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Combining density-functional calculations with kinetic models: NO /Rh(111)

C. G. M. Hermse,® F. Frechard, A. P. van Bavel, J. J. Lukkien, J. W. Niemantsverdriet,

R. A. van Santen, and A. P. J. Jansen®
Schuit Institute of Catalysis, T/SKA, Eindhoven University of Technology, P. O. Box 513, 5600 MB
Eindhoven, The Netherlands

(Received 18 November 2002; accepted 21 January)2003

We present a dynamic Monte-Carlo model involving lateral interactions and different adsorption
sites (top, fcc and hcp Using this model in combination with kinetic parameters from UHV
experiments and lateral interactions derived from DFT calculations we have reproduced the ordering
behavior of NO on R{111) during adsorption and the temperature programmed desor@RD)

of NO from Rh(111) under UHV conditions. The formation of4x2)-2NO domains at 0.50 ML
coverage is shown to depend strongly on the next-next-nearest-neighbor repulsion between the NO
adsorbates in our model. The formation of {&2)-3NO structure at higher coverage follows from

the avoidance of the strong next-nearest-neighbor repulsion in favor of the occupation of the top
sites. A single-site model was able to reproduce the experimental TPD, but the lateral interactions
were at odds with the values of the DFT calculations. A three-site model resolved this problem. It
was found that all NO dissociates during TPD for initial coverages of NO below 0.20 ML. The
nitrogen atoms recombine at higher temperatures. For NO coverages larger than 0.20 ML, 0.20 ML
NO dissociates while the rest desorbs. This is due to a lack of accessible sites on the surface, i.e.,
sites where a molecule can bind without experiencing large repulsions with neighboring adsorbates.
For NO coverages above 0.20 ML, the dissociation of NO causes a segregation into separate NO
and N+O islands. The dissociation causes the surface to be filled with adsorbates, and the
adsorbates are therefore pushed closer together. NO on one hand can easily be compressed into
islands of 0.50 ML coverage, because there is no large next-next-nearest-neighbor reputsion. N

on the other hand form islands with a lower cover#ge0—0.35 ML due to the considerable
next-next-nearest-neighbor repulsion. Top bound (dBove 0.50 ML initial coveragedoes not
dissociate during TPD. It desorbs in a separate peak at 380 K20@ American Institute of
Physics. [DOI: 10.1063/1.1560139

I. INTRODUCTION adatoms formed in the dissociation recombine in a second
order peak between 450 and 650 K. The oxygen adatoms
The ability of Rh to efficiently dissociate NO makes it recombine at temperatures above 900K. At intermediate
the most suitable metal for the removal of nitrogen oxidescoveragegbetween 0.25 and 0.50 MLpart of the NO is
from automotive exhaust gases in catalytic converters. Théhought to dissociatéabove 300 K, filling the empty avail-
system of NO on R{111) has subsequently been extensively able threefold sites on the surface. When all empty sites are
studied under UHV conditions. Adsorption of NO is molecu- filled, the dissociation is inhibited until the desorption of NO.
lar below 275 K, and two ordered structures can be formeg\bove 400 K, part of the remaining NO desorbs, while an-
depending on the temperature, one at around 0.50 ML, angther part dissociates after all. Nitrogen gas is formed in two
one at close to 0.75 ME? These structures have been de- peaks, one of which coincides with the NO desorption peak,
duced from LEED measurements. The structure at 0.50 Mlthe other one is at higher temperatures. At coverages above
is thought to consist of three types of domains which arep.50 ML the top sites become occupied as well, resulting in
rotated 120 degrees with respect to each other. (Bh&2)-  an additional NO desorption peak at 380 K. Dissociation of
3NO saturation structure is only formed at temperatureNO is totally inhibited up to over 400 K, when the threefold
above 225 K. At lower temperatures the saturation coveragpound NO starts desorbing. These different types of behavior
decreases to 0.68 MLThe configuration of the adlayer at are all related to the interactions between the adsorbates;
these lower temperatures is still unclear. Similar orderedecause of the repulsion reactions can be suppressed or en-
structures are also known for NO on(il1) and R§001).*>  hanced, while different sites may be occupied to prevent
In TPD experiments, it was found that there are threestrong repulsion.
distinct coverage regions displaying differing beha¥ige- All these observations ask for a better view of the adsor-
low 0.25 ML all NO dissociates between 275 and 325 K,bate distribution on the single crystal surface. In this article
indicating sufficient accessible sites on the surface. The Nve introduce a three-site Monte-Carlo model with lateral in-
teractions in order to get a deeper insight into how the ad-

3Electronic mail: c.g.m.hermse@tue.n sorbates, NO, N and O in particular, are distributed on the
YElectronic mail: tgtatj@chem.tue.nl; www.catalysis.nl/theory catalytically active RfL11) surface.
0021-9606/2003/118(15)/7081/9/$20.00 7081 © 2003 American Institute of Physics
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Il. METHOD

