therefore, in order to close the structure
gap between real heterogeneous catalysts (e.g., nanoparticles)
and surface science models (e.g., low-index surfaces) relevant
high-index surfaces have to be considered as well.

Previous studies of transition metal surfaces mainly focused
on body-centered-cubic and face-centered-cubic surfaces,
while much less attention has been paid to hexagonal-close-
packed (hcp) surfaces. In recent years, Re and Re-based
catalysts have been used in many important catalytic reactions,
such as the selective reduction of NOx with NH3, the selective
oxidation of methanol, thiophene, as well as hydrodesulfur-
ization, and the ammonia synthesis.7–12 In addition to their
catalytic properties, adsorbate-covered Re surfaces were also
used to grow Co nanoclusters, thus providing a basis for
synthesizing active model catalysts with high selectivity.13,14

Scanning tunneling microscopy images and low-energy
electron diffraction (LEED) patterns indicated that dosing a
large amount of oxygen (exposure >100 L) on Re(112̄1) at
temperatures between 900 and 1000 K leads to the formation
of four-sided nanopyramids consisting of (101̄0), (011̄0), and
(1 × 2)-reconstructed (101̄1) and (011̄1) faces.15 Furthermore,
it has been shown that in the presence of nitrogen the planar
Re(112̄1) surface becomes completely faceted at 900 K and
a pressure of 5 × 10−10 atm. The facets that appeared were

characterized as ridgelike structures with faces having (134̄2)
and (314̄2) orientations.15

Due to its relevance for many reactions (e.g., CO oxidation),
here we present theoretical calculations for the adsorption
of atomic oxygen on Re(112̄1), Re(101̄0), Re(101̄1), and
Re(134̄2) as well as the close-packed Re(0001) surface. On the
basis of an extensive set of density functional theory (DFT)
calculations for possible adlayer configurations and surface
reconstructions we determined the most stable structures
of the above-mentioned clean and O-covered Re surfaces.
In order to evaluate the preferred surface morphology and
composition for specific temperature and pressure conditions,
the DFT results were used together with the ab initio atomistic
thermodynamics approach.16–19

The manuscript is organized as follows: In Sec. II, the
DFT calculations and the ab initio atomistic thermodynamics
method as used in the present work are briefly described.
Our results for different clean and O-covered Re surfaces are
discussed in Sec. III, and in Sec. III C these results are then
used to construct the stability phase diagrams for different
O/Re surfaces. Finally, conclusions and outlook are given in
Sec. IV.

II. METHOD

The macroscopic behavior of materials is mostly deter-
mined by the interactions at the microscopic level. Therefore,
in order to investigate the surface structures and compositions,
we first employed DFT to obtain information on the adsorption
and binding energies (microscopic scale), which were then
used in conjunction with statistical mechanics to connect
to the macroscopic behavior. In particular, the ab initio
atomistic thermodynamics approach had been used to evaluate
(p,T )-dependent surface free energies.16–19

A. DFT calculations

All first-principles calculations were performed with the
Cambridge Serial Total Energy Package (CASTEP),20 a periodic
plane-wave-based DFT program. We have used Vanderbilt-
type ultrasoft pseudopotentials21 to replace the core electrons,
and the valence space has been expanded in plane waves.
Throughout this work, exchange-correlation energies were
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evaluated with the Perdew-Burke-Ernzerhof (PBE)22 form
of the generalized-gradient approximation (GGA). All slab
geometries were constructed on the basis of the calculated
lattice constants of a0 = 2.78 Å and c0 = 4.48 Å.

After extensive convergence tests,23,24 we established cal-
culational parameters for the basis-set energy cutoff, the
number of k points, and slab and vacuum thickness and
evaluated the accuracy of the pseudopotential. On the basis
of these studies we used a plane-wave basis set with an
energy cutoff of 380 eV for all surfaces. The Brillouin
zones of the corresponding (1 × 1) surface unit cells of
Re(0001), Re(101̄0), Re(101̄1), Re(112̄1), and Re(134̄2) were
sampled with (8 × 8), (5 × 8), (4 × 8), (4 × 4), and (3 × 3)
Monkhorst-Pack k-point meshes, respectively. These surfaces
were represented by 5-layer, 11-layer, 14-layer, 19-layer, and
30-layer slabs, respectively, where the bottom 2, 4, 4, 4, and
14 layers were fixed at the calculated bulk structure, and the
geometry of the remaining layers was fully optimized (up to
<0.03 eV/Å). In order to avoid interactions between period
images, slabs were separated by a vacuum of at least 13 Å.

B. The ab initio atomistic thermodynamics approach

Here we briefly discuss the ab initio atomistic thermody-
namics approach,16–19 as it was used in the present work to
evaluate the stability of O/Re systems.

The most stable structure of a surface (here Re) in
thermodynamic equilibrium with a gas atmosphere (here O2)
is the one that has the lowest surface free energy expressed as19

γ (T ,{pi},{Ni}) = 1

A
[Gsurf(T ,{pi},{Ni})

−
∑

i

Niμi(T ,pi)], i = Re,O. (1)

Here Gsurf is the Gibbs free energy of the slab with area A,
consisting of Ni atoms of the ith species, whose reservoir
is characterized by the chemical potential μi(T ,pi) and the
partial pressure pi , and T is the temperature. Assuming the
temperature and pressure dependence of all solid phases to be
small,25,26 we can rewrite Eq. (1) as

γ
(
T ,pO2 ,NRe,NO

) = 1

A

[
Gsurf(T ,pO2 ,NRe,NO)

−NReμ
bulk
Re − NOμO(T ,pO2 )

]
. (2)

The chemical potential of the oxygen gas phase can be
described by the ideal gas law, which then enables us to relate
μO to specific temperatures and pressures:

