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Using density functional theory in combination with the ab initio atomistic thermodynamics approach, we

studied the structure and stability of Re�101̄0� surfaces in contact with an oxygen atmosphere. The calculations
indicate that without adsorption of oxygen, the surface is unreconstructed, but adsorption of more than 2

geometrical monolayers causes a �1�3� reconstruction, resembling a surface being composed of �101̄1�
microfacets. This structure is able to rationalize the different experimental observations obtained on Re�101̄0�
and will be of relevance for catalytic reactions under oxygen-rich conditions.
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I. INTRODUCTION

Rhenium has mainly been used in the aircraft industry and
as catalyst for petroleum processing.1 However, since recent
years, Re and Re-based catalysts have received much atten-
tion due to their high reactivity in many important catalytic
reactions such as the selective reduction of NOx with NH3,
the selective oxidation of methanol, thiophene, and hy-
drodesulfurization, or the ammonia synthesis.2–7 Besides
their catalytic properties certain oxygen-covered Re surfaces
were also used to grow Co nanoclusters, thus providing a
basis for synthesizing active model catalysts with high
selectivity.8,9

Before studying catalytic reactions, however, a detailed
understanding of the surface structure as well as changes
introduced by the adsorption of reactants is indispensable.
Due to its relevance for many reactions �e.g., CO oxidation�,
here, we will focus on the adsorption of atomic oxygen that
is known to strongly interact with various transition metals.
Consequently, oxygen is capable to modify the surface mor-
phologies or even to form metal oxides.10,11

Despite the structural similarities between hcp�101̄0� and
fcc�110� surfaces, much less attention has been paid to the

former ones. On Re�101̄0� only very few experimental stud-
ies have been performed.12–15 Davis and Rosenthal et al.
used low-energy electron diffraction �LEED� to investigate

the surface morphology of clean Re�101̄0�. They found that
the clean surface shows an unreconstructed structure exhib-
iting a �1�1� periodicity,12,13 which is in line with the be-

havior observed on �101̄0� surfaces of other 3d and 4d hcp
metals.11,16 Also using LEED, Zehner et al.14 found the ex-

istence of �101̄1� facets after exposing the surface to oxygen
at pressures of 1.3�10−7 atm or higher and a temperature of
T�888 K. By heating to 1298 K these facets disappeared

and a �1�3�-O overlayer formed on the initial �101̄0� sur-
face. Whether this resembled the periodicity of the surface
structure or of an oxygen adlayer remained unclear.

Later, Lenz et al.15 could observe the formation of a
�1�3�-2O structure for exposures higher than 4 L at
p�10−13 atm. They additionally reported a variety of
oxygen overlayers at lower exposures: �2�3�-O for 0.3 L,
c�2�4�-2O for 0.7 L, �1�5�-2O for 3.2 L, and

�1�4�-2O for an exposure of 3.7 L. These overlayers were

prepared by annealing the O /Re�101̄0� system to
520 K�T�650 K. In contrast to the observations by
Zehner et al., they did not find evidence for the formation of
facets.

Although experiments agree on the appearance of a
�1�3� periodicity, there is still no consensus neither on its
nature nor on the coverage of adsorbed oxygen. While on the
basis of the obtained LEED patterns and measured changes
in the work functions Zehner et al. assumed a �1�3�-O
structure, Lenz et al. proposed a �1�3�-2O configuration
�and others� from LEED and angle-resolved ultraviolet pho-
toemission spectroscopy �ARUPS� data. For all structures
they assumed that this periodicity was induced by oxygen
atoms and not by a reconstruction of the underlying sub-
strate.

In order to better understand the nature of the experimen-
tally observed structures we investigated the oxygen adsorp-

tion on unreconstructed and different reconstructed Re�101̄0�
surfaces. For this purpose the stability of clean and oxygen-
covered surfaces were evaluated by means of density func-
tional theory �DFT� in conjunction with the ab initio atom-
istic thermodynamics approach. In Sec. II, we will briefly
describe the DFT calculations and the ab initio atomistic
thermodynamics method as used in the present work. Our
results for bulk Re as well as for the clean and oxygen-
covered surfaces of unreconstructed and reconstructed

Re�101̄0� are described in Sec. III, allowing us to draw the
corresponding surface phase diagram �Sec. III D�. Finally,
conclusions will be given in Sec. IV.

II. METHOD

In this work, density functional theory is used in conjunc-
tion with the ab initio atomistic thermodynamics
approach17–20 to evaluate the �p ,T�-dependent surface free
energies from first principles.

A. DFT calculations

DFT energies for different oxygen overlayers on the sur-
faces were evaluated using the CASTEP code21 with
Vanderbilt-type ultrasoft pseudopotentials �PPs� �Ref. 22�
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and the generalized gradient approximation �GGA�
exchange-correlation functional proposed by Perdew, Burke,
and Ernzerhof �PBE�.23 Using the local density approxima-
tion �LDA� we additionally calculated the stability of the
most stable phases �determined with GGA-PBE� and ob-
tained the corresponding phase diagram.

A plane-wave basis set with an energy cutoff of 380 eV
was used for all surfaces. The Brillouin zones of the

�1�1�-surface unit cells of Re�101̄0�-�1�1�, -�1�2�,
-�1�3�, and Re�101̄1�-�1�1� were sampled with �5�8�,
�3�8�, �2�8�, and �4�8� Monkhorst-Pack �MP� k-point

meshes, respectively. Re�101̄0� and Re�101̄1� surfaces were
modeled with 11-layer and 14-layer slabs, respectively, sepa-
rated by at least 13 Å vacuum. For each system, the bottom
four layers were fixed at the calculated bulk-crystal structure,
and the remaining Re atoms and the adsorbates were allowed
to freely relax. We thoroughly checked the calculational un-
certainties related to pseudopotentials, plane-wave cutoff,
k-point mesh, slab thickness, and vacuum size �see Appen-
dix� and found an overall numerical uncertainty in relative
surface free energies of �8 meV /Å2 when using the above
mentioned parameters.

