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A systematic study of oxygen adsorption, decomposition and diffusion on Rh~111! and its
dependence on coadsorbed oxygen molecules has been performed using density functional theory
calculations. First, the bonding strength between metal surface and adsorbed oxygen molecules has
been studied as a function of initial oxygen coverage. The bonding strength decreases with
increasing oxygen coverage, which points towards a self-inhibition of the adsorption process. The
potential energy hypersurface~PES! for the dissociation of oxygen molecules adsorbed on a
threefold fcc position perpendicular to the surface was calculated using a combined linear/quadratic
synchronous transit method with conjugate gradient refinements. The results indicate that a minor
amount of oxygen on the surface enhances the decomposition of further oxygen molecules, while
this process is inhibited at higher coverage. Moreover, PES calculations of a single site jump of
atomic oxygen on rhodium~111! indicate that the activation energy increases as well with increasing
oxygen coverage. All results are discussed with respect to a rhodium based catalytic NOx reduction/
decomposition system proposed by Nakatsuji, which decomposes nitrogen oxides in oxygen excess.
© 2005 American Institute of Physics.@DOI: 10.1063/1.1835891#

I. INTRODUCTION AND AIM

The purification of automotive exhaust gases is a wide-
spread topic of academic and industrial research.1,2 For stö-
ichiometrically operated engines~l'1!, the well-known
three-way catalyst is commonly used@the lambda oxidation
valuelox is a measure for the ratio of oxidizing to reducing
components in a gas mixture. Therefore, sto¨ichiometric mix-
tures have alox51, oxygen rich mixtures have alox.1
~lean! and oxygen depleted mixtures have alox,1 ~rich!#.
The three-way catalyst oxidizes hydrocarbons~first way! as
well as carbon monoxide~second way! and furthermore re-
duces NOx (x51,2) ~third way! leading to near-zero emis-
sions for these pollutants.3 This concept does not work for
exhaust gases with higher oxygen concentrations~larger l
values!. However, engines operated under the latter condi-
tions became more popular recently, because of their higher
fuel efficiency and consequently lower green house gas pro-
duction. Furthermore, the amount of carbon monoxide and
hydrocarbons emitted by these engines is negligible. How-
ever, a major disadvantage of this engine concept is that
considerable amounts of nitrogen oxides are emitted and soot
is formed. While it is a technically challenging task to

chemically reduce components in an oxygen rich environ-
ment, various concepts to decompose/reduce nitrogen oxides
have been suggested.2

Most catalytic systems that fulfill these requirements
suffer from the disadvantage of sulfur poisoning.4 Since at-
tempts by the petroleum industry to reduce the sulfur con-
centration of fuels to near-zero values failed,5 concepts to
reduce/decompose nitrogen in an oxygen-rich environment
in the presence of sulfur compounds have to be developed. A
new, promising route has been proposed by Nakatsuji and
co-workers.6,7 Here, a supported rhodium catalyst is used to
reduce NOx under periodic oxygen-rich~l.1! and short
oxygen depleted conditions~l,1!. The NOx reduction
~short: DeNOx) potential is high while the catalyst does not
seem to deteriorate when sulfur-containing compounds are
added. Nakatsuji proposed a mechanism for the surface pro-
cesses involved, suggesting that during the oxygen depleted
phase, the rhodium surface is reduced, while in the subse-
quent oxygen-rich phase the NOx decomposes over the
freshly reduced metal surface. It is known that in the absence
of oxygen, NO decomposes over a reduced rhodium surface
to initially form N2

6 leaving an oxidized rhodium surface that
is inactive with respect to further NO decomposition.8

Since we consider exhaust gases with a minor amount of
NOx in a vast excess of oxygen, NO must consequently de-
compose much faster on the surface than oxygen. However,a!Electronic mail: inderwil@iwr.uni-heidelberg.de
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kinetic investigations support the contrary.9 On this back-
ground, the process has been studied by means of density
functional theory~DFT! calculations in order to investigate
how the surface coverage influences the decomposition prob-
ability of oxygen on Rh~111!. Since measuring these cover-
age dependencies experimentally is difficult, computational
studies are a promising alternative to get a more detailed
insight. Thermodynamic and kinetic properties of oxygen ad-
sorption and decomposition have been studied as a function
of the initial oxygen coverage.