μ
gas
O (T ,pO2 ) = 1

2

[
Etot

O2
+ μ̄O2 (T ,p0) + kBT ln

(
pO2

p0

)]
, (3)

where Etot
O2

is the calculated total energy of an isolated O2

molecule and μ̄O2 (T ,p0) is the standard chemical potential
at temperature T , which includes all the contributions from
vibrations and rotations of the molecule and the ideal gas
entropy at 1 atm. Although the standard chemical potentials
can be calculated from first principles, for the phase diagrams
that will be discussed in Sec. III C, we used the corresponding
μ̄O2 (T ,p0) values from the JANAF thermodynamic tables.27

III. RESULTS AND DISCUSSION

A. Clean surfaces

The hcp structures such as adopted by metallic rhenium
involve two interpenetrating Bravais lattices. In this kind
of material we have two distinguishable types of atoms.
Therefore, in almost all cases, cleaving the hcp crystal along
a particular direction creates two different surface structures,
depending on which kind of atoms are exposed. Using the four-
index notation we label two different possible terminations of
Re surfaces by (ijkl)A and (ijkl)B.

The stability of different clean Re surfaces (see Fig. 1) are
compared through the surface free energy defined by Eq. (2)
with NO = 0.

The LEED measurements on Re(101̄0) show an unre-
constructed (1 × 1) structure for the clean surface28,29 and
a (1 × 3) periodicity after oxygen adsorption.5,30 Since the
experimentally observed (1 × 3) periodicity for O/Re(101̄0)
could also be due to a corresponding missing-row (MR)
reconstruction of the surface, in addition to the unreconstructed
surface, the three possible reconstructed Re(101̄0)A-(1 ×
3) surfaces shown in Figs. 1(b4)–1(b6) were considered
along with the (1 × 2)-reconstructed Re(101̄0)A surface (see
Fig. 1(b3)). The latter type of reconstruction has been observed
on another low-index surface of Re, namely the (101̄1)
orientation: Oxygen adsorption on Re(112̄1) leads to the
formation of four-sided nanopyramids consisting of Re(101̄0),
Re(011̄0), Re(101̄1)-(1 × 2), and Re(011̄1)-(1 × 2) faces.13 To
determine whether clean Re(101̄1) reconstructs, we considered
Re(101̄1)-(1 × 2) in addition to two different configurations of
Re(101̄1)-(1 × 1) [see Figs. 1(c1)–1(c3)].

The calculated surface free energies for the clean Re
surfaces are listed in Table I. While all energies were
evaluated by means of DFT-PBE, the most stable structures
were additionally calculated using the LDA (local density
approximation) functional. Although surface free energies
of clean surfaces calculated with LDA are usually expected
to be in better agreement with experiment compared to
the PBE results,31 this is different for surface adsorptions.
Here Hammer et al.32 have shown that including gradient
corrections (GGA-PBE) reduces the LDA overbinding of the
chemisorbed atoms on metals. Therefore, in the present work
we use the PBE functional to calculate oxygen adsorption
energies and free energies of oxygen-covered surfaces. In this
context it is interesting that for the clean Re surfaces studied
in this work the LDA surface free energies are larger than
the corresponding PBE values by almost identical amounts
(between 31 and 35 meV/Å2). Nevertheless, both DFT-PBE
and DFT-LDA calculations suggest the following order of
stability: γ0001 < γ101̄0 < γ101̄1 < γ134̄2 < γ112̄1. The surface
free energy of (134̄2) is slightly lower than that obtained for
(112̄1), though the former surface is much more open and
would thus be expected to be less stable (i.e., higher surface
free energy). The observed contrary behavior is probably due
to the unique structure of Re(134̄2), which can be viewed as
a vicinal (011̄1) surface with kinked steps and (011̄1) terraces
that are more close-packed than (112̄1).13 This picture is also
supported by our DFT results (see Table I), which show that the
surface free energy of Re(134̄2) is similar to that of Re(011̄1)
terraces.
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FIG. 1. Top and side views of (a) Re(0001), (b1) Re(101̄0)A-
(1 × 1), (b2) Re(101̄0)B-(1 × 1), (b3) Re(101̄0)A-(1 × 2),
(b4) Re(101̄0)A-(1 × 3) single-MR, (b5) Re(101̄0)A-(1 × 3) double-
MR, (b6) Re(101̄0)A-(1 × 3) triple-MR, (c1) Re(101̄1)A-(1 × 1),
(c2) Re(101̄1)B-(1 × 1), (c3) Re(101̄1)A-(1 × 2), (d1) Re(112̄1)A,
(d2) Re(112̄1)B, (e1) Re(134̄2)A, and (e2) Re(134̄2)B surfaces. The
layers become darker with increasing depth.

We find that, among the studied Re(101̄0) surfaces, unre-
constructed Re(101̄0)A is most stable [see Fig. 1(b1)]. The
alternative configuration Re(101̄0)B, which is less closely

TABLE I. Surface free energies (in meV/Å2) for Re surfaces
obtained using the PBE and LDA functionals. The corresponding
structures are shown in Fig. 1.

Structure PBE LDA

Re(0001) 171 202
Re(101̄0)A 183 215
Re(101̄0)B 251 · · ·
Re(101̄0)A-(1 × 2) 236 · · ·
Re(101̄0)A-(1 × 3) single MR 216 · · ·
Re(101̄0)A-(1 × 3) double MR 240 · · ·
Re(101̄0)A-(1 × 3) triple MR 221 · · ·
Re(101̄1)I 209 242
Re(101̄1)II 243 · · ·
Re(101̄1)III-(1 × 2) 226 · · ·
Re(112̄1)A 220 255
Re(112̄1)B 220 · · ·
Re(134̄2)A 217 251
Re(134̄2)B 217 · · ·

packed, is less stable by 68 meV/Å2. This is in agreement with
experimental studies by Davis et al.28 Table I also indicates
that clean unreconstructed Re(101̄0)A-(1 × 1) is considerably
more stable than all reconstructed surfaces. Thus, in line with
the experimental results for Re(101̄0)28,29 and other 3d and
4d hcp(101̄0) metal surfaces,33,34 our calculations indicate no
preference for such kind of reconstruction of clean Re(101̄0).

