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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 ofilti 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 noyeles@nposition
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

[DOI: 10.1063/1.1878692

I. INTRODUCTION does not deteriorate when sulfur-containing compounds are

added. Nakatsuji proposed a mechanism for the surface pro-

Legislations in industrial countries are aiming towardscesses involved; which suggests that during the oxygen de-

the reduction of green house gas emissions. The main gregfleted phase, the rhodium surface is reduced, while in the
house gas is carbon dioxide and its main source is combusubsequent oxygen rich phase, the Ni@composes over the

tion, mainly in automotive engines. Therefore, alternativefreshly reduced metal surface. It is known that in the absence

modes of drive that emit less green house gas such as fugt oxygen, NO decomposes over a reduced rhodium surface

cells, electric, or hybrid motors are being developed. Untilto initially form N,.? This leaves an oxidized rhodium sur-
those alternative modes of drive become a mainstay, thfyce that is inactive with respect to further NO

common combustion engine could be improved by operatingiecompositior.

it under fuel-lean, oxygen-rich condition. Under oxygen-rich Since we are considering exhaust gases with a minor
conditions, combustion engines are more fuel efficient angmount of NQ in a vast excess of oxygen, this implies that
consequently emit less green house gas compared to convalo must decompose much faster on the surface than oxygen
tional gasoline engines. The disadvantages of lean-run cgfoes. However, kinetic investigations indicate the conttary.
engines is increased emission of nitrogen oxité®,) and Various studies have been dedicated to the adsorption
soot. geometry and energy of NO on different facets of rhodfum.
Apparently, it is a challenging task to chemically reducefyrthermore, the dissociation of NO was studied with differ-
a compound in an oxygen rich environment. Different con-ent experimental methods such as temperature programmed
cepts have meanwhile been developed for,N€duction.  desorption(TPD),® molecular beanf,and scanning tunnel
Many approaches do work for model exhaust gases, but mogicroscopy(STM).” In addition, Loffredaet al. studied the
of these catalytic systems are poisoned as soon as mingecomposition of NO on rhodium and the influence of the
amounts of sulfur Compounds are present in the exhaust. Aurface topo|ogy on this reaction by means of density func-
promising approach for a sulfur resistant DeNsatalyst was  tional theory?
suggested by Nakatsjf. A rhodium-based zeolithic catalyst It was found by Xuet al. that the kinetics depend on the
operated alternately under short le@me scale of the order coverage of the Ri11) surface and that high oxygen preoc-
of seconds and very short ric{time scale of the order of cupation inhibits the NO decompositidrHowever, there is
0.1 9 conditions appeared to be sulfur resistant while highlyno concrete evidence for this coverage dependency. Since
active towards nitrogen oxide decomposition. The,N©  experimental measurements of coverage dependencies of the
duction (short, DeNQ) potential is high while the catalyst ate coefficients are difficult to conduct, computatioaal
initio studies are promising alternatives to gain a better un-
dElectronic mail: oliver.inderwildi@iwr.uni-heidelberg.de derstanding.
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In the present study, the decomposition process waface by performing a linear synchronous, combined with a
studied by means of density functional thedBFT) calcu- quadratic synchronous transit calculation and conjugate gra-
lations to investigate how the surface coverage, especiallgient refinement$® The total energies for the reactants, the
oxygen preoccupation, influences the decomposition probtransition state and the products were computed. Heats of
ability of NO on RK111). Thermodynamic and kinetic prop- reaction were calculated according to
erties of nitrogen oxide adsorption and decomposition have
been studied as a function of the initial oxygen coverage.

DFT ab initio calculations are becoming a useful tool for and the activation energy was then calculated according to
estimating kinetic parameters for detailed surface reaction
mechanisms for reasons explained in a foregoing
publication’ Models based on detailed reaction mechanismshe magnetic moment of a system is expressed by spin den-
are becoming more popular, owing to their higher accuracyities in the presented work. Spin densities are calculated
and the permanent acceleration of computer processor speettcording to

Pspir(1) = palr) = pp(r), (4)

with p,(r) andpg(r) denoting the densities of electrons with
In the present work the reactions of NO on the surface ofxr and 8 spin, respectively, at coordinateThe total electron

Rh(111) have been studied by means of DFT calculationsdensity of the supercell is calculated according to

using CASTEP (Cambridge sequential total energy

package'® The generalized gradient approximaticBGA) p;‘;}?,:: f Pspir(r)dr. (5)

as proposed by Perdew and Wé]ng/as applied combined

with Vanderbilt ultrasoft pseudopotentidfsWhere neces- Furthermore, the local electron density is calculated accord-

sary, spin effects have been taken into account by using thgg to

spin polarized(dependent GGA functional (GGSA). The

plane wave basis set was truncated at a kinetic energy of Plso;ﬁﬁlzf |pspir(r)]dr. (6)