DFT calculations are becoming a useful tool for estimat-
ing kinetic parameters for detailed surface reactions mecha-
nisms. Nowadays, many microkinetic models are already
based on elementary-step reaction mechanisms10,11 and such
detailed models are increasing in number and popularity be-
cause of their higher accuracy and wide-ranging applicability
compared to global kinetic models. This is mainly due to rate
expressions, which do not depend on the external conditions,
in contrast to those of global, over-all reactions. Therefore,
models based on elementary-step reaction mechanisms can
be extrapolated to a variety of different reaction conditions
without any depletion in accuracy.11–13This is especially in-
teresting when conditions are explored that are difficult to
investigate experimentally~e.g., extremely high tempera-
tures, pressures or a combination of both!.14 Moreover, espe-
cially the determination of the surface coverage dependen-
cies of surface reactions by DFT methods is of general
interest, because these are not easily accessible by conven-
tional experimental techniques.

For a comprehensive modeling approach, in many cases
the microkinetic models of heterogeneous as well as homo-
geneous chemical reactions are coupled to flow simulations.
These combined models are then used to gain understanding
and aid the development of technical processes such as the
purification of exhaust gases.12 The multiscale modeling can
span length scales from angstrom to meters and time scales
from microseconds to minutes/hours.15

II. METHODS

In the present work the reactions of oxygen on the sur-
face of Rh~111! have been studied in DFT calculations using
CASTEP ~Cambridge Sequential Total Energy Package!.16

The generalized gradient approximation~GGA! as proposed
by Perdew and Wang17 was applied combined with Vander-
bilt ultrasoft pseudopotentials.18 Where necessary, spin ef-
fects have been taken into account by using the spin polar-
ized ~dependent! GGA functional~GGSA!. The plane wave
basis set was truncated at a kinetic energy of 300 eV. Com-
putations were performed over a range ofk points within the
Brillouin zone as generated by the Monkhorst-Pack
scheme.19 The preciseness of the Monkhorst-Pack scheme
was chosen so that thek-point spacing is similar for all in-
vestigated unit cells.

The surface was modeled as a rhodium slab with the
thickness of three atomic layers. Periodic-boundary condi-
tions extrapolate from a metal cluster to an extended surface.
Various publications show that the thickness of three layers
is sufficient to generate a model of a transition metal surface,

exemplarily we refer to a study by Nørskov and
co-workers.20

Location and extent of the elementary cell for the DFT
calculations were chosen in a way to obtain the desired sur-
face coverage. A 10 Å vacuum was placed in between the
periodic slabs to ensure that adsorbate and subsequent slab
do not interact. The positions of the metal atoms were fixed
in ~111! surface configuration, while the positions of the ad-
sorbates were fully mobile. To determine the adsorption en-
ergies DEads, the target surface was geometry optimized
with the oxygen molecule added on the one hand and with-
out the oxygen molecule on the other hand; the energies of
the optimized surfaces were calculated subsequent to the ge-
ometry optimization. The geometry of the oxygen molecule
was optimized within a cell similar to the cell of the surface
and the energy of this optimized oxygen crystalEO2

was
calculated subsequently. Finally the adsorption energies were
determined according to

DEads5Eslab1O2
2~Eslab1EO2

!. ~1!

The structures of reactants and products were relaxed prior to
calculating activation energies as well as reaction heats for
the oxygen dissociation. The transition state of the reaction
was located on the potential energy hypersurface~PES! by
performing a linear synchronous combined with a quadratic
synchronous transit calculation and conjugate gradient
refinements.21 The total energies for reactants, transition
state, and products were computed. Heats of reaction were
calculated according to

DEreaction5Ereactants2Ereactants ~2!

and the activation energy was then calculated according to

Eact5Etransition state2Ereactants. ~3!