The surface corrugation of Re(101̄1)A-(1 × 1) is smaller
than that of Re(101̄1)B-(1 × 1). Therefore, the surface free
energy of the former (213 meV/Å2) turned out to be
30 meV/Å2 lower. DFT-PBE calculations yield a surface
free energy of 226 meV/Å2 for the (1 × 2)-MR structure,
which is 13 meV/Å2 larger than the value obtained for the
corresponding unreconstructed surface.

As can be seen from Figs. 1(d1) and 1(d2), Re(112̄1)A and
Re(112̄1)B are mirror symmetric to each other, and therefore,
we find the same surface free energy for these surfaces.
Although this is not the case for different surface terminations
of (134̄2) (A and B), they turned out to also have the same
stability.

On the basis of the above-mentioned results we can
conclude that for the studied Re-surfaces the clean (ijkl)A
structures have either higher or similar stabilities compared to
their corresponding clean (ijkl)B surfaces. Thus, hereafter, we
concentrate on (ijkl)A surfaces only and refer to them as (ijkl).

B. Oxygen adsorption on Re surfaces

After the clean surfaces, the adsorption of atomic oxygen
with different overlayers and coverages was studied to gain
insights into the stability of adsorbate structures as function of
coverage. In our calculations, coverages � are given in geo-
metrical monolayers (GML), which are defined as the number
of adsorbate atoms per (1 × 1) unit cell of the substrate, thus
varying with surface orientation. For reconstructed surfaces,
we also define � as the number of adsorbate atoms per (1 × 1)
unit cell of the corresponding unreconstructed surface.

On Re(0001), Re(101̄0), Re(101̄1), and Re(112̄1) surfaces,
coverages smaller than 1.0 GML were studied, while on
Re(134̄2), which has a rather extended and open surface unit
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cell, we only investigated coverages larger than 1.0 GML.
Therefore, on Re(134̄2) interactions between adsorbates in
adjacent unit cells are already expected to be negligible at
1.0 GML. For systems with more than one adsorbate per
(1 × 1) unit cell, several combinations of adsorption sites
have been studied. These configurations have been chosen
by considering the calculated energies for lower coverages
and then trying to find the lowest destabilization due to
adsorbate–adsorbate repulsion at higher coverages.

The most favorable structure at a given coverage of oxygen
on a surface is the one with the largest average binding energy
as defined by

Ebind = − 1

NO

[
EO/slab − Eslab − NO

(
1

2
Etot

O2

)]
, (4)

where NO is the number of oxygen atoms in the considered
unit cell and EO/slab, Eslab, and Etot

O2
are the total energies of

the oxygen-covered Re surface slab, the clean Re surface slab,
and the isolated oxygen molecule, respectively. According to
this definition a positive number indicates that the dissociative
adsorption of oxygen from gas-phase O2 is exothermic. The
binding energies of oxygen for the most stable structures are
listed in Table II.

Furthermore, we define Ēbind as the averaged binding
energy of combinations of single-adsorbate systems:

Ēbind = 1

NO

NO∑
i=1

Ei
bind (� = 1 GML). (5)

From this value we can roughly estimate the adsorbate–
adsorbate interaction energy by evaluating the difference
Ēbind − Ebind. Thus, on rather open surfaces, we expect
deviations between both energies for � � 2 GML.

1. O/Re(0001)

LEED studies by Zehner et al.5 showed half-order beams
in the (101̄0) and (112̄0) azimuths for exposures of 5 × 10−8

Torr · min on Re(0001) at temperatures between ∼888 and
∼1193 K. They proposed that possible structures producing
such a diffraction pattern are either the (2 × 2)-1O overlayer
or the superposition of three (2 × 1)-1O overlayers rotated by
120◦ to each other (following the threefold surface symmetry).
Moreover, a (1 × 1) structure was observed at exposures
of 2 × 10−6 Torr · min at the above-mentioned temperature
range. Using auger-electron spectroscopy and LEED, Ducros
et al.4 observed the previously reported (2 × 2) periodicity
by heating Re(0001) to around 500 K. Since the coverage
associated with this structure was measured to be one-half of
the maximum coverage [0.5 PML (physical monolayer)], they
proposed the superposition of three (2 × 1)-1O overlayers and
excluded the possibility of (2 × 2)-1O formation suggested by
Zehner et al.5 Furthermore, they could not observe the (1 × 1)
structure as reported by Zehner et al.5 after high exposures
of oxygen, but rather observed the (2 × 2) structure at all
exposures and temperatures up to 1400 K.

Motivated by these deviating results, we performed cal-
culations of the following oxygen coverages on Re(0001):
� = 0.25,0.50, and 1.00 GML. Since for � = 0.25 GML the
separation between adsorbates (∼5.6 Å) is rather large, we
expect very small O–O interactions at this coverage. In order

TABLE II. Binding energies (referenced to 1/2 O2) and sites for
oxygen on Re surfaces at different coverages. Only the most stable
structure for each coverage is listed.