B. Thermodynamic considerations

DFT in principle is a zero-temperature and zero-pressure
technique and cannot be used to study the influence of tem-
perature and pressure on surface properties in the macro-
scopic regime. But when combined with thermodynamic
considerations it becomes an applicable tool for predicting
surface properties under realistic environmental conditions at
a specific temperature and pressure. Here, we discuss the
thermodynamic considerations, which can be used to con-

struct surface phase diagrams for O /Re�101̄0�.
The most stable surface structure under given conditions

�temperature and pressure� is the one with the lowest surface
free energy,20

��T,�pi�,�Ni�� =
1

A�Gsurf�T,�pi�,�Ni�� − �
i

Ni�i�T,pi�� , �1�

where Gsurf is the Gibbs energy of the surface �here slab�
containing Ni atoms/molecules of the ith species with the
chemical potential �i�T , pi� of the corresponding reservoir. In

the present work, the Re�101̄0� surface is considered to be in
thermodynamic equilibrium with two reservoirs: Re bulk and
an O2 atmosphere. Therefore, assuming the temperature and
pressure dependence of all solid phases to be small, Eq. �1�
becomes

��T,pO2
,NRe,NO� =

1

A
	Gsurf�T,pO2

,NRe,NO� − NRe�Re
bulk

− NO�O�T,pO2
�
 . �2�

If we consider the adsorbed oxygen to be in equilibrium with
the surrounding O2 gas phase, the oxygen chemical potential
can be expressed as

�O�T,pO2
� =

1

2
�EO2

tot + �̄O2
�T,p0� + kBT ln� pO2

p0 �� . �3�

Here, EO2

tot is the calculated total energy of an isolated O2

molecule and �̄O2
�T , p0� is the standard chemical potential at

temperature T, which includes all the contributions from vi-
brations and rotations of the molecule, and the ideal gas en-
tropy at 1 atm. Although the standard chemical potentials can
be calculated from first principles, for the phase diagram,
which will be discussed later, we used the corresponding
�̄O2

�T , p0� values from the JANAF thermodynamic tables.24

The Gibbs energies of solid phases can be written as

G = Etot + Fconf + Fvib + pV , �4�

where Etot is the total electronic energy, Fconf is the configu-
rational free energy, and Fvib is the vibrational free energy.
The largest contribution to Eq. �4� arises from the first term
Etot, which in the present work is obtained by DFT calcula-
tions. An exact evaluation of Fconf needs large computational
effort since a huge number of possible configurations of ada-
toms and substrate must be studied for a given structure. This
approach seems to be impractical for open surfaces, which
have been studied here, with large number of possible adsor-
bate sites. Fortunately, for sufficiently low temperatures this
term is usually much smaller than the total energy term in
Eq. �4� and is almost negligible.

For the most stable configurations obtained from our cal-
culations the vibrational contributions to � were estimated by

�vib�T� �
1

A��
i

NO

Fi
vib�T,�̄i

surf� −
NO

2
Fvib�T,�̄O2

gas�� , �5�

with

Fvib�T,�� =
1

2
�� + kBT ln�1 − e−��/kBT� , �6�

where �̄i
surf is the O-surface stretch frequency of the ith ad-

sorbed oxygen in the corresponding adlayer configuration
and �̄O2

gas for the O2 molecule in the gas phase. It was found
that these contributions are rather small and they cause no
modifications in the ordering of surface phases. For tempera-
tures below 1300 K this would lead to a maximum tempera-
ture shift of �50 K in the surface phase diagram. Therefore,
in the present work vibrational contributions have not been
included.

Lastly, a rather simple dimensional analysis shows that
the last term of Eq. �4�, pV term, will be less than
�0.001 meV /Å2 for pressures up to 1 atm and can therefore
also be neglected.

Based on these considerations, we can conclude that the
chemical potential of the gaseous phases �here O2� will
dominate the T and p dependence of the surface free energies
	see Eq. �2�
. Therefore, when considering differences the
Gibbs energies of the slab and the Re bulk can be replaced
by their corresponding DFT energies, finally leading to an
approximate expression for the surface free energy of
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��T,pO2
� 

1

A
	Eslab

DFT − NRegRe
bulk − NO�O�T,pO2

�
 , �7�

where now Eslab
DFT is the calculated total energy of the

�oxygen-covered� surfaces and gRe
bulk the Gibbs energy of Re

bulk.

III. RESULTS AND DISCUSSION

A. Bulk Rhenium

Rhenium is a 5d transition metal of group VII, and its
melting point of 3180 °C is the third highest among all
elements.25 The equilibrium crystal structure of Rhenium is
hcp.

Before investigating the corresponding surfaces, the equi-
librium lattice constants �a0 and c0�, the bulk modulus �B0�,
as well as the cohesive energy Ecoh�a0 ,c0� of Re bulk were
determined with the PBE and LDA functionals. The results
are given in Table I together with the experimental values for
comparison. For checking the accuracy of the used Re
pseudopotential, these quantities were also calculated with a
full-potential all-electron �AE� approach using the WIEN2K

code.26 Comparison between AE and ultrasoft pseudopoten-
tial �USPP� results shows no significant difference in the
calculated Re bulk properties considering both PBE and
LDA.