A. Dynamic Monte-Carlo

We have simulated the reactions with Dynamic Monte-
Carlo simulationg=° The surface is represented by a lattice,
with each point corresponding to a surface site. Every lattice

fee

point is labeled according to the type of site, and the type of hep
adsorbate occupying the site. A lattice with labels for all its to
, S ) . . . . /——1op
lattice points is galled a configuration. This conflguratlpn can adsorbate o next—nearest neighbor interaction
be transformed into another one by means of a reaction. The ) ) )
O excluded site 3 next—next—nearest neighbor interaction

evolution of the system as a function @ka) time can be
described by means of the chemical Master Equation, which FiG. 1. Excluded sites and lateral interactions in the three-site model.
can be derived from first principldd:'!

dP(c,t) whereEgct(Egcg is the activation energy witkwithout) lat-
- > [Keer P(C' ) —KercP(C,D]. (1)  eral interactionsg is the Brmsted-Polanyi coefficienta( e
¢/ #c [0,1]) and SE is the change in reaction energy caused by

In this equationP(c,t) denotes the probability to find the lateral interactions,

system in configuratiorc at time t; k¢ is the transition OE=(E}oq— Efeac) — (ESroq— EC 4

p pro react
probat_nhty per .umt time o.f.the reacthn that transfermto. where E,’eact(E?eaC) equals the energy of the reactants with
¢’. This transition probability can be interpreted as a micro-, . : . , 0

. ; ; (without) lateral interactions an#; 4 (Ep,.9 equals the en-
scopic rate constant, which can be described by the Arrhen- o p pro . .
ergy of the products witliwithout) lateral interactions. This

i ion: )
us equatio can also be written as
_ ’ 0 0
- _ Ecrc oE= (Eprod_ Eprod) - (Er’eact_ Ereact- ®
kCIC_ Verc€X KaT )’ (2) ) . o .
B If the interactions are assumed to be pairwise additive, we
L . can write
whereE_ . stands for the activation energy, ang . is the
re-exponential factor of the reaction that transfowriato .

P P Efeaci E?eathEi Preactl), (6)

c’'. There are several families of algorithms to solve the react
Master Equation; we have used the discrete event simulation - _ .
algorithm (DES).” This algorithm, also known as the first an_d §S|mllar expression fpr the products. The sum is over all
reaction methodFRM), can handle the time-dependent rate P2!" interactions ant(i) Is the corresponding energy. To
constants used in the TPD simulations. In the DES algo_calculateéE we only have to include terms that change.

rithm, a tentative time is calculated for every possible reac- The Brtnsted-Polanyi coefficient defines the type of

tion. All reactions together with their tentative times aretrans!t!on state. lf.a:O’. there is an early barrier anq the
stored in an event list. The algorithm proceeds by repeated| ansition state shifts with the reactant state. Lateral interac-
performing the following steps: select the reaction with mini- 1ons there'fore do not !nfluence the act.n'/atlon energy If.
mal time from the event list, advance the system time to the 1, there is a late barrier and the transition state shifts with

time of this reaction, adjust the lattice according to the reac'-[he product sFate. In _th's casé_end any other case in which
tion, and update the event list. a>0) lateral interactions do influence the activation energy.

The difference of the activation energies of the forward
and the backward reaction is always equal to the difference
in energy between the reactant and the product state. At suf-

B. Lateral interactions ficiently high temperatures a correct Gibbs distribution will

Reactant or product states of a certain reaction are oftefherefore be reached.
(deystabilized by the presence of other adsorbates. Since the .
transition state usually has characteristics of both the reactaft The reaction model

and the product state, it will also shift in energy. The activa-  our model consists of a lattice of top, fcc and hep sites.
tion barrier will therefore in general change in the presencerpese three sites form a regular gfRig. 1) with a spacing

of other adsorbates. Calculating transition states, and shifisf 1/,/3 |attice vectors, where the grid unit cell vectorg (

in transition states due to co-adsorbates using DFT is quitgngc,) are at a 30 degree angle with the lattice vectas (
laborious and involves many calculations. We have thereforgnq a,) of the (111) surface. Every site is labeled t, f or h
estimated the influence of other adsorbates on the activatiogecording to its type, with a prefix to indicate the type of
energy by means of the Bnsted-Polanyi relatidi°which  adsorbate: NO, N, O or fthe last stands for an empty site

holds provided that the energy changes are smak ( Based on the results from the DFT calculations, which
<Ege) and the reaction mechanism does not change: are presented in the Results and Discussion section, we have
0 excluded the sites nearest to an adsorbate from occupation
Eac™ Eact™ @0E, (3 (at distancdc|, see Fig. 1 Two other kinds of lateral inter-
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TABLE |. Kinetic parameters for NO on Rb11). constants for diffusion were set to 1000%s modified by

v (s Y E... (kJ/mo) Notes Ia}teral interactions and differences in site adsorption ener-