Coverage Ebind

Structure (GML) Binding site (eV)

Re(0001) 0.25 H2 3.48
0.50 H2 3.55
1.00 H2 3.38

Re(101̄0)-(1 × 1) 0.25 H1 3.76
0.33 H1 3.66
0.50 H1 3.79
0.66 H1 3.61
1.00 H1 3.60
1.33 H1 3.28
1.50 H1 3.17
1.66 H1 3.01
2.00 H1 2.76

Re(101̄0)-(1 × 2)-MR 0.50 H1 3.89
1.00 H1/H1 3.58
2.00 H1/H1/H3/H3′ 2.98

Re(101̄0)-(1 × 3)-MR 0.33 H1 3.84
0.66 H1/H1′ 3.78
1.00 H1/B3/H1′ 3.53
1.33 H1/B3/H3/H1′ 3.36
1.66 H2/T3/H4/H2′/H4′ 3.21
2.00 H1/H3/H5/H1′/H3′/H4′ 3.04

Re(101̄1)-(1 × 1) 0.25 H1 3.79
Fig. 6(c1) 0.50 H1 3.80
Fig. 6(c2) 0.50 H2 3.65
Fig. 6(d1) 1.00 B2 3.55
Fig. 6(d2) 1.00 H2 3.53
Fig. 6(d3) 1.00 H1 3.51
Fig. 6(e1) 2.00 H2/B2 3.12
Fig. 6(e2) 2.00 H1/B2 3.10

Re(101̄1)-(1 × 2)-MR 0.25 H2 3.90
0.50 H2 3.87
1.00 H2/B4 3.60
2.00 H2/H3/H4/H5 3.19

Re(112̄1)
Fig. 9(b1) 0.50 B5 3.82
Fig. 9(b2) 0.50 B5 3.81

1.00 B5 3.85
2.00 B1/H 3.48
3.00 B1/B3/H2 2.98

Re(134̄2) 1.00 H1 4.03
2.00 H1/B7 3.78

Fig. 11(d1) 3.00 H1/B7/B6 3.67
Fig. 11(d2) 3.00 H1/B7/H9 3.63
Fig. 11(e1) 4.00 H1/B7/B6/H7 3.55
Fig. 11(e2) 4.00 H1/H6/B6/H7 3.54

5.00 H1/B7/B6/H7/H11 3.38
6.00 H1/B7/B6/H7/H11/H4 3.15

to determine the preferred binding site we considered one
adsorbate per (2 × 2) unit cell (� = 0.25 GML) and calculated
the binding energy at all possible on-surface sites shown in
Fig. 2(a). It was found that oxygen binds most strongly at the
threefold H2 site, where a Re atom is in the layer beneath

035417-4



STRUCTURE OF RHENIUM SURFACES IN AN OXYGEN . . . PHYSICAL REVIEW B 83, 035417 (2011)

FIG. 2. (Color online) Top views of Re(0001) showing (a) all
binding sites at which O adsorption has been studied as well as
the most stable structures of oxygen-covered Re(0001) with different
overlayers and coverages: (b) (2 × 2)-1O at 0.25 GML, (c) (2 × 1)-1O
at 0.50 GML, and (d) (1 × 1)-1O at 1.00 GML. The blue (gray) arrows
show row-paired atoms, while the black arrows show the resulting
movements of atoms due to row pairing.

it. This result is in line with the experimental and theoretical
findings for O/Ru(0001).35,36

The calculated binding energy of 3.48 eV for O at H2 sites
is 0.57 eV stronger than adsorption at the second favorable
site (H1 site). The binding energy difference remains almost
unchanged in the coverage range of 0.25 GML � � �
1.00 GML (see Fig. 3).

At � = 0.50 GML, we find the experimentally proposed
(2 × 1)-1O overlayer where O occupies H2 sites [see Fig. 2(c)].
This structure leads to a binding energy of 3.55 eV. Analyzing
the geometries of clean and O-covered Re(0001) surfaces
shows the existence of row pairing (RP) of Re atoms induced
by O adsorption for � = 0.25 and 0.50 GML. This behavior
has also been reported on Re(101̄0), Ir(110), and Ir(311)
surfaces, and it seems to be a more general phenomenon for
transition metals.23 As a consequence of the strong interaction

FIG. 3. (Color online) Binding energy (referenced to 1/2 O2) as
a function of oxygen coverage on Re(0001) for adsorption at H1 and
H2 sites.

between oxygen and the surface, Re atoms to which the adatom
binds are displaced (by 0.08 Å at � = 0.25 GML and 0.09 Å
at � = 0.50 GML) from their bulk-truncated positions, finally
causing the binding energy to increase.

As can be seen in Fig. 2, the number of row-paired
(substrate) atoms at 0.25 GML is 3/2 times more than at
0.50 GML, and thus, higher energy gain is expected for the
former coverage. To estimate the contribution of this energy
gain (due to the row pairing) to the overall binding energy, we
evaluated the difference between the oxygen binding energies
before and after row pairing. We found that the energy gain (per
O adatom) due to this effect is 0.11 and 0.08 eV per oxygen
atom for coverages of 0.25 and 0.50 GML, respectively.

Despite the smaller energy gain due to row pairing and
destabilization introduced by O–O repulsion for 0.50 GML,
the calculated binding energy for this coverage is 0.07 eV
stronger than that for 0.25 GML. This is in agreement with
experimental studies,4 evidencing formation of the (2 × 2)-2O
adlayer (� = 0.50 GML) but not the (2 × 2)-1O structure
(� = 0.25 GML).

2. O/Re(101̄0)

Annealing O-covered Re(112̄1) generates nanoscale pyra-
mids exposing (101̄0) and (101̄1) faces. In a previous study we
already investigated the details of O adsorption on Re(101̄0).24

Therefore, here we only give a brief summary of the main
results. To determine the most stable structures for different
coverages of O on this surface, we considered a variety of
adsorption sites and their combinations on the unreconstructed
Re(101̄0)-(1 × 1) as well as MR-reconstructed Re(101̄0)-
(1 × 2) and (1 × 3) surfaces (see Fig. 4).

The calculated binding energy of oxygen (in the most favor-
able configuration) as a function of coverage is summarized in
Fig. 5. Again, due to row pairing of Re atoms for coverages
lower than 1.00 GML on the unreconstructed surface the
binding energy increases by ∼0.1 eV per oxygen atom at
both � = 0.25 and 0.50 GML (see Fig. 5). The adsorption
energy of O is found to be higher on the reconstructed surfaces
than on the unreconstructed surface for most of the considered
coverages except for 1.00 GML. The stabilization resulting
from the MR reconstruction is more significant at higher
coverages, showing that additional O atoms prefer sites in the
troughs of the missing rows. Therefore, at the highest studied
coverage (2.00 GML) the strongest binding energy of O is
found on the triple-MR structure, which has the deepest trough
among the studied systems (see Ref. 24 for more details).

