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Influence of initial oxygen coverage and magnetic moment on the NO
decomposition on rhodium „111…
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In this study, density functional theory calculations were performed to investigate the influence of
oxygen preoccupation on the nitrogen oxide decomposition on rhodium. Besides gauging the
coverage dependence of the adsorption energy of NO on thes111d rhodium facet, the influence of
the initial oxygen coverage on the kinetics and thermodynamics of the nitrogen oxide decomposition
reaction was also studied. The results are discussed with respect to a novel NOx decomposition
catalyst. Furthermore, the influence of spin effects on the adsorption geometry as well as the
adsorption energy is examined. It will be addressed why spin effects only have a minor influence on
the behavior of NO on a rhodium surface. ©2005 American Institute of Physics.
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I. INTRODUCTION

Legislations in industrial countries are aiming towa
the reduction of green house gas emissions. The main
house gas is carbon dioxide and its main source is com
tion, mainly in automotive engines. Therefore, alterna
modes of drive that emit less green house gas such a
cells, electric, or hybrid motors are being developed. U
those alternative modes of drive become a mainstay
common combustion engine could be improved by opera
it under fuel-lean, oxygen-rich condition. Under oxygen-
conditions, combustion engines are more fuel efficient
consequently emit less green house gas compared to co
tional gasoline engines. The disadvantages of lean-ru
engines is increased emission of nitrogen oxidessNOxd and
soot.

Apparently, it is a challenging task to chemically red
a compound in an oxygen rich environment. Different c
cepts have meanwhile been developed for NOx reduction
Many approaches do work for model exhaust gases, but
of these catalytic systems are poisoned as soon as
amounts of sulfur compounds are present in the exhau
promising approach for a sulfur resistant DeNOx catalyst wa
suggested by Nakatsuji.1,2A rhodium-based zeolithic cataly
operated alternately under short leanstime scale of the orde
of secondsd and very short richstime scale of the order o
0.1 sd conditions appeared to be sulfur resistant while hig
active towards nitrogen oxide decomposition. The NOx re-
duction sshort, DeNOxd potential is high while the cataly

ad
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does not deteriorate when sulfur-containing compound
added. Nakatsuji proposed a mechanism for the surface
cesses involved; which suggests that during the oxyge
pleted phase, the rhodium surface is reduced, while in
subsequent oxygen rich phase, the NOx decomposes over t
freshly reduced metal surface. It is known that in the abs
of oxygen, NO decomposes over a reduced rhodium su
to initially form N2.

2 This leaves an oxidized rhodium s
face that is inactive with respect to further N
decomposition.3

Since we are considering exhaust gases with a m
amount of NOx in a vast excess of oxygen, this implies t
NO must decompose much faster on the surface than ox
does. However, kinetic investigations indicate the contra4

Various studies have been dedicated to the adsor
geometry and energy of NO on different facets of rhodiu5

Furthermore, the dissociation of NO was studied with di
ent experimental methods such as temperature progra
desorptionsTPDd,6 molecular beam,4 and scanning tunn
microscopysSTMd.7 In addition, Loffredaet al. studied the
decomposition of NO on rhodium and the influence of
surface topology on this reaction by means of density f
tional theory.8

It was found by Xuet al. that the kinetics depend on t
coverage of the Rhs111d surface and that high oxygen pre
cupation inhibits the NO decomposition.7 However, there i
no concrete evidence for this coverage dependency.
experimental measurements of coverage dependencies
rate coefficients are difficult to conduct, computationaab
initio studies are promising alternatives to gain a better

derstanding.