300 eV. Computations were performed over a rangek of

points within the Brillouin zone as generated by the

Monkhorst—Pack schent&The precision of the Monkhorst—

AEreaction: Eproducts_ Ereactants (2)

act™ Etransition state” Ereactants (3)

IIl. METHODS

The local electron spin density is a measure of the spin po-
larization inside a certain system. To assume that a system is

Pack sche_zme was chose_n So thatkfpoint spacing is simi- nonspin polarized, both the local and the total spin densities
lar for all investigated unit cells. have to be zero

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 surfacg; RESULTS AND DISCUSSION
Various publications show that the thickness of three layers
is sufficient to generate a model of a transition metal surfacéf“
exemplarily we refer to a study by Ngrskov and A (2x2) unit cell of a Rif111) surface covered with
co-workers:* three NO moleculeg6=0.75 was optimized using DFT-
Location and the extent of the elementary cell for theGGA calculations. Low-energy electron diffracti¢hEED)
DFT calculations were chosen in a way to obtain the surfacgtudies of a RHL11) surface covered with 0.75 monolayers
coverage desired. A 10 A vacuum was placed in between thgo by Zasadat al,*® found NO to form an ideal hexagonal
periodic slabs to ensure that the adsorbate and the subsequeRerlayer with the two NOs arranged in threefold position
slab do not interact. The positions of the metal atoms wergfcc and hcp and one in on-top position. The results of the
fixed in (111) surface configuration, while the positions of pET optimization of thig2 x 2)-Rh(111) cell with three NO
the adsorbates were fully mobile. molecules adsorbed leads to exactly the same surface geom-
To determine the adsorption energiég,y, the target etry as found by LEED. The calculated surface geometry is
surface was geometry optimized with the NO moleculedepicted in Fig. 1.
added on the one hand and without the NO molecule on the Al NO molecules are adsorbed perpendicular to the sur-
other hand; the energies of the optimized surfaces were cajace with the nitrogen atom pointing towards the surface. A
culated subsequent to the geometry optimization. The geontomparison of distances and bond length between the DFT-
etry of the NO molecule was optimized within a cell similar GGA geometry optimization and the LEED analysisee
to the cell of the surface and the energy of this optimized NOrable |) shows that the calculated values are well within the
crystalEyo Was calculated subsequently. Finally the adsorpexperimental error limits.
tion energies were determined according to Even though the calculated values lie within the experi-
- _ mental error limits, it seems that the DFT calculations
A0 Esiab+0, (Ese* Eno)- ! slightly overestimate the real values. To verify if this might
The structures of the reactants and the products were relaxé@ due to neglecting spin effectdlO is an odd electron
prior to calculating activation energies, as well as the reacmolecule with a doublet ground statéhe calculations have
tion heats for the NO dissociation. The transition state of thdbeen carried out spin polarized. The spin-polarized DFT-
reaction was determined on the potential energy hypersuisGSA calculation gave exactly the same distances as the

. Nitrogen oxide on rhodium  (111)

Downloaded 15 Apr 2005 to 147.142.186.54. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



154702-3 NO decomposition on rhodium (111) J. Chem. Phys. 122, 154702 (2005)

x I % 3 :

L
L] L Tl |

interacting non-interacting interacting non-interacting

total electron density spin density

FIG. 2. Spin density plots for nitrogen monoxide adsorbed and NO located
remotely over a rhodiuni111) surface.

In case of free NO, spin-polarized calculations have cal-
culatedpgy and pSsa to be 1, predicting the expected dou-
blet state of NO. Upon adsorption of NO on the (Rtl)
surface, the calculated total spin densj&ﬁ‘]’ can be consid-
ered zero, while the local spin electron denﬂ}ﬁﬁ' is 0.15.
This indicates a weak antiferromagnetic state of the system.