gies:
NO Adsorption
NO adsorption 0.01 — Ref. 20
_ =1 SE)/IRT

NO diffusion: I(threefold—>threefold_ 1000 s Xe(a ) (15)
threefold— threefold 16-10'® 225 This work
threefold— top 10-108 47 This work 1 ' (6E)— 0.5AEL)/RT
top — threefold 16-10° 0 This work Kihreefold - top= 1000 § 1x el (9E)~0.54Ep) (16)
NO TPD/TPR <1 1—a')(JE)+0.5AE)/RT
Diffusion: ktop—»threefold: 1000 s Xe(( «)(%B) b) ) (17)
NO, N and O 1000 —
NO dissociation 18 65 Ref. 6 where SE equals the shift in energy due to lateral interac-
NO desorption: s tions as defined in Eq(4), and AE,, is the difference in
from top site 16% 129 Ref. 6, adapted bindi b h d the th fold si
from threefold site 1655 133 Fitted inding energy between the top and the threefold site. Tegts
N, formation 10t 120 Ref. 6 with various prefactors have shown that the reduction of ni-

trogen diffusion only slightly lowers the rate of nitrogen for-
mation. The reduction of other diffusion rates did not cause
significantly differing behavior. So our modeling of the dif-
actions have been taken into account: one at the next-nearefision yields an adlayer at equilibrium without too much
neighbor site(one lattice vector|al apar}, the other one at computer time spent on diffusion. The desorption of top
the next-next-nearest-neighbor site (/lattice vector or 2 bound NO is reasonably well-defined, since it occurs from an

|c| apan. ordered structuréthe (2x2)-3NO structurg Desorption of
We have included the following reactions: threefold NO on the other hand only happens when the sur-
. —NO ) face is filled with N and O atoms. The measured activation
threefold™ - threefold energy of desorption is dependent on the lateral interactions
* 1op—NOyop (8)  with the N and O atoms present. The spatial distribution of
. these atoms is unknown; we have therefore not used the ac-
NOtnreetold™ * threefold— Ninreefold’™ Othreefold ©) tivation energy of desorption from threefold sites that has
2Nireetold— 2* threefold (10)  been reported in literatur@ef. 6, but fitted the value using

the prefactor for top bound NO desorption. The oxygen atom

and diffusion of NO, N and O: formed in the dissociation reaction was deposited32/at-

NOyrecfold™ * threefold=* threefold™ NOihreefold (1) tice vectors away from the nitrogen, nitrogen formation was
. s allowed at a distance of 3B lattice vectors. Precursor ad-
NOthreefold™ * top™ * threefold™ NOtop (12) sorption of NG®° was not included in the model, since we are

(13) mainly interested in the ordering on the surface, and not in
the adsorption process itself. Since oxygen formation only
Othreefold™ * threefold* threefold™ Othreefold: (14 takes place above 900 K, it was also left out of the model.
We did not include the bridge site in our model, despiteThe grid sizes used were 18232 for the adsorption simu-
the fact that it has an adsorption energy which lies betweefations and 264264 for the TPD/TPR simulations.
the values for the threefold and the top site. The reason for In view of the difference in energy between reactant and
not including the bridge site stems from the observation byproduct we have taken desorption to be a late transition state
means of XP¥ and EELS$'" that NO on RIf111) occupies (and therefore adsorption to be an early transition 5tA©
only two kinds of sites, which were later identified as top anddissociation and N recombination to be late transition states
threefold®!® Probably the bridge sites do not allow for a («=1), and diffusion to be a middle transition state (
favorable distribution of adsorbates avoiding lateral interac=0.5).
tions, and are therefore not significantly occupied. A simpler model with only one type of site, which was
The kinetic parameters we have used are listed in Tabldescribed previousK??! was also considered. This model
I. Most have been adopted from Ref. 6. Diffusion was mod-consists of a lattice of threefold sites; one site per metal
eled with Arrhenius-type rate constants for the low-atom, so either fcc or hcp. A nearest-neighbor interaction has
temperature adsorption simulations, with prefactors betweeheen taken into account. Note that the nearest-neighbor in
10° and 13 s ! and the activation energies derived from thethis single-site model is th@extnearest-neighbor in the
differences in binding energies between top, bridge andhree-site model, one lattice vector @ apart. Reactions
threefold sites in the DFT calculations. For simplicity we described in Egs(7), (9), (10), and diffusion of all species
have treated the threefold sites as equivalent in our DMCEQgs.(11), (13), (14)] were included. The kinetic parameters
model, though a difference in binding energy of typically 10 used were the same as for the three-site model, except for the
kJ/mol was observed between fcc and hcp sites. Diffusiomlesorption of NO, for which the prefactor and activation en-
was not modeled with Arrhenius-type rate constants for thesrgy were fitted to 1%°s~* and 118 kJ/mol. Similar models
TPD/TPR simulations because it increases with several deésut with fewer types of adsorbates were previously published
cades over the simulated temperature range. Instead, raby Honkalaet al, Stampflet al. and Hanseret al ?%~*