© 2005 American Institute of Physics02-1

 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp

http://dx.doi.org/10.1063/1.1878692


wa

ciall
rob

p-
have
e.
for
ction
oing
isms
racy
pee

e of
ions
gy

d
-
g th

gy o
of
the
t–
i-

the
ndi
face
yers
face
nd

the
face
n th
eque

ere
of

t
ule

n th
ca

eom
ilar
NO

orp-

laxe
eac
f the

th a
gra-

the
ts of

g to

den-
lated

ith
n

ord-

po-
em is
ities

h
-

ers
al
tion
the

geom-
ry is

sur-
e. A
DFT-

the

eri-
ons
ght
n
e
FT-

154702-2 Inderwildi et al. J. Chem. Phys. 122, 154702 ~2005!
In the present study, the decomposition process
studied by means of density functional theorysDFTd calcu-
lations to investigate how the surface coverage, espe
oxygen preoccupation, influences the decomposition p
ability of NO on Rhs111d. Thermodynamic and kinetic pro
erties of nitrogen oxide adsorption and decomposition
been studied as a function of the initial oxygen coverag

DFT ab initio calculations are becoming a useful tool
estimating kinetic parameters for detailed surface rea
mechanisms for reasons explained in a foreg
publication.9 Models based on detailed reaction mechan
are becoming more popular, owing to their higher accu
and the permanent acceleration of computer processor s

II. METHODS

In the present work the reactions of NO on the surfac
Rhs111d have been studied by means of DFT calculat
using CASTEP sCambridge sequential total ener
packaged.10 The generalized gradient approximationsGGAd
as proposed by Perdew and Wang11 was applied combine
with Vanderbilt ultrasoft pseudopotentials.12 Where neces
sary, spin effects have been taken into account by usin
spin polarizedsdependentd GGA functional sGGSAd. The
plane wave basis set was truncated at a kinetic ener
300 eV. Computations were performed over a rangek
points within the Brillouin zone as generated by
Monkhorst–Pack scheme.13 The precision of the Monkhors
Pack scheme was chosen so that thek-point spacing is sim
lar for all investigated unit cells.

The surface was modeled as a rhodium slab with
thickness of three atomic layers. Periodic-boundary co
tions extrapolate from a metal cluster to an extended sur
Various publications show that the thickness of three la
is sufficient to generate a model of a transition metal sur
exemplarily we refer to a study by Nørskov a
co-workers.14

Location and the extent of the elementary cell for
DFT calculations were chosen in a way to obtain the sur
coverage desired. A 10 Å vacuum was placed in betwee
periodic slabs to ensure that the adsorbate and the subs
slab do not interact. The positions of the metal atoms w
fixed in s111d surface configuration, while the positions
the adsorbates were fully mobile.

To determine the adsorption energiesDEads, the targe
surface was geometry optimized with the NO molec
added on the one hand and without the NO molecule o
other hand; the energies of the optimized surfaces were
culated subsequent to the geometry optimization. The g
etry of the NO molecule was optimized within a cell sim
to the cell of the surface and the energy of this optimized
crystalENO was calculated subsequently. Finally the ads
tion energies were determined according to

DEads= Eslab+O2
− sEslab+ ENOd. s1d

The structures of the reactants and the products were re
prior to calculating activation energies, as well as the r
tion heats for the NO dissociation. The transition state o

reaction was determined on the potential energy hypersur
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face by performing a linear synchronous, combined wi
quadratic synchronous transit calculation and conjugate
dient refinements.15 The total energies for the reactants,
transition state and the products were computed. Hea
reaction were calculated according to

DEreaction= Eproducts− Ereactants s2d

and the activation energy was then calculated accordin

Eact= Etransition state− Ereactants. s3d

The magnetic moment of a system is expressed by spin
sities in the presented work. Spin densities are calcu
according to

rspinsrd = rasrd − rbsrd, s4d

with rasrd andrbsrd denoting the densities of electrons w
a andb spin, respectively, at coordinater. The total electro
density of the supercell is calculated according to

rspin
total =E rspinsrddr. s5d

Furthermore, the local electron density is calculated acc
ing to

rspin
local =E urspinsrdudr. s6d

The local electron spin density is a measure of the spin
larization inside a certain system. To assume that a syst
nonspin polarized, both the local and the total spin dens
have to be zero.