The PBE lattice constants of a0 and c0 calculated with the
pseudopotential approach are about 0.7 and 0.5% larger than
the experimental values, while LDA underestimates these pa-
rameters by 1.1%. The calculated bulk modulus is only 1.9%
lower than the experimental value when using the PBE func-
tional, but 8.9% larger based on LDA. Therefore, similar to
the DFT-GGA results for other transition metals such as Ag,
Pd, Rh, or Cu,27–30 there is a slight overestimation of a0 and
an underestimation of B0 compared to the corresponding ex-
perimental values. Furthermore, the cohesive energy deter-
mined by USPP-PBE is significantly smaller �1.82 eV� than
the LDA value and much better compares to the experimen-
tal value.

B. Clean Re surfaces

For hcp crystals most surface orientations have two dif-

ferent possible stacking arrangements. Regarding Re�101̄0�
and Re�101̄1�, which are the surfaces of interest in the
present work, both terminations are distinguished by labels A
and B. On the basis of the calculated lattice constants the
following surfaces have been considered �see Fig. 1�:

�i� unreconstructed Re�101̄0� 	Figs. 1�a� and 1�b�
;
�ii� reconstructed Re�101̄0� 	Figs. 1�c�–1�f�
; and

�iii� Re�101̄1� 	Figs. 1�g� and 1�h�
, which corresponds to
the faces of the facets that experimentally have been ob-

served on Re�101̄0�.
Among the reconstructed Re�101̄0� surfaces we concen-

trated on �1�2� and different �1�3� reconstructions. While
the former periodicity has been observed on several 5d
fcc�110� metals,31–37 the �1�3� structures were motivated
by the experimental observations.14,15 The following

Re�101̄0�-�1�3� reconstructions have been studied 	Figs.
1�d�–1�f�
:

�i� single-MR �missing row�, where every third top-layer

row had been removed �along the 	12̄10
 direction�;
�ii� double-MR, where every second and third top-layer

rows had been removed; and
�iii� triple-MR, where additionally the second-layer row in

the center of each trough had been removed. Interestingly,

structure �iii� can be viewed as �101̄1� microfacets on the

�101̄0� surface.
The calculated surface free energies for the clean surfaces

are listed in Table II. We find that, among the studied sur-

TABLE I. Calculated lattice parameters �a0 and c0�, bulk modu-
lus �B0�, and cohesive energy �Ecoh� of bulk Re, determined with
USPP and AE approaches using the PBE and LDA exchange-
correlation functionals. In addition, the experimental values are
given.

Method
a0

�Å�
c0

�Å�
B0

�Mbar�
Ecoh

�eV�

USPP �PBE� 2.78 4.48 3.65 −7.63

USPP �LDA� 2.73 4.41 4.05 −9.45

AE �PBE� 2.78 4.48 3.63 −7.70

AE �LDA� 2.74 4.42 4.06 −9.59

Experimenta 2.76b 4.46b 3.72b −8.03c

aReference 25.
bAt room temperature.
cAt 0 K and 1 atm.

(a) (b)

(c)

(d)

(e)

(f)

(g) (h)

FIG. 1. Top and side views of �a� Re�101̄0�A-�1�1�,
�b� Re�101̄0�B-�1�1�, �c� Re�101̄0�-�1�2� MR, �d�
Re�101̄0�-�1�3� single MR, �e� Re�101̄0�-�1�3� double MR, �f�
Re�101̄0�-�1�3� triple MR, �g� Re�101̄1�A-�1�1�, and �h�
Re�101̄1�B-�1�1� surfaces.
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faces, unreconstructed Re�101̄0�A is most stable with a sur-
face free energy of 183 meV /Å2. As expected, the alterna-

tive surface termination Re�101̄0�B, whose surface is less
densely packed, has a 68 meV /Å2 lower stability. The

higher stability of Re�101̄0�A is accompanied with a rela-
tively large inward relaxation of the first surface layer by
−16.1% compared to the bulk-truncated geometry, which is
in good agreement with the LEED-experiments by Davis et
al., giving a value of −17%.12 They also proposed an expan-
sion between the second and third layers by 1%–2% for
which we find an insignificant contraction of 0.1%. In com-
parison, the stabilities of all reconstructed surfaces fit be-

tween the values of Re�101̄0�A and Re�101̄0�B, with a cer-
tain preference for symmetric surface structures. For

instance, Re�101̄0�-�1�3� single MR and triple MR have
similar stabilities, which are both lower than the � value of

Re�101̄0�-�1�3� double-MR. Overall our calculations indi-

cate no surface reconstruction for clean Re�101̄0�, which is
also in line with the experimental observations of Davis et
al.12 Since after adsorption of oxygen Zehner et al. observed

�101̄1� facets on Re�101̄0�, we also evaluated the stability of

Re�101̄0� fully covered by �101̄1� facets, but found this sur-
face to be thermodynamically unfavorable �see Ref. 38 for
details�.

C. Oxygen adsorption on Re surfaces

After the clean surfaces, the adsorption of atomic oxygen
has been studied on the different surfaces assuming various
coverages �:

�i� Re�101̄0�-�1�1�: 0.25, 0.33, 0.50, 0.66, 1.00, 1.33,
1.66, and 2.00 GML;

�ii� Re�101̄0�-�1�2�: 0.50, 1.00, 1.50, 2.00 GML;

�iii� Re�101̄0�-�1�3�: 0.33, 0.66, 1.00, 1.33, 1.66, and
2.00 GML; and

�iv� Re�101̄1�-�1�1�: 0.25, 0.50, 1.00, and 2.00 GML.
Here, we used geometrical coverages 	geometrical mono-

layers �GMLs�
, which are defined as the number of ad-
sorbed O atoms per corresponding �1�1�-unit cell �dashed
boxes in Fig. 1�. For systems with more than one adsorbate
per unit cell, several combinations of adsorption sites have

been studied. These configurations have been chosen by con-
sidering the calculated energies for lower coverages, and
then trying to find the lowest destabilization due to
adsorbate-adsorbate repulsion at higher coverages. All struc-
tures studied in this work are relaxed with no surface sym-
metry constraints in order to find the lowest energy configu-
ration.