Mulliken charges were calculated according to a formalism
described by Segallet al.22

III. RESULTS AND DISCUSSIONS

A. Clean rhodium and molecular oxygen

In a preliminary calculation we optimized the geometry
of bulk rhodium. A lattice constant of 3.804 Å was detected
which is in good agreement with the experimentally deter-
mined value of 3.803 Å.23 Furthermore, this result is similar
to former DFT-GGA calculations.24,25

Molecular oxygen was optimized using the DFT-GGSA
functional. The bond length of free triplet ground state O2

was calculated to be 1.21 Å@expt: 1.21 Å~Ref. 26!#. When
oxygen is placed in a supercell corresponding to that used in
the subsequent chapter, the bond length increases to 1.23 Å.
Both lengths indicate an oxygen-oxygen double bond.

B. Molecular oxygen on Rh „111…

A situation with oxygen adsorbed perpendicularly to the
metal surface~end-on! in a threefold~fcc! position on top of
a Rh~111! with ~232! periodicity has been the starting point
of our study. Walteret al.showed that there is indeed a stable
molecular oxygen species adsorbed on rhodium~111! which
is nonparamagnetic in high coordination sites~hcp- as well
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as fcc-threefold position!.27 Our structure optimizations and
energetic calculations confirm that there is a stable, nonpara-
magnetic end-on adsorbed molecular oxygen state on a fcc-
threefold site as well.28 The oxygen atom pointing towards
the surface is located 1.51 Å above it. Rhodium-oxygen dis-
tances are calculated to be 2.17 Å; the oxygen-oxygen dis-
tance is 1.33 Å according to our calculation.

In a first step, the dependence of the strength of the
oxygen bonding on the oxygen coverage of the rhodium
~234! surface has been studied by calculating the heat of
adsorption according to 1. It could be shown that the bonding
of molecular oxygen to the rhodium surface becomes weak
at high oxygen coverages, these results are in accordance
with a study carried out by Ganduglia-Pirovanoet al.25 for
atomic oxygen. The heat of adsorption as a function of the
initial surface coverage is depicted in Fig. 1.

It indicates that a minor initial oxygen coverage of the
rhodium surface enhances the adsorption of further oxygen
molecules while the process is inhibited at higher coverages
and even blocked at coverages close to 1 ML. This effect
might be electronically induced. The electronegative oxygen
withdraws electrons from the metal surface and hence lowers
the back-donation effect of the metal into the antibondingp
orbital of the adsorbed molecular oxygen species. This effect
is hindered when further oxygen withdraws electrons from
the metal surface.

The suggested weaker back-donation effect is supported
by bond length analysis. The O–O bond length of the ad-
sorbed molecular oxygen decreases from 1.31 Å~u50.125!
to 1.26 Å ~u51!, indicating a higher bond order of the oxy-
gen molecule. To determine whether the origin of this effect
is indeed electronical, charge analysis of the end-on adsorbed
species were carried out.

1. Mulliken charge analysis of the end-on adsorbed
oxygen molecule

In order to verify if the decrease in adsorption energy is
due to a weaker electron donation, Mulliken charge analysis
of the end-on adsorbed O2 molecule with different oxygen
preoccupations was performed. The results show that the
electronic donation from the rhodium surface to the adsorbed
molecular species decreases with increasing oxygen preoccu-

pation. As can be seen in Fig. 2, the partial charges on the
upper as well as the lower oxygen atom of the end-on ad-
sorbed species decrease with increasing oxygen preoccupa-
tion. The weaker electron donation from the rhodium surface
to the adsorbed molecule supports the decrease in adsorption
energy calculated. Moreover, the charge analysis results are
in agreement with the calculated bond length of the end-on
adsorbed oxygen molecule. The contraction of the oxygen-
oxygen bond with increasing oxygen preoccupation indicates
a higher bond order, which is due to decreasing electron
donation into the antibonding orbital as supported by Mul-
liken charge analysis.

Moreover, we point out that the shapes of the coverage
functions of the partial charges are similar to the shape of the
coverage function of the adsorption energy, indicating that
this effect is indeed electronically induced.