III. RESULTS AND DISCUSSION

A. Nitrogen oxide on rhodium „111…

A s232d unit cell of a Rhs111d surface covered wit
three NO moleculessu=0.75d was optimized using DFT
GGA calculations. Low-energy electron diffractionsLEEDd
studies of a Rhs111d surface covered with 0.75 monolay
NO by Zasadaet al.,16 found NO to form an ideal hexagon
overlayer with the two NOs arranged in threefold posi
sfcc and hcpd and one in on-top position. The results of
DFT optimization of thiss232d-Rhs111d cell with three NO
molecules adsorbed leads to exactly the same surface
etry as found by LEED. The calculated surface geomet
depicted in Fig. 1.

All NO molecules are adsorbed perpendicular to the
face with the nitrogen atom pointing towards the surfac
comparison of distances and bond length between the
GGA geometry optimization and the LEED analysisssee
Table Id shows that the calculated values are well within
experimental error limits.

Even though the calculated values lie within the exp
mental error limits, it seems that the DFT calculati
slightly overestimate the real values. To verify if this mi
be due to neglecting spin effectssNO is an odd electro
molecule with a doublet ground stated, the calculations hav
been carried out spin polarized. The spin-polarized D

-GGSA calculation gave exactly the same distances as the
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regular unpolarizedsDFT-GGAd calculation, implying, tha
spin effects do not affect the geometry at all. For direct c
parison see Table I. In a study performed by Loffredaet al.
this is proposed,8 but no explanation is given. Here this
fect was investigated in more detail.

B. Magnetic moment of NO adsorbed on rhodium
„111…

In case of free NO, spin effects slightly affect the bo
lengths1.23 Å without spin effect, 1.24 Å with spin effectd.
Therefore, the spin densities for both NO adsorbed o
rhodium s111d surface and NO located remotelysto deba
electronic interactiond over a rhodiums111d surface were ca
culated. These calculations showed that as soon as th
interacts with the surface, the electronic spin is diluted
the electron gas and hence the effect of the magnetic mo
is so minor, that it does not affect the geometry at all.

FIG. 1. Front and top view of as232d-3NO on Rhs111d.

TABLE I. Comparison between LEED datasRef. 16d and spin-polarized an
unpolarized DFT-GGA-PW91 calculation.

DistancesÅd LEED DFT-GGAa DFT-GGSAb

Threefold
N surface 1.3160.07 sfccd 1.36 sfccd 1.36 sfccd

1.2960.07shcpd 1.35shcpd 1.35shcpd
N–O 1.15±0.07 1.18 1.18

On-top
N–O 1.13±0.07 1.18 1.18
Rh–N 1.94±0.08 1.84 1.84

Surface
interlayer
spacing

2.28±0.04 2.27 2.27

aFunctional proposed by Perdew and Wang in 1992.
bSpin-restricted version of-the functional proposed by Perdew and Wa

1992.

Downloaded 15 Apr 2005 to 147.142.186.54. Redistribution subject to AIP
O

nt

In case of free NO, spin-polarized calculations have
culatedrspin

total andrspin
local to be 1, predicting the expected do

blet state of NO. Upon adsorption of NO on the Rhs111d
surface, the calculated total spin densityrspin

total can be consid
ered zero, while the local spin electron densityrspin

local is 0.15.
This indicates a weak antiferromagnetic state of the sys

A comparison of the spin density plot of the Rhs111d
surface with the interacting and the noninteracting NO sh
that in case of the remote NO a high spin density is loc
on the NOsFig. 2d. The spin density exhibits the symme
of the antibonding 2p orbital of NO in which the unpaire
electron resides. The spin density plot of the interacting
log shows that these higha-spin densities are not pres
heresno dark areasd while the regions with highb-spin den
sities sbright areas, third metal layerd vanish as well. Thi
dilution of electronic spin over the electron gas struc
leads to same spin density as in the vacuum region abov
beneath the metal layer. A general discussion of the orig
adsorbate-induced demagnetization considering NO ad
tions on ferromagnetic nickel as an example is give
Ref. 17.