The most stable structure at a given coverage is the one
with the largest average binding energy as defined by

Ēbind = −
1

NO
�EO/Re-slab − ERe-slab − NO�1

2
EO2

�� , �8�

where NO is the number of oxygen atoms in the considered
unit cell, EO/Re-slab, ERe-slab, and EO2

are the total energies of
the oxygen-covered Re surface, the clean Re surface, and an
isolated oxygen molecule. According to this definition a
positive number indicates that the dissociative adsorption of
oxygen from gas-phase O2 is exothermic.

1. Unreconstructed O ÕRe(101̄0)-(1Ã1)

In order to determine the preferred oxygen binding sites

on unreconstructed Re�101̄0�-�1�1�, we first considered
one adsorbate per unit cell. Figure 2 shows several different
binding sites at which oxygen binding has been studied. In-
dependent of the coverage oxygen prefers the threefold H1
site, where adatoms are bound to two top Re atoms and one
Re atom in the second layer. This adsorption site was also

found for O on Co�101̄0� by LEED analysis16 or on

Ru�101̄0� by DFT calculations.11 Focusing on oxygen at H1
sites, Fig. 3 shows the various overlayers considered for dif-
ferent coverages, while the corresponding binding energies
are summarized in Table III.

The lowest coverage structures that have been studied are
the �2�2�-1O and c�2�4�-1O overlayers with 0.25 GML
shown in Figs. 3�a1� and 3�a2�. Due to the rather large O-O
separation and the weak lateral adatom interactions, the cor-
responding binding energies of 3.76 and 3.75 eV, respec-
tively, �almost� represent the behavior for the zero coverage
limit.

For the slightly increased coverage of 0.33 GML we have
evaluated the �1�3�-1O 	Fig. 3�b1�
 and �3�1�-1O over-
layers 	Fig. 3�b2�
. It turned out that the latter configuration,

TABLE II. Surface free energies �in meV /Å2� for different

clean planar Re�101̄0� and Re�101̄1� surfaces, as well as �101̄1�
facets �see Ref. 38 for details�.

Structure � Structure �

Re�101̄0�A 183 Re�101̄1�A 213

Re�101̄0�B 251 Re�101̄1�B 243

Re�101̄0�A-�1�2� MR 236 Re�1011�A facets 250

Re�101̄0�A-�1�3� single-MR 216

Re�101̄0�A-�1�3� double-MR 240

Re�101̄0�A-�1�3� triple-MR 221 FIG. 2. Top view of Re�101̄0� showing all binding sites at
which O adsorption has been studied.
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with a binding energy of 3.66 eV, is 0.07 eV more stable than
the former. This preference might be explained by �i� the
weaker O-O repulsion along each substrate row or �ii� the
tendency of O atoms to not share Re atoms along each sub-
strate row.

Among the different adsorbate structures possible with
0.50 GML, we studied: �1�2�-1O, �2�1�-1O, c�2
�2�-1O, and c�2�4�-2O. Top views of these configurations
are shown in Figs. 3�c1�–3�c4�. The c�2�4�-2O structure is
found to be most stable, having an average binding energy
per oxygen of 3.79 eV. This is in good agreement with the

results obtained by other groups for the O /Co�101̄0�
�experiment�39 and O /Ru�101̄0� �theory and experiment�11

systems. Oxygen adsorption on Co�101̄0� at low coverages
leads to a metastable c�2�4�-2O phase, which forms a
�2�1�-1O upon heating. LEED experiments and DFT cal-

culations on Ru�101̄0� also showed the existence of
a c�2�4�-2O adlayer. It seems that with 0.50 GML the in-

teraction between oxygen and Re�101̄0� is significantly

stronger than that between oxygen and Ru�101̄0� �Ref. 11�
by 0.98 eV.

For 0.66 GML we modeled �1�3�-2O and �3�1�-2O
overlayers as shown in Figs. 3�d1�–3�d3�. With the �3�1�
surface unit cell, two different structures were considered,
namely �3�1�a- and �3�1�b-2O. It was found that the

�3�1�a-2O configuration �Ebind=3.61 eV� is more stable.
Since the difference between the binding energies of
�1�3�-2O, proposed by experiments, and �3�1�a-2O is
very small, this suggests that both structures might be pos-
sible �or coexist� on the surface.

At a coverage of 1.00 GML, we considered the
�1�1�-1O and �2�1�p2mg-2O structures as shown in Figs.
3�e1� and 3�e2�. Our calculations indicate that the former is
more stable by 0.19 eV. The calculated binding energy of
3.60 eV for �1�1�-1O is similar to the value obtained for
the �1�2�-1O, �1�3�-1O, and �1�3�-2O adlayers, show-
ing minor impact of interactions between adatoms bound to
adjacent rows.

TABLE III. Binding energies for oxygen adsorbed at three-fold

hollow H1-sites of unreconstructed Re�101̄0�-�1�1� with different
overlayers and coverages.