3. O/Re(101̄1)

From LEED experiments, Wang et al. proposed that the
(101̄1) faces, which are formed in addition to the (101̄0) faces
on O-induced surface facets on Re(112̄1), are reconstructed
and have a (1 × 2) missing-row structure.15

Here we will discuss our results for oxygen adsorption
on unreconstructed Re(101̄1)-(1 × 1) and MR-reconstructed
Re(101̄1)-(1 × 2) for a variety of coverages: � = 0.25, 0.50,
1.00, and 2.00 GML. To determine the preferred binding sites
for oxygen on these surfaces, we studied all sites indicated in
Figs. 6(a) and 7(a).
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(c)

(d)

(b)

(a)

FIG. 4. Top views of (a) Re(101̄0)-(1 × 1), (b) Re(101̄0)-(1 × 3)
single-MR, (c) Re(101̄0)-(1 × 3) double-MR, and (d) Re(101̄0)-(1 ×
3) triple-MR surfaces, showing all binding sites at which O adsorption
has been studied. The Re(101̄0)-(1 × 3) single-MR surface can be
viewed as a combination of the unreconstructed Re(1010)-(1 × 1)
and the reconstructed Re(1010)-(1 × 2) surfaces (not shown here).

(a) Unreconstructed O/Re(101̄1)-(1 × 1). For (2 × 2)-1O
overlayers with � = 0.25 GML, the threefold hollow H1 site
is energetically preferred with Ebind = 3.79 eV [see Fig. 6(b)].

FIG. 5. (Color online) Binding energy (referenced to 1/2 O2) as
a function of oxygen coverage on Re(101̄0).

(a)

(b) (c1)

(c2) (d1) (d2)

(d3) (e1) (e2)

FIG. 6. (Color online) Top views of (a) Re(101̄1)-(1 × 1), show-
ing all binding sites at which O adsorption has been studied, and the
most stable structures of oxygen-covered unreconstructed Re(101̄1):
(b) (2 × 2)-1O at 0.25 GML, (c1) (2 × 1)-1O and (c2) (1 × 2)-1O
at 0.50 GML, (d1)–(d3) (1 × 1)-1O at 1.00 GML, and (e1) and (e2)
(1 × 1)-2O at 2.00 GML. The arrows indicate the Re atoms that move
toward each other upon relaxation (row pairing).

For 0.5 GML we focused on the (2 × 1)- and (1 × 2)-1O
adlayers and found the former structure to be more stable.
In this configuration oxygen again binds most strongly at
the H1 site [Fig. 6(c1)] for which we calculated a binding
energy of 3.80 eV. On the basis of the adsorbate distances, we
expect that O–O repulsion has no significant contribution to the
adsorption energy at H1 sites for (2 × 1)-1O (0.50 GML) and
(2 × 2)-1O (0.25 GML) adlayers. Therefore, the RP effect can
be a determining factor in influencing the overall adsorption.
Since the number of row-paired atoms is the same for 0.50 and
0.25 GML, the calculated Ebind values in these two cases are
very similar.

In the (1 × 2)-1O overlayer, RP is absent on the surface (for
all studied adsorption sites) due to geometrical constraints.
Interestingly, now the H2 site [Fig. 6(c2)] becomes most
stable (Ebind = 3.65 eV). The (1 × 2)-1O structure, in which
Re atoms of each second row are allowed to relax, might be
the precursor of the (1 × 2)-MR reconstruction observed on
Re(101̄1) (see next subsection).

Since RP is absent for � = 1.0 GML [(1 × 1)-1O adlayer],
the binding energy is determined by the strength of O–Re and
O–O interactions. In this case, the binding oxygen at the B2,
H2, and H1 sites [see Figs. 6(d1)–6(d3)] is the highest among
all the considered sites.

Using the position labeling of Fig. 6(a), five possible com-
binations of distinguishable surface sites have been studied at
2.0 GML. We found that a structure in which O atoms occupy
the first and second favorable sites (found at 1.0 GML), B2
and H2, has the highest overall binding energy of 3.11 eV [see
Fig. 6(e1)], while a structure with adsorbed O at the first (B2)
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(a)

(b)

(d) (e)

(c)

FIG. 7. (Color online) Top views of (a) Re(101̄1)-(1 × 2), show-
ing all binding sites at which O adsorption has been studied, and the
most stable structures of oxygen-covered reconstructed Re(101̄1)-
(1 × 2): (b) (2 × 1)-1O at 0.25 GML, (c) (1 × 1)-1O at 0.50 GML,
(d) (1 × 1)-2O at 1.0 GML, and (e) (1 × 1)-4O at 2.0 GML.

and third (H1) favorable sites [see Fig. 6(e2)] is only 0.01 meV
less stable.

(b) Reconstructed O/Re(101̄1)-(1 × 2). At � = 0.25 GML
(in a (2 × 1)-1O adlayer), we found that the threefold H2 site
[Fig. 7(b)] is the preferred position. For one O per unit cell
(� = 0.50 GML in a (1 × 1)-1O structure), this site is still the
most stable position for O. The calculated binding energy for
this case is 0.03 eV lower than with � = 0.25 GML. Since
the row pairing of the Re atoms in the topmost surface layer
of (2 × 1)-1O was found to be negligible, the reduction in
binding energy is related to a weak lateral O–O repulsion
along the closely packed rows.

The binding energy at the H2 site in the (1 × 1)-1O adlayer
on Re(101̄1)-(1 × 2) is 0.22 eV larger than that in the same
overlayer on unreconstructed Re(101̄1)-(1 × 1). This suggests
that removing every second row of topmost Re atoms has a
significant effect on the oxygen binding energy at this site. This
is also in line with our results for O atoms at H2 sites on the
unreconstructed surface. There we found that the (1 × 2)-1O
adlayer, in which binding to every second rows is absent, is
more favorable than the (2 × 1)-1O overlayer.