Energies calculated utilizing the spin restricted and
restricted GGA functional showed that also the differenc
calculated absolute energy is negligibles0.019 eVd. The ad
sorption energies of NO were calculated to be 1.63 eV u
fected by spin effects. Hence, there is no necessity to
spin effect into account in these calculations. The analog
of the electron density shows that the delocalization o
unpaired electron does not affect the over-all electron de
sFig. 2d.

C. Oxygen coverage dependence of the NO
adsorption on rhodium „111…

The dependence of the strength of the nitrogen mo
ide bonding on the initial oxygen coverage of the rhod
surface has been studied by calculating the heat of adso
according to 1. It could be shown that the bonding of n
gen monoxide to the rhodium surface becomes weak
high oxygen coverage, but remains energetically favor
The heat of adsorption as a function of the initial sur
coverage is depicted in Fig. 3. It indicates that an in
oxygen preoccupation of the rhodium surface therm
namically inhibits the adsorption of further nitrogen mon
ide molecules on the surface. However, compared to the

FIG. 2. Spin density plots for nitrogen monoxide adsorbed and NO lo
remotely over a rhodiums111d surface.
gen coverage dependence of the adsorption energy of oxygen
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which is endothermic at high oxygen coveragessee Ref. 18d,
the nitrogen monoxide adsorption is still thermodynamic
favored over oxygen adsorption at any oxygen preocc
tion. This result could support the mechanism propose
Nakatsuji, because the oxygen coverage would possib
main at a certain coverage, while NO can still adsorb.

Mulliken charge analysis of the end-on adsorbed
species with different amounts of oxygen on the surface
been carried out. These analyses showed that the c
transferred from the rhodium surface to the NO mole
decreases with increasing oxygen coverage, see Fig. 4,
ably due to the electron withdrawing effect of oxygen. T
charges on the nitrogen and oxygen atom decrease str
above 0.5 MLsmonolayerd, analogous to the adsorption e
ergy sFig. 4d. These results support the assumption tha
origin of this effect is electronic.

D. NO decomposition over rhodium „111… and oxygen
influence

The presumption that end-on adsorbed diatomic
ecules preferably decompose with the breaking bond co
nated over a single metal atom rather than coordinated o
surface metal-metal bond is well established.19 Furthermore
it is the common view that end-on adsorbed molecules
compose in a fashion that the generated surface ada
share the smallest number of surface metal atoms po

FIG. 3. Heat of adsorption of NO as a function of the oxygen covera
FIG. 4. Mulliken charges as function of the surface coverage.
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sprinciple of least atom sharingd.20 Owing to this, a preferre
final conformation of the dissociated molecule was assu
as depicted in Fig. 5, right.

The computed optimal topologies for end-on adso
nitrogen oxide as well as its decomposition products
shown in front as well as top view in Fig. 5.

The computed transition state for the decompositio
also depicted and it can be seen that first the nitro
oxygen bond has to bend into the direction of the decom
ing metal atom. In the transition state the nitrogen–oxy
bond is broken, while both atoms are bonded to the de
posing rhodium surface atom. From the transition s
smaximum energy point along the reaction coordinated, the
oxygen atom simply “drops” into its preferred adsorp
site, meaning that the process is going energetically st
downhill as expected. The activation energy for this sur
reaction was calculated to be 2.24 eV with an energy o
action of 0.32 eV.

Placing an additional atomic oxygen atomfinitial cover-
agesuOd=0.25g on top of the rhodium surface, and recal
lating the optimal geometries for starting material as we
the products, a determination of the transition state as
scribed in the Methods section shows that the additional
gen inhibits further decomposition of NO molecules, e
though the decomposition is still sterically unhindered.
activation energy increases to 2.41 eV with an energy o
action of 0.46 eV.