A comparison of the spin density plot of the @hl)

FIG. 1. Front and top view of & % 2)-3NO on RI{111). surface with the interacting and the noninteracting NO shows
that in case of the remote NO a high spin density is located
regular unpolarizedDFT-GGA) calculation, implying, that ©On the NO(Fig. 2). The spin density exhibits the symmetry
spin effects do not affect the geometry at all. For direct com©f the antibonding 2 orbital of NO in which the unpaired
parison see Table I. In a study performed by Loffredaa. electron resides. The spin den.sny plot_ pf the interacting ana-
this is proposed,but no explanation is given. Here this ef- 109 shows that these high-spin densities are not present

fect was investigated in more detail. here(no dark aregswhile the regions with higtg-spin den-
sities (bright areas, third metal layewvanish as well. This

dilution of electronic spin over the electron gas structure
B. Magnetic moment of NO adsorbed on rhodium leads to same spin density as in the vacuum region above and
(111) beneath the metal layer. A general discussion of the origin of

In case of free NO, spin effects slightly affect the bondse}dsorbate-mduced de.mag.netlzatlon con3|der|ng_NO. adsqrp-
tions on ferromagnetic nickel as an example is given in

length(1.23 A without spin effect, 1.24 A with spin effegts
. " Ref. 17.
Therefore, the spin densities for both NO adsorbed on a . .- . .
Energies calculated utilizing the spin restricted and un-

rhod|um.(1_11) surface and NO _Iocated remotefio debar restricted GGA functional showed that also the difference in
electronic interactionover a rhodiun{111) surface were cal- . -
N%\Iculated absolute energy is negligife019 eVj. The ad-

culated. These calculations showed that as soon as the . .

) . . ST sorption energies of NO were calculated to be 1.63 eV unaf-

interacts with the surface, the electronic spin is diluted over, . : :
. fected by spin effects. Hence, there is no necessity to take

the electron gas and hence the effect of the magnetic moment : . . .

. . : spin effect into account in these calculations. The analog plot

is so minor, that it does not affect the geometry at all.

of the electron density shows that the delocalization of the

unpaired electron does not affect the over-all electron density
TABLE I. Comparison between LEED datRef. 16 and spin-polarized and (Fig 2)

unpolarized DFT-GGA-PW91 calculation.

Distance(A) LEED DFT-GGA'  DFT-GGSA C. Oxygen coverage dependence of the NO
Threefold adsorption on rhodium  (111)
N surface 1.330.07 (fec)  1.36 (fec) 1.36 (fec) The dependence of the strength of the nitrogen monox-
1.29+0.07(hcp 1.35(hcp 1.35(hcp

ide bonding on the initial oxygen coverage of the rhodium

N-O 1.15£0.07 118 118 surface has been studied by calculating the heat of adsorption
On-top according to 1. It could be shown that the bonding of nitro-

N-O 1.13+0.07 1.18 1.18 gen monoxide to the rhodium surface becomes weaker at
Rh-N 1.94+0.08 1.84 1.84 high oxygen coverage, but remains energetically favorable.
Surface 2 28+0.04 297 297 The heat <_Jf adsprptior_u as a functipn _of the initial su_rf.a.ce
interlayer coverage is depicted in Fig. 3. It indicates that an initial
spacing oxygen preoccupation of the rhodium surface thermody-

- - namically inhibits the adsorption of further nitrogen monox-
®Functional proposed by Perdew and Wang in 1992. .
bspin-restricted version of-the functional proposed by Perdew and Wang iid€ molecules on the surface. However, cpmpared to the oxy-
1992. gen coverage dependence of the adsorption energy of oxygen
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; FIG. 5. Adsorbed nitrogen oxide, decomposition transition state, and de-
-30 01 02 03 04 05 06 07 08 composed nitrogen oxide di2 X 2)-rhodium (111).
initial coverage (ML)

FIG. 3. Heat of adsorption of NO as a function of the oxygen coverage. (principle of least atom shariméo Owing to this, a preferred
final conformation of the dissociated molecule was assumed
which is endothermic at high oxygen coverdgee Ref. 18  as depicted in Fig. 5, right.
the nitrogen monoxide adsorption is still thermodynamically =~ The computed optimal topologies for end-on adsorbed
favored over oxygen adsorption at any oxygen preoccupanitrogen oxide as well as its decomposition products are
tion. This result could support the mechanism proposed bghown in front as well as top view in Fig. 5.
Nakatsuji, because the oxygen coverage would possibly re- The computed transition state for the decomposition is
main at a certain coverage, while NO can still adsorb.  also depicted and it can be seen that first the nitrogen—
Mulliken charge analysis of the end-on adsorbed NOgyygen bond has to bend into the direction of the decompos-
species with different amounts of oxygen on the surface hav[eng metal atom. In the transition state the nitrogen—oxygen

been carried out. These analyses showed that the charge,q is proken, while both atoms are bonded to the decom-
transferred from the rhodium surface to the NO molecule

L . X osing rhodium surface atom. From the transition state

decreases with increasing oxygen coverage, see Fig. 4, proE- . . . .
) . maximum energy point along the reaction coordinatiee

ably due to the electron withdrawing effect of oxygen. The ; “ e . .