To conclude, the decreasing adsorption energy calculated
could support the mechanism proposed by Nakatsuji~see
Introduction!, because the oxygen coverage would possibly
stagnate at a certain coverage. The effect may favor the ad-
sorption and decomposition of nitrogen oxides and hence
provide further insight into the functioning of the NOx de-
composition catalyst.

C. Atomic oxygen on rhodium „111…

The optimal geometry of atomic oxygen adsorbed in a
threefold-fcc position on Rh~111! has been studied. In accor-
dance with LEED studies and DFT calculations our geom-
etry optimisations allow the conclusion that atomic oxygen
preferably resides in threefold positions on the rhodium
surface.25

At a surface coverage ofu50.25 @2 O-~232!/Rh~111!#
the optimal distance for an atomic oxygen in fcc position
was calculated to be 1.296 Å above the rhodium surface,
well in agreement with low energy electron diffraction
~LEED! studies@1.24 Å60.06 Å ~Ref. 29!# as well as DFT
calculations carried out by Ganduglia-Pirovanoet al.25 The
rhodium oxygen distance was calculated to be 2.02 Å
~LEED: 2.00 Å60.08 Å! and the Rh-Rh interlayer spacing

FIG. 1. Heat of adsorption as a function of the initial oxygen coverage. FIG. 2. Mulliken charges of oxygen atoms of the end-on adsorbed oxygen
molecule as function of the initial oxygen coverage. Lower oxygen refers to
the oxygen atom bonded to the rhodium surface.
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was calculated to be 2.23 Å again very well in accordance
with experimental data@LEED: 2.24 Å60.04 Å ~Ref. 29!#
and former DFT studies.25 For atomic oxygen in a threefold-
hcp position distances are only slightly different, the oxygen
is located 1.29 Å above the rhodium surface in this model
and the Rh–O distance was calculated to be 2.01 Å.

D. Decomposition process

It is known that end-on adsorbed diatomic molecules
preferably decompose with the breaking bond coordinated
over a single metal atom rather than coordinated over a sur-
face metal-metal bond.30 Furthermore, they decompose in a
fashion that after decomposition the surface adatoms share
the smallest number of surface metal atoms possible~prin-
ciple of least atom sharing!.31 Based on this knowledge, a
preferred final conformation of the dissociated molecule was
assumed as depicted in Fig. 3~right!.

Since atomic species are much more sensitive towards
changes in surface configuration than molecular species~see
the adsorption energies against surface coordination number
in Table I!, the energy of reaction strongly depends on the
topology of the decomposed molecule rather than on the to-
pology of the adsorbed molecule.

Figure 3 shows the computed optimal topologies for
end-on adsorbed oxygen as well as its decomposition prod-
ucts. The computed transition state for the decomposition is
also depicted and it can be seen that first the oxygen-oxygen
bond has to bend into the direction of the decomposing metal
atom and in the transition state the oxygen atoms are still
bonded to each other, while both are bonded to the decom-
posing rhodium atom. From the transition state~maximum
energy point along the reaction coordinate!, the oxygen atom
simply ‘‘drops’’ into its preferred adsorption site, meaning
that the process is going energetically strictly downhill as
expected.

Placing additional atomic oxygen atoms@initial coverage
(u init)50.5] on top of the rhodium surface, and recalculating
the optimal geometries~starting materials/products! a deter-
mination of the transition state as described in Sec. II shows

that the additional oxygen inhibits further decomposition of
oxygen molecules, even though the decomposition is steri-
cally still unhindered.