Regarding 1.0 GML, among the studied systems we find the
structure with oxygen atoms at H2 and B4 sites [see Fig. 7(d)]
to be the most stable, giving a binding energy of 3.60 eV.
The corresponding Ēbind value is only 0.02 eV larger, which

FIG. 8. (Color online) Binding energy (referenced to 1/2 O2) as
function of the oxygen coverage on Re(101̄1)-(1 × 1) and Re(101̄1)-
(1 × 2).

shows that both oxygen atoms behave as almost independent
adsorbates at this coverage.

Finally, the preferred structure at � = 2.0 GML [Fig. 7(e)]
with an adsorption energy of 3.19 eV and Ēbind = 3.52 eV
shows much stronger interactions between adatoms compared
to the lower-coverage systems (� = 0.5 and 1 GML). The
change in binding energy upon increasing the oxygen coverage
on Re(101̄1)-(1 × 1) and Re(101̄1)-(1 × 2) is summarized in
Fig. 8. Our calculations show the influence of removing entire
atomic rows (going from the unreconstructed to the (1 × 2)-
reconstructed surfaces): The adsorption energy of oxygen
atoms on the reconstructed structure is higher for all coverages.
This preference remains almost constant between 0.25 and
2.00 GML. Therefore, our calculations qualitatively support
the experimental observation of a (1 × 2) reconstruction on
the O-covered {101̄1} faces. However, for a quantitative
comparison of the stabilities of these structures we have to
compare their surface free energies (see Sec. III C).

4. O/Re(112̄1)

Re(112̄1) is the substrate orientation onto which faceting
occurs after adsorption of strongly interacting adsorbates (i.e.,
oxygen or nitrogen).15 Figure 9(a) shows 13 probable binding
sites that were considered in the present work. For coverages
of 0.5 [(1 × 2)-1O and (2 × 1)-1O overlayers] and 1.0 GML
[(1 × 1)-1O overlayer], oxygen prefers binding at twofold
bridge sites (B5) (see Fig. 9). The calculated binding energies
for these structures (Table II) are very similar. This is due to
the following reasons: (i) Re(112̄1) is a rather open surface,
and there are only weak adatom–adatom interactions in these
overlayers, and (ii) the energy gain due to RP (the Re atoms
of the first and second layers form zigzag rows) is negligible
at 0.5 GML. Contrary to expectation, the strength of O–Re
interactions (i.e., oxygen binding energy for the lowest studied
coverage) on this high-index surface is not considerably
stronger than on close-packed Re(101̄0) and Re(101̄1).

At 3.0 GML, as a consequence of repulsive interactions
between adsorbates, the third added O atom per unit cell
moves into the H3 position that was an unstable binding site at
1.0 GML. The binding energy curve of O/Re(112̄1) as function
of O coverage (Fig. 10) shows a linear decrease of Ebind for
1.0 GML � � � 3.0 GML due to O–O interactions.
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(a)

(b1) (b2)

(c) (d) (e)

FIG. 9. (Color online) Top views of (a) Re(112̄1), showing all
binding sites at which O adsorption has been studied, as well as the
most stable structures of oxygen-covered Re(112̄1) with different
overlayers and coverages: (b1) (1 × 2)-1O and (b2) (2 × 1)-1O at
0.5 GML, (c) (1 × 1)-1O at 1.0 GML, (d) (1 × 1)-2O at 2.0 GML,
and (e) (1 × 1)-3O at 3.0 GML.

5. O/Re(134̄2)

Experimentally, it was found that nitrogen adsorption
causes the Re(112̄1) surface to become completely faceted,
forming two-sided ridgelike structures.13 The orientations of
the faces of the ridges are (134̄2) and (314̄2), which are
surprisingly much more open compared to the initial Re(112̄1)
surface. As reported in Ref. 37, our theoretical investiga-
tions showed that from a thermodynamical point of view
N/Re(134̄2) is significantly more stable than N/Re(112̄1).

FIG. 10. (Color online) Binding energy (referenced to 1/2 O2) as
function of oxygen coverage on Re(112̄1).

(a)

(b) (c)

(d1) (d2) (e1)

(e2) (f) (g)

FIG. 11. (Color online) Top views of (a) Re(134̄2), showing
all binding sites at which O adsorption has been studied, as well
as the most stable structures of oxygen-covered Re(134̄2) with
different overlayers and coverages: (b) (1 × 1)-1O at 1.0 GML,
(c) (1 × 1)-2O at 2.0 GML, (d1) and (d2) (1 × 1)-3O at 3.0 GML,
(e1) and (e2) (1 × 1)-4O at 4.0 GML, (f) (1 × 1)-5O at 5.0 GML, and
(g) (1 × 1)-6O at 6.0 GML.

Here we discuss the adsorption of atomic oxygen (for
coverages ranging from 1.0 to 6.0 GML) on Re(134̄2), which
has been found to have unique properties.15,37

This surface exhibits many different adsorption sites. Fig-
ure 11(a) shows 21 probable binding sites, which we assumed
as initial positions for binding. The most stable binding site for
1.0 GML is a threefold hollow H1 site [Fig. 11(b)], where each
adsorbate binds to first-, second-, and third-layer Re atoms,
with a binding energy of 4.03 eV. This value is higher than
that obtained at similar threefold hollow sites on Re(0001),
Re(101̄0), and Re(101̄1) and also at the twofold bridge sites
on Re(112̄1).

As a consequence of the large surface unit cell of Re(134̄2),
we observe minor O–O repulsion for 2.0 GML � � �
4.0 GML. The calculated adsorption energies for the most
stable structures at � = 2.0 [Fig. 11(c)] and 3.0 GML
[Figs. 11(d1) and 11(d2)] are 3.78 and 3.67 eV, which are both
only 0.13 eV smaller than the corresponding Ēbind values [see
Eq. (5)]. At a coverage of 4.0 GML, the favored configuration
[Fig. 11(e1)] has a binding energy of 3.55 eV, which is 0.07 eV
lower than the value obtained for Ēbind. For this coverage,
the second favorable structure, shown in Fig. 11(e2), is only
0.01 eV less stable than structure 11(e1).