. oxygen atom simply “drops” into its preferred adsorption
charges on the nitrogen and oxygen atom decrease stronge{ inq that th . . tically strictl
above 0.5 ML(monolayey, analogous to the adsorption en- Site, nr:.(lelanlng a de _IF_);OCGSS_ IS 'gomg ener?e 'Cr? ys rflc y
ergy (Fig. 4). These results support the assumption that th&oWnhill as expected. The activation energy for this surface
origin of this effect is electronic. rea_ct|on was calculated to be 2.24 eV with an energy of re-
action of 0.32 eV.

Placing an additional atomic oxygen at¢mitial cover-
age(fAy)=0.25 on top of the rhodium surface, and recalcu-
_ _ . lating the optimal geometries for starting material as well as
The presumption that end-on adsorbed diatomic molthe products, a determination of the transition state as de-
ecules preferably decompose with the breaking bond coordiscribed in the Methods section shows that the additional oxy-
nated over a single metal atom rather than coordinated OVergen inhibits further decomposition of NO molecules, even

surface metal-metal bond is well establisfigurthermore, though the decomposition is still sterically unhindered. The

it is the common view that end-on adsorbed molecules de; .\ ation energy increases to 2.41 eV with an energy of re-
compose in a fashion that the generated surface adaton%

hare th llest number of surf wal at " Ttion of 0.46 eV.
shate The smatlest UMher of stfiace metal aloms possbe 1o investigate this effect in more detail, a surface with a

(2% 4) elementary cell consisting of eight surface rhodium
= L=l atoms has been modeled in order to vary the initial oxygen
b A ! coverage over a broader range. The atomic coordinates of the

: / metal atoms were constrained to conserve (thEl) facet,

D. NO decomposition over rhodium  (111) and oxygen
influence

while the adsorbates were assumed to be mobile. Only for
high coveragg #=0.79, constraints were imposed on the
adsorbates, so that a vacant surface site adjacent to the nitro-
’ gen oxide molecule is available to ensure geometrically un-
; hindered decomposition. The geometries for the nitrogen ox-
JINE .y ide molecule as well as its decomposition products have been
| / calculated for different oxygen coverage. The transition state
el N of the reaction of the molecule to its decomposition products
0,25 i : was determined for different initial oxygen coverage. As an
61 02 03 04 05 08 07 08 08 . ) )
PR example, the transition state of the nitrogen oxide decompo-
sition at an initial oxygen coverage @f y7=0.5 is shown
FIG. 4. Mulliken charges as function of the surface coverage. in Fig. 6, the geometries of all transition state structures are

0,15 Fot

charge [e)

0.2
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FIG. 6. The transition state of the NO decomposition at an initial oxygen

coverage of 0.5 ML. 28 |-

24

listed in Table Il. The activation energies as well as the re- 22 i i i i i ; i
action enthalpy have been calculated according to EZ)s. ot 02 03 04 085 08 07 08 09
inttial coverage (ML)
and (3).
It is shown that for increasing oxygen coverage, the acfIG. 7. Activation energy of the NO decomposition as a function of the
tivation energy of the nitrogen oxide decomposition in-initial surface coverage.
creaseqFig. 7), while the reaction gets more endothermic

(Fig. 8). For surface coverages below an initial oxygen cov-sjtion states. In Fig. 10, the Mulliken charges are presented
erage of 0.5 ML, the activation energy increases linearlyas a function of the initial surface coverage. It can be seen
while it increases almost exponentially abofig=0.5. The  that the amount of electronic charge transferred to the tran-
calculated over-all reactidmeaction energy gas-phase NO to sjtion state structure decreases with increasing surface cov-
N and O coadsorbed on Rt11)] energy of 2.47 eV at 0.25 erage. This indicates a destabilization of the transition state,
ML is in close agreement with the value calculated by Lof-which would explain the increase of the activation energy
freda et al. (2.5 eV).2 However, the endothermicity of the gpserved.
dissociation step is clearly in contrast to calculations carried  Fyrthermore, the heat of formation of the atomic nitro-
out before’* Recalculating the optimal adsorption geom- gen and oxygen species decreases with increasing initial cov-
etries and the corresponding energies for NO and its diss@rage. This observation suggests that the capability of
ciation products on & 2) elementary cell with the upper- rhodium to decompose nitrogen oxide in a vast excess of
most metal layer allowed to relax, lead as well to anoxygen is not due to an acceleration by oxygen adsorbed
endothermicity of the reaction. An analog study utilizing the prior to NO decomposition.
spin-restricted functional also calculated the reaction to be
endothermic.