Structure
Coverage
�GML�

Ebind

�eV�

�2�2�-1O 	Fig. 3�a1�
 0.25 3.76

c�2�4�-1O 	Fig. 3�a2�
 0.25 3.75

�1�3�-1O 	Fig. 3�b1�
 0.33 3.59

�3�1�-1O 	Fig. 3�b2�
 0.33 3.66

�2�1�-1O 	Fig. 3�c1�
 0.50 3.73

�1�2�-1O 	Fig. 3�c2�
 0.50 3.60

c�2�2�-1O 	Fig. 3�c3�
 0.50 3.77

c�2�4�-2O 	Fig. 3�c4�
 0.50 3.79

�1�3�-2O 	Fig. 3�d1�
 0.66 3.60

�3�1�a-2O 	Fig. 3�d2�
 0.66 3.61

�3�1�b-2O 	Fig. 3�d3�
 0.66 3.57

�1�1�-1O 	Fig. 3�e1�
 1.00 3.60

�2�1�p2mg-2O 	Fig. 3�e2�
 1.00 3.41

�1�3�-4O 	Fig. 4�a�
 1.33 3.28

�1�2�-3O 	Fig. 4�b�
 1.50 3.17

�1�3�-5O 	Fig. 4�c�
 1.66 3.01

�1�1�-2O 	Fig. 4�d�
 2.00 2.76

FIG. 3. �Color online� Top views on O /Re�101̄0� for different
coverages: �a1� �2�2�-1O and �a2� c�2�4�-1O at 0.25 GML; �b1�
�1�3�-1O and �b2� �3�1�-1O at 0.33 GML; �c1� �1�2�-1O, �c2�
�2�1�-1O, �c3� c�2�2�-1O, and �c4� c�2�4�-2O at 0.50 GML;
�d1� �3�1�a-2O, �d2� �3�1�b-2O, and �d3� �1�3�-2O at 0.66
GML; �e1� �1�1�-1O and �e2� �2�1�p2mg-2O at 1.00 GML.

FIG. 4. �Color online� Top views on O /Re�101̄0� with cover-
ages 	1.00 GML: �a� �1�3�-4O with 1.33 GML; �b� �1�2�-3O
with 1.50 GML; �c� �1�3�-5O with 1.66 GML; �d� �1�1�-2O
with 2.00 GML.
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For coverages above 1.00 GML, first we focused on struc-
tures with two O atoms per unit cell ��=2.00 GML� to ob-
tain more knowledge about the interactions between adsor-
bates. This information was then used to predict stable
adlayer configurations for the following coverages: 1.33
	�1�3�-4O
, 1.50 	�1�2�-3O
, and 1.66 GML
	�1�3�-5O
. At 2.00 GML, a variety of adsorbate overlayers
could form. Using the position labeling of Fig. 2, several
possible combinations of distinguishable surface sites have
been studied. Among these configurations occupying three-
fold hollow H1- and H2-sites 	Fig. 4�d�
 leads to the highest
adsorption energy of 2.76 eV. Afterwards, we investigated
the most probable configurations for 1.33, 1.50, and 1.66
GML shown in Fig. 4�a�–4�c�. It turned out that structures in
which all adsorbates occupy H1-sites 	Figs. 4�a1�, 4�b1�, and
4�d1�
 are energetically more favorable than those with ada-
toms at H2-sites 	Figs. 4�a�, 4�b2�, and 4�c2�
.

2. Reconstructed O ÕRe(101̄0)-(1Ã2) and O ÕRe(101̄0)-(1Ã3)

For O on reconstructed Re�101̄0� surfaces, we studied
oxygen binding at several possible adsorption sites shown in

Fig. 5 for the single, double, and triple-MR surface structures

that were described in Sect. II. The Re�101̄0�-�1�3�
single-MR shown in Fig. 5�a� can be viewed as a combina-

tion of the unreconstructed Re�101̄0�-�1�1� and the

Re�101̄0�-�1�2� surfaces. This allowed us to reduce the

computational effort for reconstructed Re�101̄0�-�1�2� by
studying only the most favorable arrangements of oxygen

atoms in the �1�2� part of the Re�101̄0�-�1�3� single-MR
surface. By this approach we additionally reduced possible
numerical uncertainties related to switching the surface
model.

As with the unreconstructed surfaces discussed in the
previous section, we started our studies with one O per
unit cell, finding again threefold hollow H1 sites to be most
stable for all the considered reconstructed surfaces. While
the calculated binding energies at H1-sites are very similar
for single-MR �Ebind=3.81 eV�, double-MR �Ebind
=3.84 eV�, and triple-MR �Ebind=3.83 eV� reconstructions

on Re�101̄0�-�1�3�, a slightly stronger binding

�Ebind=3.89 eV� is obtained on Re�101̄0�-�1�2�. Interest-
ingly, the energy differences between different sites on each
of the reconstructed surfaces are much smaller than those on

Re�101̄0�-�1�1� for low coverages.
In order to explore the preferred overlayers with more

than one O adatom per surface unit cell, we considered sev-
eral possible combinations of distinguishable surface sites
�as labeled in Fig. 5�. Figures 6–9 summarize the most fa-
vorable structures obtained for different oxygen coverages

on Re�101̄0�-�1�2� and Re�101̄0�-�1�3� surfaces. The cor-
responding binding energies as function of surface coverage
are plotted in Fig. 10 and listed in Tables IV and V. In Fig.

FIG. 5. Top views of �a� Re�101̄0�-�1�3� single MR, �b�
Re�101̄0�-�1�3� double-MR, and �c� Re�101̄0�-�1�3� triple-MR,
showing all binding sites at which O adsorption has been studied.

FIG. 6. �Color online� Top views of the most stable

O /Re�101̄1�-�1�2� structures for different coverages: �a� 0.50, �b�
1.00, �c� 1.50, �d� 2.00 GML.