Nthreefold+*threefoldj*threefold+ Nthreefold
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TABLE Il. Adsorption energies on Rfi11). Energies are in kdJ/mol relative TABLE Ill. Adsorption energies per adsorbat@veraged, kJ/molon

to the molecular gas phase spedies., O, for O and N for N). Rh(111) for different ordered structures. The coverage is 0.50 ML unless
otherwise stated. Energies are relative to the molecular gas phase species
Site CoveragéML) NO (0] N (i.e., Q, for O and N for N).
fcc 0.11 —245 —195 —-23 NO hcp O fce N hcp
0.25 —230 -195 -11
p(2x1) rows 212 —-170 +20
hcp 0.11 —248 —189 37
0.25 —238 —-185 -20 NO fcc+hep O feekhep N feet-hep
bridge 0.11 —224 —147 _17 c(4X2) zig-zag —232 -163 +6
0.25 218 (2%X2) honeycomb —233
top 0.11 —187 NO fcc+hcep+top
0.25 —184 (2x2)-3NO 0.75ML —208
D. DFT absolute adsorption energies have therefore not been used as

an estimate of the activation energy for desorption. Table II

lists the adsorption energies at low coverages(Z2) and

a p(3x3) unit cell were used to get the 0.25 and 0.11 ML

and generated by G. Kresse and J. HafRérhe surfaces Coverage. The d|ﬁer§nce in the adsorption energy fgr the t\.NO
different coverages is small for the top and bridge site, while

were modeled by a supercell contaigia 5 layer slab and ) e X
13.5 A of vacuum between the surfaces. For all the calcula'Ehe dlfference; IS 1N general larger for adsorbates in the three-
Id sites. This is due to the way the Rh-atoms settle around

tions the energy cut-off for the plane wave basis set was se%ﬁ dsorbate. If the diff in ad i is treated
to 400 eV as it corresponds to the value for which all the € adsorbate. 11 € dierence In adsorption energy 1s treate
S a pairwise interaction, it amounts to less than 5 kJ/mol.

ultrasoft pseudopotentials are converged. The k-point san% fthe | i d th ther int
pling was done following the Monkhorst-Pack procedure, >ecause of the large separation, and the many other interac-
tions possible at closer range, these interactions were not

i X 5X i X X
with 5x5X 1 grids for the(2x2) and ¢4x2) cells and a 3 taken into consideration in our DMC model. As the differ-

X 3X 1 grid for the(3x3) cell, Gaussian smearingr& 0.2 . . . .
eV) was applied to the electronics levels. Adsorption wasenee in adsorption energies between threefold and bridge

done on both sides of the slab. with at least an inversior?ites is not large it is clear that diffusion of all listed adsor-
center(no spurious dipole-dipole interactionand depend- bate_? It?lfalflt.l' s the ad i ies for hiah

ing on the starting geometry additional symmetry operations aple 111 ISts In€ adsorption energies for higher cover-
were used. A complete geometry optimization was per_ages. The listed structures were chosen in such a way that the
formed for éach configuration. All the parametékspoints interactions could be easily determined. If more structures
FFT grids, numerical appro.ximatio)qsmere extensiveI’y and a least-squares fit are used for determining the lateral
tested and,the energies are converged within 3 kJ/mol. Varf'_nteractions, they remain essentially the same. The compari-
ous coveragef0.11, 0.25, 0.50 and 0.75 Miwith different son of the values in Table Il with the values in Table Il yield
structures((3x3), (2x2) and ¢4x2)) were considered to the pairwise lateral interactions for each adsorlate

determine the lateral interactions. Gas phase mole¢N@s @(i)=(Eags,alone” Eads,coadsorbdd N (18

0O, and N,) were calculated in thé3x3) cell, spin polariza- . L .
. / . wheren is the number of pairwise interactions per adsorbate
tion was included for NO and Obut was disregarded for . - L
: . S in the coadsorbed structure. The pairwise additivity of the
adsorption as calculations showed that the spin disappears ; . oo :
i iNteractions is a good approximation provided that the ad-
upon adsorption.

sorption geometry does not change muydhe to lateral in-

The VASP cod®?® allows periodic DFT calculations
(Perdew and Wang functiorfdl with a plane wave basis set
and the ultrasoft pseudopotentials introduced by Vand&tbilt

IIl. RESULTS AND DISCUSSION . ) .
TABLE IV. Summed adsorption energiélsJ/mol) per unit cell on Rk111)

A. DFT results for different ordered coadsorbed structures at 0.50 ML coverage. Each unit
. . cell contains twddiffereny adsorbates. Energies are relative to the molecu-
Some lateral interactions could be extracted from th@gyr gas phase specigse., O, for O and N for N).

data presented in Ref. 30 but the data set was not sufficienat

for extrapolating a full set of pairwise lateral interactions for NO fec+O fec  NO heptN hep O feekN fee

the three speciefO, N and NQ adsorbed simultaneously. (2x2) rows —223 —211 ~107

We have therefore done additional calculations, presented in

Tables I1-IV. NO hcpt+O fcc NO fectN hep O feetN hep
An important point in viewing these tables concerns the oy, 3 zig-zag —403 —218 —165

accuracy of the DFT calculatiorise., the DFT functionals

with some systems and particularly for the adsorption of NO NO top+O fcc  NO toptN hcp

on metals. Microcalorimetry experiments have shown an,, honeycomb 363 205

overestimation of the calculated adsorption enerdfiekhe
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TABLE V. Lateral interactions for NO on Ri11) (kJ/mo) at 1 dgpgrp
(next-nearest neighbpand 24/3 dgy, rp, (Next-next-nearest neighbpthree-

site model using DFT-results. Since the interactions are pairwise, the lower
left part of the table is identical to the upper right part. We have therefore
only reported the lower left part.