A relatively strong O–O interaction between the adatoms
is found for 5.0 and 6.0 GML. At 5.0 GML [Fig. 11(f)],
the fifth O atom binds at the vacant H11 position on the
second favorable configuration we had obtained for 4.0 GML
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FIG. 12. (Color online) Binding energy (referenced to 1/2 O2) as
a function of oxygen coverage on Re(134̄2).

[Fig. 11(e2)], and the binding site of one of the preadsorbed
atoms changes from H6 to B7 during geometry optimization
(to minimize adsorbate–adsorbate repulsions). The relatively
strong O–O interaction between adatoms is also confirmed by
the calculated binding energy of 3.38 eV, which is 0.21 eV
lower than the corresponding Ēbind value.

From Fig. 12 it can be clearly seen that the binding energy
decreases with increasing O coverage. Since, as mentioned,
there is only weak O–O repulsion for 2.0 GML � � � 4.0
GML, the reduction in binding energy for the low coverages
is mainly due to the energy differences between different
occupied sites. Furthermore, the drop in the adsorption energy
is not as strong as compared to that observed on Re(101̄0),
Re(101̄1), and Re(112̄1).

C. Surface phase diagrams

The total energies obtained for the most favorable structures
of the clean and O-covered Re surfaces have then been used
to generate O/Re surface phase diagrams using Eq. (2).
The resulting diagrams, where the surface free energies of
different structures are plotted versus the chemical potential
of the surrounding oxygen atmosphere, referenced by �μO =
μO − 1

2Etot
O2

, are shown in Fig. 13 for the various rhenium
surfaces studied here. Since we are only interested in oxygen
adsorption on pure Re surface, we shaded the oxygen chemical
potential ranges (�μO � −2.24 eV) at which ReO2 bulk
oxide is the thermodynamically stable phase.38 Of course,
the presence of a stable surface oxide cannot be excluded
and would certainly be of interest; however, we are not aware
of any experimental study of surface oxide formation on the
Re surfaces studied here. However, from our phase diagrams
one might expect the formation of ReO2 surfaces for oxygen
chemical potentials higher than −2.24 eV. In order to illustrate
the temperature and pressure dependence, the corresponding
temperature scales for two different pressures are given above
each diagram: 10−13 atm (comparable to UHV) and 1 atm
(roughly ambient conditions).

1. O/Re(0001)

Figure 13 indicates that for oxygen chemical potentials
below −3.55 eV oxygen completely desorbs from the surface.
For −3.55 eV � �μO �−3.22 eV, the (2 × 2)-2O overlayer
with � = 0.50 GML [Fig. 2(c)] proposed by Ducros et al.4

and Zehner et al.5 becomes stable. Although the (2 × 2)

pattern might be due to the (2 × 2)-2O overlayers or even
the (2 × 2)-1O adlayer [Fig. 2(b)] according to the LEED
measurements reported in the latter study, our surface free
energy plot makes apparent that the (2 × 2)-1O adlayer with
� = 0.25 GML does not appear as a stable phase at all.
Therefore, in agreement with Ducros et al.4 we expect that the
observed (2 × 2) pattern should correspond to the (2 × 2)-2O
structure with � = 0.50 GML (phase b).

For −3.20 eV � �μO � −2.24 eV, the (1 × 1)-1O
structure that has been observed by Zehner et al.5 for high
coverages of O should form. Finally, from the thermodynamic
viewpoint, increasing the oxygen chemical potential to and
above −2.24 eV results in the formation of the ReO2 bulk
oxide.

2. O/Re(101̄0)

The O/Re(101̄0) phase diagram (Fig. 13) shows that for
oxygen chemical potentials of �μO < −3.67 eV desorption
of oxygen should occur and clean unreconstructed Re(101̄0)-
(1 × 1) is thermodynamically preferred over clean recon-
structed Re(101̄0)-(1 × 2) or Re(101̄0)-(1 × 3) (see Fig. 4).

Increasing the oxygen chemical potential results in the
formation of a c(2 × 4)-2O overlayer on unreconstructed
Re(101̄0)-(1 × 1) between �μO = −3.67 and −3.56 eV.
Further increase up to −1.85 eV results in an increase of the
adsorbate coverage on the unreconstructed surface (i.e., the
(1 × 1)-1O, (1 × 3)-4O, and (1 × 2)-3O adlayers are formed,
respectively).

Interestingly, for �μO � −1.85 eV, a (1 × 3)-6O overlayer
on the reconstructed Re(101̄0)-(1 × 3) triple-MR surface be-
comes the stable phase. The (1 × 3) reconstruction resembles a
surface being composed of {101̄1} microfacets. This structure
is able to rationalize the different experimental observations
obtained on Re(101̄0). For further details we refer to Ref. 24.

3. O/Re(101̄1)

For �μO � −3.80 eV, no oxygen is adsorbed on Re(101̄1),
leading to a clean unreconstructed Re(101̄1)-(1 × 1) surface
(see phase a). Since the oxygen binding energy on this surface
is larger compared to other low-index Re(0001) and Re(101̄0)
surfaces, adsorption of oxygen takes place at a lower value
of �μO (higher temperature at a fixed partial pressure) on
Re(101̄1).

For −3.80 eV � �μO � −2.70 eV the stabilized structures
are the O-covered Re(101̄1)-(1 × 1) surfaces (phases b and
c). For −2.70 eV � �μO � −2.24 eV, there might be
a coexistence of O-covered reconstructed Re(101̄1)-(1 × 2)
and unreconstructed Re(101̄1)-(1 × 1) since their surface free
energies are very similar. Only for high oxygen coverages of
� �2.0 GML does the surface become reconstructed.