FIG. 7. �Color online� Top views of the most stable

O /Re�101̄1�-�1�3� single-MR structures for different coverages:
�a� 0.33, �b� 0.66, �c� 1.00, �d� 1.33, �e� 1.66, �f� 2.00 GML.

FIG. 8. �Color online� Top views of the most stable

O /Re�101̄1�-�1�3� double-MR structures for different coverages:
�a� 0.33, �b� 0.66, �c� 1.00, �d� 1.33, �e� 1.66, �f� 2.00 GML.
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10 we also include the results obtained for unreconstructed

O /Re�101̄0�-�1�1�. While at higher coverages the curves
are relatively smooth, some discontinuities appear for cover-
ages lower than 1.00 GML on the unreconstructed surface.
This is related to the existence of a pronounced row pairing
of Re atoms �see Ref. 40 for details�, which causes the bind-
ing energies to increase by �0.1 eV at 0.25 and 0.50 GML.
Interestingly, Fig. 10 indicates that the adsorption energy of
O is higher on the reconstructed surfaces than on

Re�101̄0�-�1�1� for most of the considered coverages �ex-
cept at 1.00 GML�. Apparently, the stabilization resulting
from the missing-row reconstruction is more significant at
higher coverages, indicating that additional O atoms prefer
positions in the troughs of the missing rows. Therefore, at the
highest coverage examined �2.00 GML�, the strongest bind-
ing energy is obtained on the triple-MR structure that has the
deepest trough among the studied systems.

D. Surface phase diagram of O ÕRe(101̄0)

The energies obtained for all clean and oxygen covered
surfaces discussed in the previous two sections have then

been used to generate a surface phase diagram using Eq. �7�
with the theoretically obtained surface areas.41 Figure 11
shows the resulting surface phase diagram, where the surface
free energy � is plotted versus the chemical potential of the
surrounding oxygen referenced by 
�O=�O−1 /2EO2

tot . Since
our focus is on oxygen adsorption on pure Re, the phase
diagram is valid in the oxygen chemical potential range,
where the bulk oxide is not stable. We calculated the heat of
formation of ReO2 to be −2.24 eV per oxygen and shaded
the 
�O�−2.24 eV range in the phase diagram.

The phase diagram indicates that at oxygen chemical po-
tentials 
�O�−3.67 eV all oxygen should be desorbed and,

therefore, the unreconstructed Re�101̄0�-�1�1� orientation
is thermodynamically preferred. Increasing the oxygen
chemical potential results in the formation of a c�2�4�-2O

overlayer on unreconstructed Re�101̄0�-�1�1� 	see Fig.
12�b�
 between 
�O=−3.67 and −3.56 eV. Further increase
up to −1.85 eV only leads to an increase in the adsorbate
coverage 	see Figs. 12�c� and 12
. Interestingly, for 
�O�
−1.85 eV, the �1�3�-6O overlayer on the reconstructed

Re�101̄0�-�1�3� triple-MR surface 	see Figs. 12�e� and
12�e��
 becomes stable. Finally, from the thermodynamic
viewpoint ReO2 bulk-oxide should form at oxygen chemical
potentials above −2.24 eV. However, the formation of the
corresponding bulk oxide might be kinetically hindered,
which could result in metastable adlayer structures even at

�O	−2.24 eV.42

TABLE IV. Binding energies �referenced to 1
2O2� for oxygen on

the reconstructed Re�101̄0�-�1�2� surface at different coverages;
only the most stable structure for each coverage is listed.

Coverage
�GML�

Ebind

�eV�

0.50 	Fig. 6�a�
 3.89

1.00 	Fig. 6�b�
 3.58

1.50 	Fig. 6�c�
 3.26

2.00 	Fig. 6�d�
 2.98

TABLE V. Binding energies �referenced to 1
2O2� for oxygen on

the reconstructed Re�101̄0�-�1�3� surfaces at different coverages;
only the most stable structure for each coverage is listed.

Coverage
�GML�

Single-MR Ebind

�eV�
Double-MR Ebind

�eV�
Triple-MR Ebind

�eV�

0.33 3.81 	Fig. 7�a�
 3.84 	Fig. 8�a�
 3.83 	Fig. 9�a�

0.66 3.78 	Fig. 7�b�
 3.67 	Fig. 8�b�
 3.66 	Fig. 9�b�

1.00 3.50 	Fig. 7�c�
 3.53 	Fig. 8�c�
 3.50 	Fig. 9�c1�


3.50 	Fig. 9�c2�

1.33 3.30 	Fig. 7�d�
 3.36 	Fig. 8�d�
 3.30 	Fig. 9�d�

1.66 3.21 	Fig. 7�e�
 3.20 	Fig. 8�e�
 3.19 	Fig. 9�e1�


3.19 	Fig. 9�e2�

2.00 2.99 	Fig. 7�f�
 2.97 	Fig. 8�f�
 3.04 	Fig. 9�f1�


3.04 	Fig. 9�f2�


FIG. 9. �Color online� Top views of the most stable

O /Re�101̄1�-�1�3� triple-MR structures for different coverages:
�a� 0.33, �b� 0.66, �c1 and c2� 1.00, �d� 1.33, �e1 and e2� 1.66, �f1
and f2� 2.00 GML.