VAVAVAVAVAVAVAVAVAVAVAVAVAN
AY AYYAYYAYYAVAYYAYYAYYAYA

VAY . YA YAVAN

JAVAV, i i IvA MAVA M4 AVA Vi AVAVAVG

JAVAY V.0 WA YAY . YAVAWAY - YAX' YAY YAY . YAVAVY

JAVAVAY/. M), AVA AVL LA M AVAY

NO threefold JAVAWAY VoY 2, YAV VAY/A YAWAY YAV 2, YAY/ YAY /. YAVAVA
AVAV MAVLAVLMLAVL%V# % VAV

NO threefold 26,0 NO top
_ c(4x2)-2NO (2x2)-2NO
NO top —, 5 0, — N threefold
o BB OB
N threefold 24,16 —, 0 40, 22 O threefold VX%XY {w& {\,} {_,} {_,}vev# =X )_,} )_,} %X"
O threefold 101, 15 — 7 46, 25 26, 26 TG, g

VALJ"t)“&)“&)“\VAVL)"’&)“&J“&NAV
VAVAVAY -, (70, ()7 a WA /)
VAL)“&)“&)“&)“\VAVLAY%A%VLA%YLAVAV

teraction$ a_nd the interaction energy is much smaller than ég‘g;"gNge"g%‘%‘?g“g}"gé’;&;‘é boundary
the adsorption energyg<E.q9). For example, to calculate
the next-nearest-neighbor interaction for O, we take the
difference of the @2X2) fcc site adsorption energy—195 FIG. 3. Ordered structures of NO on RA1).

kJ/mol) and the p2x1) adsorption energy—170 kJ/mo),

and divide that by the number of pair interactions at next-

nearest-neighbor distance in th€p1) structure(1). The determined® A calculation with our system gives almost the
result, 26 kd/mol, is listed in Table V. Similarly for the next- Same activation energy of 157 kJ/mol which is what we ex-
next nearest-neighbor interaction of O we take the differenc@ected as the models are similar and the method identical.
between the average(3x2) adsorption energy of fcc and This activation energy is much higher than the experimental
hcp bound O(—190 kJ/mo) and the ¢4x?2) zig-zag adsorp-  results, which can be explained by a different dissociation
tion energy(—163 kJ/mo), divided by one. Interactions be- mechanism, most likely at steps in the surface.

tween different kinds of adsorbates were also calculated, the

ordered structures used in our calculations are shown in Figs Ordering of the NO adlayer

2, the summed adsorption energies are listed in Table V.

The general trend in the interactions for threefold site ~ We have started by simulating the adsorption of NO at
bound adsorbates is that the next-nearest-neighbor interal@w temperature150—-225 K. At these temperatures NO
tion is strongly repulsivelanywhere between 25 and 100 adsorbs molecularly; dissociation only starts above 275 K.
kJ/mo) due to the bonding of both adsorbates to the samé" our simulations of the adsorption of NO, the threefold
Rh-surface atoms. The next-next-nearest interaction is muchites are occupied first, since they are energetically more
smaller(0 to 25 kJ/mo). The interaction between top-bound favorable. Above 0.40 ML adsorbates start forming patches
NO and other, threefold bound, adsorbates is weakly reputf ordered structures. Two ordered structutesg. 3) are
sive. Because of the large repulsion at close distance we ha@countered over the entire simulated temperature range
excluded the occupation of nearest-neighbor siteg31at-  (125-225 K, first the experimentally found(4x2)-2NO
tice vectors separatgdand applied the lateral interactions Structure, in which each adsorbed NO has two nearest-
for adsorbates at next- and next-next-nearest-neightiors neighbors. The other ordered structure {242)-2NO struc-
and 24/3 lattice vectors separateth our Dynamic Monte- ture, with one adsorbate fcc, one adsorbate hcp, arranged in a
Carlo model. honeycomb-lattice. Every adsorbate has three nearest-

The activation energy for the NO dissociati¢(2x 2) neighbors. The @x2)-2NO structure can be transformed

structurg on a perfect RfL11) surface has been previously INto the (2X2)-2NO structure by shifting each second zig-
zag row by one lattice vector. The difference in adsorption

energy between the two structures equals half a next-next-
nearest-neighbor NO—-NO interaction per adsorbate; each
NO having 1 interaction in the(4x2)-2NO structure, and
1.5 in the(2X2)-2NO structure. Both structures are therefore
equal in energy when the DFT-based next-next-nearest-