This inhibition might be due to the electron withdrawing v coNCLUSIONS
effect of the adsorbed oxygen. The electronegative oxygen
withdraws electrons from the metal surface and hence lowers DFT-GGA structure optimizations carried out in this
the backdonation effect of the metal into the antibonding study are able to predict the geometry of adsorbants on
orbital of the end-on adsorbed nitrogen monoxide. This efRh(111) accurately. Thesab initio calculations support the
fect is hindered when oxygen withdraws electrons from theassumption that spin effects do not affect the optimal geom-
metal atom. The weaker backdonation effect can also be oketry and energy of NO adsorbed on rhodigidll). Spin-
served in the N-O bond length of the adsorbed NO, it deunrestricted calculations show that upon adsorption, NO
creases from 1.23 A9=0.129 to 1.19 A(#=1), indicating loses its spin density while it induces a negligible magnetic
a higher bond order of the adsorbed molecule. To verify ifmoment onto the rhodiur(l11) surface. Hence, further cal-
electronic effects are also responsible for the increase in aculations could be carried out with a spin-unrestricted GGA
tivation energy(destabilization of the transition stateMul-  functional, leading to a significant acceleration, especially
liken charge analysis was carried out for the calculated tranfor the calculations of potential energy hypersurfaces.

TABLE II. Exact geometries of the different transition state structusedenotes the angle by which the atoms are tilted out of the surface normal plane,
positive angle denotes tilting towards Rénd R, negative angle towards Rland RH, « denotes the angle between nitrogen? Rind oxygen. For atom
numbering please see Fig. 9.

dN—Rh (A) dO—Rh (A)

N o] N-O

Ot Rht R RH® e (°) Rh? R Rh° £ (°) dy_o (A) a ()
0.125 1.98 211 1.99 2.90 2.00 2.99 3.16 5.70 1.99 59.9
0.250 2.01 1.99 2.01 -2.30 1.96 3.03 2.98 -1.60 2.06 62.4
0.375 2.01 1.97 2.02 0.77 2.42 3.55 3.45 2.80 211 55.9
0.500 2.07 1.95 2.03 1.10 2.42 3.55 3.45 -3.30 2.12 56.0
0.625 1.98 2.02 1.92 0.80 1.95 3.06 2.95 -3.50 2.03 63.4
0.750 1.90 2.04 1.98 2.90 1.96 2.99 3.20 7.30 2.03 59.8
0.875 2.03 2.09 1.94 1.40 1.97 3.08 2.96 -3.50 1.98 61.0
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FIG. 8. Coverage dependence of the reaction energies of the N

decomposition. %IG. 10. Mulliken charges of the transition state of the NO decomposition

as function of the initial surface coverage.

These spin-unrestricted calculations show that initial idering th ina the d . h ;
oxygen coverage of the rhodiufd1l) surface weakens the COnsidering that owing the decomposition, the surface cov-
erage increases, this is well in agreement with the results

bonding of nitrogen oxide to the rhodium surface. This sur-
mises that with increasing oxygen coverage the adsorptiof’?und here. ) )

probability of NO decreases, because it gets thermodynami- The overall conclusions P"aW” from this study do"not
cally more unfavorable. However, the thermodynamic inhi-SUPPOIt the surface mechgnlsm proposed by Naka_ls_up and
bition of the oxygen adsorption is more distirfiét co-workers? The decrease in NO decomposition activity of

Oxygen preoccupation on a rhodium surface abates th@e rhodium surface with increasing oxygen coverage points

ability of rhodium to decompose nitrogen oxide. Since thetoWards a stagnation. The activation energy for the NO de-

decomposition process is sterically unhindetad unoccu- COMPOsition is higher than the activation energy of the oxy-
pied surface site next to the adsorbed oxygen molecule €N dissociatiorisee Ref. 9at any initial oxygen preoccu-
kept vacant, this increase in activation energy must be duePation and hence, the oxygen dlssoc[atlon will be more likely
to the electron withdrawing effect of the oxygen. The heat ofAl 8Ny 0xygen preoccupaglon, see Fig. 12. h,lAIthough. Oxygen
formation of the atomic species is slightly endothermicCan décompose in more than one way orRf), e.g., direct
(0.15 eV} when NO decomposes on a rhodidii1) surface dissociative decomposition, the activation barrier for this
without oxygen preoccupatiofzorresponding to 0.125 ML~ Process will be even lower than that of the end-on O
However, with increasing oxygen preoccupation the reaction

gets even more endothermic. These results are in contrast to

previous calculations that calculate the decomposition to bACKNOWLEDGMENTS
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