To investigate this effect in more detail, a surface with a
~234! elementary cell consisting of eight surface rhodium
atoms has been modeled in order to vary the initial oxygen
coverage over a broader range. The atomic coordinates of the
metal atoms have been constrained so that the 111 facet is
conserved while the adsorbates were assumed to be mobile.
Only for high coverages~u>0.75! constraints were imposed
on the adsorbates, so that a vacant surface site adjacent to the
oxygen molecule is available to ensure geometrically unhin-
dered decomposition. The geometries for the oxygen mol-
ecule as well as its decomposition products have been calcu-
lated for different oxygen coverages. The transition state of
the reaction of the molecule to its decomposition products
was determined for different initial oxygen coverages. As an
example, the transition state of the oxygen decomposition at
an initial oxygen coverage ofu init50.625 is shown in Fig. 4.
The activation energies as well as the reaction energies have
been calculated according to formulas~2! and ~3!.

It could be shown that for increasing oxygen coverage,
the activation energy of the oxygen decomposition increases
~Fig. 5! while the reaction gets less exothermic~Fig. 6!. Only
for small initial oxygen coverages the activation energy de-
creases, suggesting a doping effect. For surface coverages
aboveu init50.25 the activation energy of the decomposition
process increases almost exponentially.

FIG. 3. Adsorbed oxygen molecule, decomposition transition state, and de-
composed oxygen on~232!-rhodium ~111!.

FIG. 4. The transition state of the oxygen decomposition~left, marked by
color/shade! at an initial oxygen coverage of 0.625.

FIG. 5. Activation energy of the oxygen decomposition as a function of the
initial oxygen surface coverage.

TABLE I. Influence of the surface coordination numbers onto the heat of
adsorption of end-on adsorbed molecular oxygen and atomic oxygen.

Coordination
number

O2

~eV!
O

~eV!

1 20.06 0.01
2 20.38 20.99
3 20.50 21.12
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Furthermore, the heat of reaction of oxygen decomposi-
tion decreases with increasing initial coverage. At coverages
close to a monolayer the reaction is even endothermic, see
Fig. 5. @Preliminary calculations of the decomposition at
high oxygen coverages using a five layer rhodium slab sup-
port the results (Ea andDEreaction) found with the three layer
rhodium slab. This indicates that the results are not an arti-
fact of the used model.#

This observation as well points towards a strong inhibi-
tion of the oxygen decomposition at medium initial oxygen
coverages as already observed by temperature programmed
desorption~TPD! experiments.32

To determine the origin of this effect, charge, and geom-
etry analysis of the transition states were carried out.

1. Analysis of the transition state geometries

Analysis of the geometry of the calculated transition
states for the oxygen decomposition on Rh~111! surfaces
shows that the position of the transition state depends on the
oxygen preoccupation. The location of the transition state
shifts in the reaction coordinate towards the product geom-
etry. For clarity the transition states of the oxygen decompo-

sition on ~234!-Rh~111! without oxygen preoccupation
(u init50.125) and with different amounts of oxygen preoc-
cupation (u init50.2520.875) are depicted in Fig. 7.

The oxygen atoms in the transition state of the oxygen
decomposition get closer to their positions in the product
structures with increasing oxygen preoccupation. In the tran-
sition state for the oxygen decomposition leading to a com-
plete monolayer of oxygen~see Fig. 7, top right! the oxygen
atoms are 1.92 Å apart while they are rather close to their
positions in the product structure~threefold fcc as well as
hcp!. Thus, the transition states calculated and heats of reac-
tions obtained from these calculations are in well accordance
with Hammond’s postulate.

Hammond’s postulate states that the transition state of an
exothermic reaction occurs early in the reaction coordinate
~reactantlike transition state!, while it occurs late in the reac-
tion coordinate for endothermic reactions~productlike tran-
sition state!.33

The geometries of the different transition states are given
in Table II.

FIG. 6. Coverage dependence of the reaction energies of the oxygen decom-
position.

FIG. 7. Transition states of the oxygen decomposition with increasing oxy-
gen preoccupation. For the sake of clarity, the oxygen preoccupation is not
shown.

FIG. 8. Example transition state with atom numbering, surface normal
plane, and oxygen-rhodium-oxygen anglea.