(2x2)-3NO (2x2)—3NO with boundary

(2x2) TOWS (2x2) honeycomb neighbor NO—-NO interaction of 0 kJ/mol is used. Since this

fec+Hee or hep+hep fee+hep value has a non-negligible error margin, we have investi-

gated interactions between 0 and 4 kJ/mol repulsive. The

(2% 2)-2NO structure dominates at 0.50 ML in the absence of

A%W nY a next—next—nearest—_neighbor lateral interaction,_ resulting in
/@ AVL"AV many small ordered islands of 50—200 adsorbéfeg 4). In

the case of a small repulsive next-next-nearest-neighbor lat-

2 — 2x2) h b : ) . X
(fCZY;;ZIg a8 (fcz O)r lfc I;eJyrct(:; eral interaction, the (@Xx2)-2NO structure dominates, with
island sizes of 50—200 adsorbates for an interaction of 2
FIG. 2. Coadsorption structures simulated using DFT. kJ/mol, and up to over 1000 adsorbates for an interaction of
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FIG. 5. Minimum energy adsorption structures at 0.50 Wft) and 0.75
ML (right) in the single-site model.

edges of the islands. Another factor may be that reconstruc-
FIG. 4. Adsorbate distribution after adsorption at 225 K and 0.50 ML for at[lon oceurs thrOUQh bridge sites, which V\.Iere not exphcﬂly
next-next-nearest-neighbor NO—NO repulsion of(l6ft) and 2 kJ/mol !nqorporgted In our mOde_l- Last, the effective adsorption rate
(right). Since the ordering is hard to recognize from the original output, twoiS in reality higher than in our model because of precursor
separate images are displayed for each result, with the characteristic Zig'Z%ﬂjsorption behavior. Tests with increased adsorption rates
lines of the §4X2)-2NO structure(upper panelsor the hexagons of the ; _ ;

(2x2)-2NO structurelower panelsemphasized. Snapshot of 885 lattice andfor defects ”? th(?(éXZ) 2NO adlayer give, as eXpeCj{ed’
vectors. a faster conversion into th@x2)-3NO structure. Increasing

the coverage above 0.75 ML causes adsorbates to occupy
next-nearest-neighbor positions. Since the repulsion between
two next-nearest-neighbor NO molecules is relatively strong
{26 kd/mo), 0.75 ML is the saturation coverage at low tem-
peratures and under UHV conditions. Under high pressures
ind higher temperatures, however, another ordered structure

4 kJ/mol (not shown. The basic cause for ordering at this
coverage is the avoidance of occupying next-neares
neighbor sites and/or low adsorption enefgg., top sites.

If the coverage is gradually increased to values abov
0.50 ML, the NO molecules are forced to either adsorb clos
to each othefnext-nearest-neighbor position, resulting in a
26 kJ/mol repulsion per interactipor to adsorb on another
kind of sites, the top site47 kJ/mol less stable Experi-

mentally the top sites are found to become occupied. The to 3 . .
sites have a lower adsorption energy, but a structure can ar both structures® It is interesting to note that with only

formed with small lateral interactions and a high coverage ofh!nor changes in lateral interactions we could also reproduce
0.75 ML. The adsorbates in this structure form a hexagonatlhis structure. In this paper we restrict ourselves to coverages

packing, which is as dense as can be without next-nearestP © 0.75 ML, however.
neighbor interactions. In our model, thi8x2)-3NO struc-
ture is also found. The islands are separated(#%2)-2NO-  C. Temperature programmed desorption
like domains (2 zig-zag lines, then anothe2x2)-3NO
domain, Fig. 3. For a zero next-next-nearest-neighbor latera
interaction, thg2x2)-3NO structure is easily formed at high We first performed simulations with the single-site
diffusion and at 225 K. For lower temperatures, the structurenodel?>?* which was very well able to reproduce the TPD
is formed less readily, and the saturation coverage diminishespectra, but, since it was only a single-site model, could not
from 0.75 ML at 225 K to 0.65 at 150 K, in agreement with reproduce the correct spatial ordering of adsorbates on the
experimental result§Because of the lateral interactions the surface. Adsorbates in this model occupy neighboring sites at
threefold and top sites get approximately equal effective adhigher coverages, i.e., sites one lattice vector apart. We show
sorption energies during the formation of ti2x2)-3NO  here examples at two different coverages, 0.50 and 0.75 ML
structure. This results in a very fast hopping of NO from top(Fig. 5. At 0.50 ML, each NO has two neighbors at one
sites to neighboring threefold sites and back, until anothelattice vector distance, while in the three-site model and in
NO molecule moves in to block diffusion to the threefold the experiment it is found that each NO has two neighbors at
site. This forced us to reduce the prefactor for top to threea larger distance, 2B lattice vectors apart. At a coverage of
fold and threefold to top diffusion with respect to the pre-0.75 ML, the number of neighbors at one lattice vector dis-
factor for threefold to threefold diffusion, but tests with equaltance even increases to four. In the three-site model and the
prefactors showed no noticeable influence on the results. experiment on the other hand, the number of neighboring
For a nonzero next-next-nearest-neighbor lateral interadNO molecules increases to six, but they are still separated
tion during adsorption at 0.50 ML largé4x2)-2NO islands ~ 2/y/3 lattice vectors from each other.
are formed, which hardly reconstruct. This slow conversion  Since large lateral interactions at nearest-neighbor dis-
of the d4%2)-2NO islands into th€2x2)-3NO structure is tance in the single-site model caused blocked adsorption and
due to several factors. First, the strong next-nearest-neighbpremature desorptiofi.e., at lower temperaturgsthe inter-
lateral interaction of 26 kJ/mol prevents restructuring fromactions had to be decreased to much lower values in order to
within the islands, so reconstruction has to take place at theeproduce the TPD spectra. The lateral interactions in that

or NO on RH111) was recently discovered with a slightly
igher coveragg0.778 ML). This structure does involve

next-nearest-neighbor lateral interactions between the adsor-

bates, but these are compensated by having less adsorbates in
e high-energy top sites, resulting in comparable energies