This result is in agreement with experimental observations,
showing a (1 × 2)-MR reconstruction on the (101̄1) faces in the
presence of a large amounts of oxygen (exposures >100 L).15

4. O/Re(112̄1)

Oxygen desorption from this surface takes place above
a chemical potential of −3.85 eV, which is lower than the
corresponding values obtained for close-packed Re(0001),
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FIG. 13. Surface phase diagrams of O/Re surfaces showing the surface free energy as function of the oxygen chemical potential referenced
as �μO = μO − 1

2 Etot
O2

. The most stable adlayer configurations on unreconstructed surfaces are labeled below each phase diagram, while
reconstructions have been indicated in the label explicitly.

Re(101̄0), and Re(101̄1) surfaces. This is in agreement with
the ordering of binding energies on these surfaces.

For −3.85 eV� �μO �−3.10 eV, the (1 × 1)-O adlayer
(� = 1.0 GML) becomes thermodynamically stable, while the
(2 × 1)-O structure is not a stable phase at any value of �μO. If

the RP effect was present, one would expect formation of this
overlayer for very low values of oxygen chemical potentials
(�μO ∼−3.80 eV), where the surface free energy of (2 × 1)-O
is comparable to that of (1 × 1)-O, and a small energy gain
similar to O/Re(0001) (∼0.10 eV) would stabilize (2 × 1)-O.

035417-10



STRUCTURE OF RHENIUM SURFACES IN AN OXYGEN . . . PHYSICAL REVIEW B 83, 035417 (2011)

Increasing �μO above −3.10 eV causes the O coverage to
increase to 2.0 GML. This structure is stable until the formation
of the ReO2 bulk oxide. Because of the strong destabilization
arising from O–O repulsions, (1 × 1)-3O does not appear as a
thermodynamically stable phase, although one might observe
it as a metastable structure in the ReO2 bulk oxide region.

5. O/Re(134̄2)

The critical oxygen chemical potential �μO, below which
no oxygen adsorbs on the surface, is calculated to be −4.02 eV.
This is the lowest value among the studied Re surfaces since
the adsorption energy of O on Re(134̄2) is highest among the
five surfaces (see Table II).

Above �μO = −4.02 eV, oxygen atoms start binding to
the surface, while the oxygen coverage on Re(134̄2) increases
gradually with �μO, finally reaching its maximum value
of 5.0 GML before the ReO2 bulk oxide should become
thermodynamically stable.

IV. CONCLUSION AND OUTLOOK

We investigated clean and oxygen-covered surfaces of
different Re orientations, from low to high Miller indices,
considering different possible substrate and adsorbate config-
urations and coverages.

The determined stability of the clean surfaces, γ0001 <

γ101̄0 < γ101̄1 < γ134̄2 < γ112̄1, shows that it is not always the
case that more open surfaces are less stable. The high-index
Re(134̄2) surface possesses an unexpectedly high stability
compared to Re(112̄1). This might be due to the fact that
this surface can be viewed as Re(101̄1) terraces with steps and
kinks.

On Re(0001), Re(101̄0), Re(101̄1), and Re(134̄2), oxygen
prefers binding at the highly coordinated hollow sites, while
on Re(112̄1) the twofold-coordinated bridge sites are favored.
The comparison of binding energies calculated for the lowest
oxygen coverages, where minor O–O repulsions can be
expected, showed that the strength of O binding is highest
at the most open surface, namely Re(134̄2), and weakest at the
most close-packed surface, namely Re(0001). The adsorption
energies on the other surfaces lie between these two limits:
E0001

bind < E101̄0
bind < E101̄1

bind < E112̄1
bind < E134̄2

bind .
On the basis of the binding energies for the most stable

adlayer configurations we then generated corresponding sur-
face phase diagrams. Comparing the different surfaces, we
found that oxygen adsorption occurs at lower oxygen chemical

potentials for more open surfaces, which is due to the stronger
binding energy of O. Therefore, at fixed partial pressures,
removal of oxygen atoms occurs at higher temperatures from
higher-index surfaces.

Although clean Re(0001) is only 12 meV/Å2 more stable
than Re(101̄0), for very high oxygen coverages, prior to
forming the ReO2 bulk oxide (�μO ∼ −2.3 eV), the former
surface is more stable by 70 meV/Å2. Under this condition,
the surface free energy of Re(0001) is also considerably larger
than even the values obtained for more open surfaces, namely
Re(101̄1), Re(112̄1), and Re(134̄2).

In agreement with experimental studies we found that al-
though clean Re(101̄0) and Re(101̄1) are unreconstructed, ad-
sorption of atomic oxygen at high coverages (� � 2.00 GML)
might lead to (1 × 3)- and (1 × 2)-MR reconstructions, re-
spectively. The former structure might form as a metastable
phase, possibly stabilized due to kinetic limitations in the
formation of ReO2 bulk oxide, while the latter one is indeed
thermodynamically stable.

Our work should have important implications for under-
standing the behavior and properties of Re-based oxidation
catalysts that operate under oxygen-rich conditions since the
catalysts’ structures can dramatically affect their reactivity
and selectivity for specific reactions. For instance, by a com-
bined theoretical and experimental effort we could recently
show that oxygen adsorption on Re(112̄1) below 1130 K
leads to the formation of four-sided nanopyramids exhibiting
Re(101̄0) and Re(011̄0) as well as (1 × 2)-reconstructed
Re(101̄1) and Re(011̄1) faces.15 Using different Re surfaces
for investigating the structure sensitivity of catalytic oxidation
reactions will be the next logical step.

Finally, by using the calculated surface free energies
reported in the present work we have recently started to
construct the equilibrium shapes of Re particles in the presence
of oxygen and nitrogen, where we found drastic changes in
the preferred particle shapes at high coverages. A comprehen-
sive discussion of this effect will be the subject of a future
presentation.
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