FIG. 10. �Color online� Binding energy �referenced to 1
2O2� as a

function of oxygen coverage on Re�101̄0�.
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In order to allow for a better comparison with the differ-
ent experiments, the oxygen chemical potential has been
converted to temperature scales for oxygen partial pressures
of 1.3�10−7 and 1.0�10−13 atm as used experimentally by
Zehner et al.14 and Lenz et al.,15 respectively �see upper
scales in Fig. 11�. It can be seen that at an oxygen partial
pressure of 1.3�10−7 atm �10−13 atm� no oxygen is ad-
sorbed on the surface for T�1950 K �T�1500 K�. This
high-desorption temperature is directly related to the rather

strong binding energy of oxygen to Re�101̄0� �3.79 eV per
1
2O2�. Since entropy contributions that have been neglected
here might become relevant as temperature rises, at high
temperatures only a qualitative understanding of the surfaces
phases can be gained. To illustrate this limitation, the high
temperature region of the phase diagram has been shaded
red. Thus, the more quantitative analysis is restricted to the
low-temperature phases.

At oxygen partial pressures of 1.3�10−7 atm and
T=1300 K a �1�1� adlayer with 1.00 GML should form on

unreconstructed Re�101̄0�-�1�1� 	Fig. 12�c�
. However, at

this temperature the stability differences to the �1�3�-4O
and �1�2�-3O phases 	Figs. 12�d� and 12�d��
 are rather
small �5–8 meV /Å2�. Therefore, from our calculations all
three adlayers could be possible, which would conform to
the �1�3� adlayer observed by Zehner et al. �at the same
environmental conditions�. Figure 11 also shows that for
1220 K�T�1040 K there might be a coexistence of the
�1�3�-4O and �1�2�-3O adlayers on still unreconstructed
Re�101̄0�-�1�1�. Finally, at T�1040 K, the oxygen cover-
age increases to 2.00 GML that leads to the reconstruction of
the surface into the Re�101̄0�-�1�3� triple-MR configura-
tion as shown in Figs. 12�e� and 12�e��. Although without
adsorbate the surface free energy of the triple-MR recon-
structed surface was considerably larger than the unrecon-
structed surface, the strongly interacting oxygen finally in-
creases the stability of the reconstructed surface
�by �8 meV /Å2� at high coverages and finally induces the
surface reconstruction.

As mentioned above, the triple-MR structures can be
viewed as �101̄1� microfacets on the �101̄0� surface. Inter-
estingly, this kind of facet was proposed by Zehner et al. for
temperatures of 888 K or higher and pO2

=1.3�10−7 atm,
without further determination of the facet sizes. Our calcula-
tions indicate that while infinitely large facets exhibiting

�101̄1� faces do not appear as stable phases, �101̄1�
microfacets that expose three Re layers could form

	i.e., Re�101̄0�-�1�3� triple MR
. Since we find that for
pO2

=1.3�10−7 atm the orthorhombic ReO2 bulk oxide be-
comes thermodynamically stable already below 1240 K, the

�101̄1� facets observed experimentally at T�888 K are
most probably metastable structures that appear due to ki-
netic limitations in the formation of ReO2 bulk oxide.

Compared to the experiments by Lenz et al.,15 who have
proposed a �1�3�-2O overlayer at T�780 K and
pO2

=10−13 atm, our phase diagram reproduces the �1�3�
periodicity but indicates two possible adlayer configurations
with higher coverages. Furthermore, we could show that this
periodicity resembles the reconstruction of the surface intro-
duced by the adsorption of oxygen.

Finally, in order to investigate the sensitivity of our results
on choosing a different exchange-correlation functional, we
additionally calculated the most relevant surface structures
with the LDA functional and generated the equivalent sur-
face phase diagram. Figure 13 shows the stability range of

FIG. 11. �Color online� Surface phase diagram for O adsorption

on Re�101̄0�, showing the surface free energy as function of the
oxygen chemical potential referenced as 
�O=�O− 1

2EO2

tot . Labels
a−e� refer to the surface structures shown in Fig. 12.

FIG. 12. �Color online� Surface structures for the stable O /Re�101̄0� surface phases �see Fig. 11�: �a� clean Re�101̄0�-�1�1�, �b�
c�2�4�-2O overlayer on Re�101̄0�-�1�1�, �c� �1�1�-1O overlayer on Re�101̄0�-�1�1�, �d� �1�3�-4O overlayer on

Re�101̄0�-�1�1�, �d�� �1�2�-3O overlayer on Re�101̄0�-�1�1�, �e� and �e�� �1�3�-6O overlayer on Re�101̄0�-�1�3� triple MR.
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different phases with respect to temperature and pressure
evaluated using the PBE and LDA functional. It can be seen
that although with the LDA functional all phase transitions
are shifted toward higher temperatures �by 200–250 K�, the
overall phase ordering and therefore the conclusions drawn
above remain unchanged.

IV. CONCLUSION

In this paper, we investigated clean and oxygen-covered

surfaces of unreconstructed and reconstructed Re�101̄0� us-
ing density functional theory calculations in tandem with

thermodynamic considerations, providing detailed informa-
tion on the structure and energetics of a variety of oxygen

coverages. It has been shown that on Re�101̄0� adsorption of
atomic oxygen at coverages �2.00 GML leads to the stabi-
lization of a �1�3� triple-MR reconstruction, being compa-

rable to a nanofaceted surface exposing �101̄1� faces. Due to
this morphological change of the surface, stable adlayer
structures, that have been observed experimentally, follow
the same �1�3� periodicity. As the oxygen adsorbate in-
duces the surface reconstruction, our work has important im-
plications for Re-based catalysts that operate under oxygen-
rich conditions. While characterizations before or after any

catalytic reaction will indicate an unreconstructed Re�101̄0�
surface, under steady-state conditions the surface might ac-
tually be reconstructed.
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TABLE VI. Comparison of the relative oxygen binding energies
and surface free energies for 1.00 GML O adsorbed on

Re�101̄0�-�1�1� using an all electron �AE� and a pseudopotential
�PP� approach.