I1. Single-site model
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TABLE VL. Lateral interactions for NO on Rf11) (kJ/mo) at 1drnrn ML, cente) is characterized by partial decomposition of

(nearest neighbpiin the single-site model. Since the interactions are pair- ; _
wise, the lower left part of the table is identical to the upper right part. WethreefOId NO. N and O form islandsocal coverage 0.30

have therefore only reported the lower left part. 0.35 ML, unorderefiseparated from the NO islands; disso-
ciation stops when the NO islands are compressed into an

NO threefold ordered structure of 0.50 ML coverage. The formation of

NO threefold 0 N threefold separate NO and NO islands can be explained by a closer

look at the lateral interactiondable V). NO adsorbates can

be packed together at next-next-nearest-neighbor distance
O threefold 12.5 0 2 without a penalty, while this is not possible for nitrogen or
oxygen adatoms. If the adlayer is therefore allowed to relax,
then the adlayer will try to remove most of the interactions,
or at least the stronger ones. This is most easily done by
compressing the NO islands to a local coverage of 0.50 ML,
while leaving the N-O islands untouched. Nitrogen and
oxygen both have considerable interactions at next-next-
nearest-neighbor distance; they therefore do not approach
2. Three-site model each other to such close proximity. Only when part of the

This discrepancy between the actual lateral interaction®/O desorbs, above 400 K, can more NO dissociate.
and adsorbate distribution and the ones in our single-site  This clearly demonstrates the influence of the lateral in-
model led us to do simulations on the more elaborate threderactions: NO dissociation causes an increase in coverage.
site model. In this model the experimentally found orderedBecause of the increase in coverage, the amount of repulsion
structures are reproduced, and the lateral interactions afécreases, and the dissociation becomes more difficult. The
consistent with the values derived from the DFT calcula-dissociation process therefore becomes more and more diffi-
tions. Figure 6 shows a set of simulated TPD spectra, whiclult until it just stops. There are still empty sites present, but
closely resemble the experimental spectra previously pubthe activation energy for dissociation is too high due to all
lished in Ref. 6 and here reproduced in Fig. 7. The lowthe repulsions. A similar segregation into islands was seen in
coverage regiorileft), with a coverage below 0.20 ML, is co-adsorption experiments of NKN and NO+O by Xu
characterized by dissociation of all NO. NO occupies threeet al3* Only after the onset of desorption of NO at around
fold sites. Dissociation starts at 275 K, and is complete jus#25 K are some more accessible sites., sites with less
above 350 K. Nitrogen formation occurs in a wide secondneighboring adsorbategenerated, and can dissociation pro-
order peak between 450 and 650 K. The dissociation is nateed. The result is thafor this coverage of 0.40 ML50%
hampered by a lack of accessible sites at these coveraged,the NO desorbs, and the other 50% dissociates, causing
since even after dissociation of all NO the total coverage ishe formation of 0.20 ML N atoméwhich readily desorb as
only 0.40 ML. No desorption of NO takes place, since dis-N,) and 0.20 ML of O atoms which stay on the surface. The
sociation is faster than desorption. We distinguish betweedesorption of nitrogen gas occurs in two peaks, one almost
free and accessible sites, since even for saturated overlayarsinciding with the NO desorption peak, the other one much
there are many non-occupied or free sites, but these are nafder and at higher temperatures. This coincidence of the
accessible for molecules to bind to since this would cause first peak is caused by the fast formation of N atoms on one
large repulsion with the neighboring adsorbates. hand and the repulsive interactions still present at 450 K.

The medium coverage regiofibetween 0.20 and 0.50 After the NO has disappeared there are few interactions, the

N threefold 12.5 8 O threefold

model (Table VI) were therefore at odds with results ob-
tained from our(Table \) and Loffredaet al’s*® DFT calcu-
lations.

0.15 ML 0.40 ML 0.75 ML
5.00 T T T T T T T T T T T
375 L Desorption rate 10_2/site xs || | _NO threefold degorption N
NO top
250 - | NO threefold At desorption i
desorption .
FIG. 6. NO and N desorption rates
N, form, x5 x5
125 N, form. x5 - o oL X4t - (top), and NO, nitrogen and oxygen
coverages(bottom), during tempera-
0.00 ture programmed desorption. Starting
0.50 - ar n h coverages aréfrom left panel to right
Coverage (ML) NO threefold NO threefold 0.15, 0.40 and 0.75 ML. Ndesorption
0.38 I . B rates have been multiplied by 5; the
heating rate was 10 K/s.
025 1
NO threefold (0] NO top
0.13 | X \— -
N
0.00 . 1 1 1 1