TABLE II. Exact geometries of the different transition state structures. For
atom numbering please see Fig. 8.e denotes the angle by which the oxygen
atoms is tilted out of the surface normal plane~depicted in Fig. 8, bottom!,
positive angle denotes tilting towards Rh2 and Rh5, negative angle in to-
wards Rh1 and Rh4; a denotes the angle between lower O, Rh3, and upper
O ~see Fig. 8, top!.

u init

Lower O Upper O

a ~deg!
~O–Rh–O!

Distance to~Å!

e ~deg!

Distance to~Å!

e ~deg!Rh1 Rh2 Rh3 Rh3 Rh4 Rh5

0.125 2.15 2.15 1.99 0.00 1.97 3.17 3.1820.58 51.6
0.250 2.17 2.13 1.99 0.97 1.93 3.08 3.00 2.48 56.3
0.375 2.18 2.12 1.97 1.57 1.93 3.15 3.07 2.83 53.4
0.500 2.20 2.13 1.97 1.66 1.92 3.01 2.99 3.54 55.2
0.625 2.20 2.22 1.97 20.29 1.93 3.08 2.77 1.12 54.2
0.750 2.19 2.19 1.97 20.23 2.00 2.96 2.59 11.91 52.9
0.875 2.49 2.53 1.99 20.87 2.13 2.81 2.77 1.12 55.4
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The described increase in activation energy might be due
to the electron withdrawing effect of the adsorbed oxygen.
As discussed in Sec. III B the electronegative oxygen with-
draws electrons from the metal surface and hence lowers the
back-donation effect of the metal into the antibondingp or-
bital of the adsorbed molecular oxygen species. This effect is
hindered when further oxygen withdraws electrons from the
metal atom, as supported by charge analysis~see Sec. III B!.
To verify if this electron withdrawing effect is also the rea-
son for the alteration of activation barrier, Mulliken charge
analysis of the transition state structures were performed.

2. Mulliken charge analysis of the transition state of
the oxygen decomposition

Charge analysis of the transition states have shown that
at low oxygen coverage~0.25 ML! electron donation from
the surface to the oxygen atoms is more pronounced than
without oxygen preoccupation. This indicates a stabilization
of the transition state for 0.25 ML oxygen coverage and
hence can explain the lowered activation barrier for the de-
composition. For higher coverages the partial charges of the

oxygen atoms decrease which indicates a destabilization of
the transition state. This leads to an increase of the activation
energies calculated for surface coverages higher than 0.3
ML. As in the case of oxygen adsorption, also here, the
shape of the graphs of the partial charges of the oxygen
atoms and the graph of the activation energy are similar in-
dicating a direct correlation~Fig. 9!.

E. Oxygen single site jump and surface diffusion

In order to learn more about the microscopic details of
the behavior of oxygen on rhodium~111!, the PES for a
single site jump of atomic oxygen from a fcc threefold posi-
tion ~Fig. 10, white circle! to an adjactent hcp-threefold po-
sition ~Fig. 10, gray circle! was calculated. This calculation
was carried out for oxygen coverages of 0.5 ML@O-~132!-
Rh~111!# as well as 0.25 ML@O-~232!-Rh~111!#. Also in this
case, the surface diffusion process seems to be coverage de-
pendent. As intuitively expected, the transition state of the
single site jump is located in the region of the bridged spe-
cies between the two threefold positions. The activation en-
ergy of the surface jump process is calculated to be 0.47 eV
at 0.25 ML, while 0.57 eV at 0.5 ML. In both cases it is
endothermic, with an energy change of 0.08 eV and 0.1 eV
for 0.25 ML and 0.5 ML, respectively. Analysis of the tran-
sition state geometry shows that the calculated thermody-
namic and kinetic data are in accordance with Hammond’s
postulate, since the transition state of the stronger endother-
mic reaction~Fig. 10, dark gray atom! is located later along
the reaction coordinate~Fig. 10, white arrow! than the more
exothermic~Fig. 10, light gray atom!.