To investigate this effect in more detail, a surface wi
s234d elementary cell consisting of eight surface rhod
atoms has been modeled in order to vary the initial oxy
coverage over a broader range. The atomic coordinates
metal atoms were constrained to conserve thes111d facet,
while the adsorbates were assumed to be mobile. Onl
high coveragesuù0.75d, constraints were imposed on
adsorbates, so that a vacant surface site adjacent to the
gen oxide molecule is available to ensure geometrically
hindered decomposition. The geometries for the nitrogen
ide molecule as well as its decomposition products have
calculated for different oxygen coverage. The transition
of the reaction of the molecule to its decomposition prod
was determined for different initial oxygen coverage. As
example, the transition state of the nitrogen oxide decom
sition at an initial oxygen coverage ofuO,INIT=0.5 is shown

FIG. 5. Adsorbed nitrogen oxide, decomposition transition state, an
composed nitrogen oxide ons232d-rhodium s111d.
in Fig. 6, the geometries of all transition state structures are
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listed in Table II. The activation energies as well as the
action enthalpy have been calculated according to Eqss2d
and s3d.

It is shown that for increasing oxygen coverage, the
tivation energy of the nitrogen oxide decomposition
creasessFig. 7d, while the reaction gets more endotherm
sFig. 8d. For surface coverages below an initial oxygen c
erage of 0.5 ML, the activation energy increases line
while it increases almost exponentially aboveuO=0.5. The
calculated over-all reactionfreaction energy gas-phase NO
N and O coadsorbed on Rhs111dg energy of 2.47 eV at 0.2
ML is in close agreement with the value calculated by L
freda et al. s2.5 eVd.8 However, the endothermicity of th
dissociation step is clearly in contrast to calculations ca
out before.14 Recalculating the optimal adsorption geo
etries and the corresponding energies for NO and its d
ciation products on as232d elementary cell with the uppe
most metal layer allowed to relax, lead as well to
endothermicity of the reaction. An analog study utilizing
spin-restricted functional also calculated the reaction t
endothermic.

This inhibition might be due to the electron withdraw
effect of the adsorbed oxygen. The electronegative ox
withdraws electrons from the metal surface and hence lo
the backdonation effect of the metal into the antibondinp
orbital of the end-on adsorbed nitrogen monoxide. This
fect is hindered when oxygen withdraws electrons from
metal atom. The weaker backdonation effect can also b
served in the N–O bond length of the adsorbed NO, it
creases from 1.23 Åsu=0.125d to 1.19 Å su=1d, indicating
a higher bond order of the adsorbed molecule. To veri
electronic effects are also responsible for the increase i
tivation energysdestabilization of the transition stated, Mul-
liken charge analysis was carried out for the calculated

FIG. 6. The transition state of the NO decomposition at an initial ox
coverage of 0.5 ML.

TABLE II. Exact geometries of the different transition state structures« d
positive angle denotes tilting towards Rh2 and Rh5, negative angle toward
numbering please see Fig. 9.

uinit

dN–Rh sÅd
N

« s°dRh1 Rh2 Rh3 R

0.125 1.98 2.11 1.99 2.90
0.250 2.01 1.99 2.01 −2.30
0.375 2.01 1.97 2.02 0.77
0.500 2.07 1.95 2.03 1.10
0.625 1.98 2.02 1.92 0.80
0.750 1.90 2.04 1.98 2.90
0.875 2.03 2.09 1.94 1.40
Downloaded 15 Apr 2005 to 147.142.186.54. Redistribution subject to AIP
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sition states. In Fig. 10, the Mulliken charges are prese
as a function of the initial surface coverage. It can be
that the amount of electronic charge transferred to the
sition state structure decreases with increasing surface
erage. This indicates a destabilization of the transition s
which would explain the increase of the activation ene
observed.