Method

Ebind

�eV�

�

�meV /Å2�

AE 1.584 127.4

PP 1.599 128.6

FIG. 13. Surface phase diagrams for the Re�101̄0� surface in
contact with an O2 gas phase for the PBE and LDA exchange-
correlation functional. The structure-labeling corresponds to the
models shown in Fig. 12.

FIG. 14. The surface free energy � as function of energy cutoff

for O /Re�101̄0�-�1�1� with 1.00 GML coverage.

FIG. 15. The surface free energy � as function of total number

of k points for O /Re�101̄0�-�1�1� with 1.00 GML coverage.
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APPENDIX: ACCURACY OF THE SURFACE FREE
ENERGY

Since our studies are based on a PP treatment of the core
electrons, before studying the convergence of the different
calculational parameters, we investigated the numerical un-
certainties related to the use of pseudopotentials. To estimate
these uncertainties we compared the relative binding ener-
gies for the adsorption of 1.00 GML oxygen at two different

binding sites of Re�101̄0�-�1�1� �sites B1 and T2, see
Fig. 2� to a corresponding all electron calculation �for which
we used the WIEN2K code with similar parameters26�. Table
VI shows the difference in the binding energies obtained
with both methods, which finally leads to a difference in 
�
of only �1.2 meV /Å2.

The accuracy of the results also depends on the
plane wave cutoff, number of k points, slab thickness, and
vacuum size. To find the optimum value for each parameter
we independently evaluated the convergence behavior

of the surface free energy for O /Re�101̄0�-�1�1� and

O /Re�101̄1�-�1�1�. All convergence calculations presented
below were performed with the PBE functional, as the re-

sults discussed in the main paper are primarily based on
these values. To minimize the number of influencing param-
eters, convergence tests related to the plane wave energy
cutoff, number of k points, and vacuum size were based on
fixed �preoptimized� geometries, while in our studies on the
slab thickness the surface and adsorbates were allowed to
freely relax �except the bottom four Re layers that were kept
fixed at the calculated bulk positions�. The error bars were
determined by comparing the surface free energies for a par-
ticular value with that when using the highest considered
parameter value.

1. Re(101̄0)

The surface free energy was calculated for plane-wave
energy cutoffs between 260 and 900 eV. Figure 14 shows
that � does not change significantly for Ecutoff�380 eV. At
this energy-cutoff � is converged up to 1 meV /Å2.

Using the converged value of Ecutoff=380 eV, we after-
wards varied the total number of k points between 4 and 102,
corresponding to 2�4 and 12�17 Monkhorst-Pack �MP�
k-point meshes. As Fig. 15 indicates, convergence is reached
with 20 k points or a 5�8 MP grid, leading to remaining
variations in � of �2.5 meV /Å2.

FIG. 16. The surface free energy � as function of the number of

layers �or slab thickness� for O /Re�101̄0�-�1�1� with 1.00 GML
coverage.
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FIG. 17. The interlayer distance between the first and second
layer �d12� and the second and third layer �d23� as a function of the

number of layers �or slab thickness� for O /Re�101̄0�-�1�1� with
1.00 GML coverage.

FIG. 18. The surface free energy � as function of energy cutoff

for O /Re�101̄1�-�1�1� with 1.00 GML coverage.

FIG. 19. The surface free energy � as function of total number

of k points for O /Re�101̄1�-�1�1� with 1.00 GML coverage.
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For the slab thickness, we varied the number of Re layers
between 7 and 15 �thickness of 7.21 to 16.83 Å�, leading to
the behavior shown in Fig. 16. We find that slabs with 9
Re-layers �thickness of 10.03 Å� give satisfactory results,
showing convergence up to 1 meV /Å2. However, since for
the reconstructed Re-surfaces atoms in the first and second
layers are missing, we finally decided to model

Re�101̄0�-�1�n�, n=1,2 ,3 reconstructed surfaces with 11
layers.

Besides the surface free energies we also analyzed the
surface relaxation behavior as function of the slab thickness
of the unreconstructed surface �see Fig. 17�. As one might
have expected, the layer separations between the outermost
layers �d12 and d23� were found to be much less sensitive to
the slab thickness, remaining almost constant for slabs of �8
layers.

Afterwards we checked the vacuum size, which was var-
ied between 13 and 20 Å. Changes in the surface free energy
were determined to be smaller than 0.5 meV /Å2. Therefore,
a vacuum size of 13 Å was found to be sufficiently large to
separate periodically repeated slabs.

It should be mentioned that there is still an error source
introduced by using different surface unit cells for

Re�101̄0�-�1�n�, n=1,2 ,3. This uncertainty was estimated
by evaluating the binding of 1.00 GML oxygen on unrecon-

structed Re�101̄0� with �1�n�, n=1,2 ,3 unit cells. For the
related surface free energies we found a variation of
�3 meV /Å2, which is most likely due to the different
k-point samplings. Finally, adding all these uncertainties
leads to an upper limit of the overall error of �8 meV /Å2.
We expect that uncertainties arising from these parameters
should be even smaller when comparing different adsorption
structures and coverages on the same surface �due to possible
error cancellations�.

2. Re(101̄1)

Performing the same convergence studies as discussed be-

fore for O /Re�101̄1�-�1�1�, we found �see Figs. 18–21�
uncertainties in � of 1.5, 3.5, 0.5, and 0.5 meV /Å2 when
using a plane wave energy cutoff of 380 eV, a total number
of 16 k points �corresponding to a 4�8 mesh�, a slab thick-
ness of 14 layers, and a vacuum of �13 Å. Again, summa-
tion of these uncertainties and the one related to the use of
pseudopotentials �see above� leads to �8 meV /Å2.
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