Furthermore, Mulliken charge analysis of the transition
states was carried out to verify if the origin of the increase of
the activation barrier is electronical. The partial charge of the
oxygen atom in the transition state is20.51e in case of 0.25
ML ~Fig. 10, light gray atom!, while it is only 20.47e in
case of 0.5 ML~Fig. 10, dark gray atom!. This indicates a
stronger stabilization of the transition state in the case of the

FIG. 9. Mulliken charges of the oxygen atoms in the transition state of the
oxygen decomposition. Lower oxygen refers to the oxygen atom bonded to
the rhodium surface in the reactant structure.

FIG. 10. On top view of the transition states of an oxygen single site jump
at different coverages on rhodium~111! from a fcc- to a hcp-threefold po-
sition ~white circles! along the reaction coordinate~white arrow!. Transition
states of this process for coverages of 0.25 ML~ML—monolayer! ~light
gray! and 0.5 ML~dark gray! are depicted.

FIG. 11. Example transition state for an oxygen single site jump with atom
numbering.

TABLE III. Transition states geometries; for atom numbering see Fig. 11.

u

Distances of O to~Å!
b ~deg!

Rh2– O–Rh3
h (Å)

~Surface-O!Rh1 Rh2 Rh3 Rh4

0.25 2.77 1.90 1.89 2.60 90.6 1.40
0.50 2.76 1.97 1.91 2.68 87.6 1.33
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lower coverage and hence supports the assumption that the
origin of the investigated effect is indeed electronical.

Exact geometries of the transition states structures are
given in Table III.

IV. CONCLUSIONS

DFT calculations show that oxygen coverage of the
rhodium ~111! surface weakens the bonding of the oxygen
molecule to the rhodium surface. This surmises that with
increasing oxygen coverage the adsorption probability of O2

decreases, oxygen decomposition therefore gets statistically
more unlikely and hence the oxygen coverage stagnates.
Moreover, the study shows that there is a stable end-on ad-
sorbed molecular oxygen species on rhodium~111!, how-
ever, the calculated energy barrier-towards the decomposed
oxygen is rather low, pointing towards a rather fast decom-
position.

A minor extent of oxygen preoccupation on a rhodium
surface even enhances the ability of rhodium to decompose
molecular oxygen. However, at higher initial oxygen cover-
ages, this ability is obstructed, supporting the suggestion that
oxygen coverage stagnates. As can be seen in Fig. 5, on the
right-hand side of the minimum for the activation energy at
u50.25 the activation energy increases almost exponentially.
Since the decomposition process is sterically unhindered~an
unoccupied surface site next to the adsorbed oxygen mol-
ecule is kept vacant!, this increase in activation energy is
most likely due to the electron withdrawing effect of the
oxygen. This hypothesis is supported by Mulliken charge
analysis.

Moreover, the energy of reaction of the oxygen decom-
position becomes smaller with increasing surface coverage.
At high surface coverages (u init50.875) the decomposition
reaction is even endothermic, which again points towards a
stagnation of the oxygen decomposition at medium oxygen
coverages. Transition state analysis supports the calculated
decrease in exothermicity, because this decrease is in agree-
ment with Hammond’s postulate. All these theoretical results
are in accordance with TPD experiments.32

The conclusions drawn from this study support the sur-
face mechanism proposed by Nakatsuji and co-workers.6 The
decrease in oxygen decomposition activity of rhodium sur-
face with increasing oxygen coverage up to a stagnation of
the process could explain the NO decomposition activity at
high oxygen concentrations. Nitrogen oxide in a vast excess
of oxygen could still decompose over rhodium even though
the initial kinetics support the contrary, since the kinetics are
coverage dependent. The oxygen decomposition is very
likely at low coverages while it gets improbable for higher
oxygen coverages. Therefore, the NOx decomposition activ-
ity of rhodium could be attributed to partially oxidized
rhodium surfaces.

Moreover, this study shows that DFT calculations are a
powerful tool with respect to the quantitative determination
of coverage dependencies of kinetic parameters. Since these
are difficult to determine experimentally, DFT calculations
are a tool that can fill this gap and can hence aid the devel-
opment of elementary step surface reaction mechanisms.

The results from this study will provide the basis for
kinetic modelling of the transient surface process to investi-
gate the catalytic properties on a realistic scale.34
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