Furthermore, the heat of formation of the atomic ni
gen and oxygen species decreases with increasing initia
erage. This observation suggests that the capabilit
rhodium to decompose nitrogen oxide in a vast exces
oxygen is not due to an acceleration by oxygen adso
prior to NO decomposition.

IV. CONCLUSIONS

DFT-GGA structure optimizations carried out in t
study are able to predict the geometry of adsorbant
Rhs111d accurately. Theseab initio calculations support th
assumption that spin effects do not affect the optimal ge
etry and energy of NO adsorbed on rhodiums111d. Spin-
unrestricted calculations show that upon adsorption,
loses its spin density while it induces a negligible magn
moment onto the rhodiums111d surface. Hence, further ca
culations could be carried out with a spin-unrestricted G
functional, leading to a significant acceleration, espec
for the calculations of potential energy hypersurfaces.

es the angle by which the atoms are tilted out of the surface normal
nd Rh4, a denotes the angle between nitrogen, Rh3, and oxygen. For ato

dO–Rh sÅd
O

« s°d dN–O sÅd
N–O
a s°dRh4 Rh5

2.99 3.16 5.70 1.99 59.
3.03 2.98 −1.60 2.06 62.
3.55 3.45 2.80 2.11 55.
3.55 3.45 −3.30 2.12 56.
3.06 2.95 −3.50 2.03 63.
2.99 3.20 7.30 2.03 59.
3.08 2.96 −3.50 1.98 61.

FIG. 7. Activation energy of the NO decomposition as a function of
initial surface coverage.
.enot
s Rh1 a

h3

2.00
1.96
2.42
2.42
1.95
1.96
1.97
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These spin-unrestricted calculations show that in
oxygen coverage of the rhodiums111d surface weakens th
bonding of nitrogen oxide to the rhodium surface. This
mises that with increasing oxygen coverage the adsor
probability of NO decreases, because it gets thermodyn
cally more unfavorable. However, the thermodynamic i
bition of the oxygen adsorption is more distinct.18

Oxygen preoccupation on a rhodium surface abate
ability of rhodium to decompose nitrogen oxide. Since
decomposition process is sterically unhinderedsan unoccu
pied surface site next to the adsorbed oxygen molecu
kept vacantd, this increase in activation energy must be
to the electron withdrawing effect of the oxygen. The hea
formation of the atomic species is slightly endother
s0.15 eVd when NO decomposes on a rhodiums111d surface
without oxygen preoccupationscorresponding to 0.125 MLd.
However, with increasing oxygen preoccupation the rea
gets even more endothermic. These results are in contr
previous calculations that calculate the decomposition t
exothermic.14

Comparing the thermochemistry of desorption and
composition shows that energetically the decompositio
favored up to 0.75 ML, Fig. 11.

Root et al. observed that from 0.3 ML pure NO cov
age, not all NO decomposes but desorbs during hea6

FIG. 8. Coverage dependence of the reaction energies of the
decomposition.

FIG. 9. Example transition state with atom numbering, surface no

plane, and nitrogen–rhodium–oxygen anglea.

Downloaded 15 Apr 2005 to 147.142.186.54. Redistribution subject to AIP
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Considering that owing the decomposition, the surface
erage increases, this is well in agreement with the re
found here.

The overall conclusions drawn from this study do
support the surface mechanism proposed by Nakasuj
co-workers.2 The decrease in NO decomposition activity
the rhodium surface with increasing oxygen coverage p
towards a stagnation. The activation energy for the NO
composition is higher than the activation energy of the
gen dissociationssee Ref. 9d at any initial oxygen preocc
pation and hence, the oxygen dissociation will be more li
at any oxygen preoccupation, see Fig. 12. Although ox
can decompose in more than one way on Rhs111d, e.g., direc
dissociative decomposition, the activation barrier for
process will be even lower than that of the end-on O2.
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