200 350 500 650 200 350 500 650 200 350 500 650
Temperature (K) Temperature (K) Temperature (K)

Downloaded 21 Apr 2005 to 131.155.151.26. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



7088 J. Chem. Phys., Vol. 118, No. 15, 15 April 2003 Hermse et al.

0.15 ML 0.40 ML

o) FIG. 7. The NO(- - -) and N, (—)
W TPD rates (top), and
= S0 RANOTRE (- - -) and

Rh,N*/Rhy (—) TPSSIMS ion inten-
sity ratios (bottom), during the tem-
perature programmed reaction of NO
on RH111) for low (left pane), me-
dium (central pangl and high (right
pane) initial NO coverages. The NO
TPD spectra have been divided by a
factor 4 with respect to the NTPD
spectra. The adsorption temperature
was 100 K; the heating rate was 10
K/s. Adapted from Ref. 6.

TPSSIMS

300 500 700 300 500 700 300 500 700
Temperature / K Temperature / K Temperature /K

activation energy for nitrogen formation is higher and thedence that this in fact occurs at steps in the surtace3’In
remaining N atoms on the surface desorb in a broad peak.the case that diffusion to the steps is fast, the reaction at the
At coverages close to saturatigabove 0.50 ML, dis- steps can be modeled as a reaction on the terrace with a
sociation is completely inhibited up to 400 Kight). Top  correction in the prefactor to account for the fraction of ac-
bound NO desorbs around 380 K, but does not create theve sites. The prefactor for the terrace reaction rate constant
vacancies needed for dissociation. After the desorption othen becomes the fraction of steps times the prefactor of the
threefold NO above 400 K, dissociation proceeds, and nitroreaction rate constant at the steps. Since diffusion of NO, N
gen formation occurs in a first and a second order peak. Thiand O is fast with respect to the reactions, the condition
total blockage of dissociation is due to the absence of acce$olds and the macroscopic rates are the same. As for the
sible sites. When the top-bound NO desorbs, top sites argpatial distribution of adsorbates, it is expected that a similar
freed, but these are not capable of binding N or O adatomssegregation into separateH® and NO islands will be seen
Dissociation is therefore suppressed until the desorption dbr the step-reaction, since also in this case the empty sites
threefold-bound NO. Then dissociation and desorption comen the surface will be filled causing compression of the ad-
pete again, with 0.20 ML NO dissociating and the rest dedayer. A similar suppression of dissociation will be caused by
sorbing. The amount of NO that dissociates therefore doethe lack of empty terrace sites, and the fractions of desorbed
not increase with NO starting coverage increasing from 0.4&nd dissociated NO will therefore also be comparable. Thus
to 0.75 ML. This maximum amount of dissociated NO is we conclude that despite the omission of steps in our model,
directly related to the competition between desorption andhe simulations presented here are able to describe the most
dissociation, since it is known that upon re-adsorption of NOimportant experimental features.
higher N+-O coverages can be generated. The amount of
dissociated and desorbed NO versus initial NO coverage th
shows the following trend: below 0.20 ML initial coveragelﬁ/' CONCLUSIONS
all NO dissociates, above 0.20 ML initial coverage 0.20 ML ~ We have successfully reproduced the ordering behavior
NO dissociates and the rest desorbs. Experimentally this wasd NO on RHK111) during adsorption and the temperature
also measured. Borgt al® found that for initial coverages programmed desorptiofTPD) of NO from RH111) under
up to 0.25 ML all NO dissociates, and that for higher cover-UHV conditions using a dynamic Monte-Carlo model in-
ages NO both dissociates and desorbs. The amount of disseslving lateral interactions derived from DFT calculations
ciated NO increases with the initial NO coverage, even forand different adsorption sitétop, fcc and hcp The forma-
coverages larger than 0.25 ML. HardevBlan the other tion of o(4x2)-2NO domains at 0.50 ML coverage depends
hand found that for initial coverages up to 0.20 ML all NO strongly on the next-next-nearest-neighbor repulsion be-
dissociates. Between 0.20 and 0.45 ML initial coverage 0.2@ween the NO adsorbates used in the model. The formation
ML NO dissociates while the rest desorbs. For coveragesf the (2xX2)-3NO structure at higher coverage follows from
above 0.45 ML a further increase in the amount of dissocithe avoidance of the strong next-nearest-neighbor repulsion
ated NO was found while the amount of desorbed NO rein favor of the occupation of the top sites.
mained constant. Aryafaet al!® have also shown that for A single-site model was able to reproduce the experi-
coverages up to 0.20 ML all NO dissociates with litle NO mental TPD, but the lateral interactions were at odds with the
desorption. They found that at higher coverages 0.20 ML NQvalues of the DFT calculations. A three-site model resolved
dissociates, the rest desorbs molecularly. this problem. All NO dissociates during TPD for initial cov-
We conclude by remarking that in order to keep theerages of NO below 0.20 ML. For NO coverages larger than
model more simple, we modeled the dissociation reaction 08.20 ML, 0.20 ML NO dissociates while the rest desorbs.
the terrace, although there is considerable experimental eviFhis is due to a lack of accessible sites on the surface, i.e.,
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