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The catalytic oxidation of CO on O-precovered1Ril) surfaces has been modeled h initio local-
density-functional calculations. It is shown that at coverage® gf 0.5 the coadsorption of CO stabilizes the
chemisorbed molecular precursor of, ©ver the dissociated atomic oxygen. The barrier for the reaction
between the coadsorbed molecules is lowest if first the molecyldro@d is broken. However, at this high
coverage the barrier for the,@ CO reaction is higher than for Qdesorption. Therefore oxidation will be
preceded by a partial desorption of QAt reduced coverage, the barrier for the oxidation reaction is strongly
reduced. At the transition state the nascent O atoms are only bridge or top bonded and therefore quite reactive.
After desorption of CQ, the adsorbed atomic O can react with a second CO molecule via a transition state
similar to that for the molecular reactiof50163-1829)07807-§

. INTRODUCTION t-fcc-b configurationt’*® (compare Fig. 1 The saturation
coverage for this structure is abo@t02=0.45 monolayers
Platinum is together with Rh, Pd, and Ir among the mOST(ML).lg'ZORaising the temperature above 160 K results in the
widely used industrial catalysts. Especially important is thedesorption of about half of the molecules. The remainipg O
use of Pt in catalytic converters for the post-combustion 0Xi1,5ecules dissociate into the fcc hollows formingpé2
dation of CO and reduction of NO This technological im- X 2) structure at an atomic coverage ®f,=0.25.
portance led to an enormous effort directed towards the un- Coadsorption of CO at the Oprecovered surface below

derstanding of the rather simple catalytic oxidation of CO 0N 60 K leads to on-top adsorption up to a coverag®ef,
P(111).17%° Until recently a quantum-mechanical modeling

of the reaction has been impossible, so that the only infor-
mation available came from experiments and classical ki-
netic computer simulatiorfs®

The aim of this study is to shed light onto the catalytic
oxidation of CO to CQ on an oxygen precovered (P11)
surface viaab initio total-energy calculations. We investigate
various reaction channels for this reaction and identify the
corresponding transition statéES’s).

The paper is organized as follows: we start with an over-
view of the experimental situation in Sec. Il, followed by a
brief description of the theory our calculations are based on
(Sec. Il). In Sec. IV we give a comparison of vario(eo)ad-
sorption structures representing possible start, intermediate,
and final configurations for the oxidation reactions. Concern-
ing the reaction itself, we distinguish between a bimolecular
reaction A, CO¢g) +0,(g)—CO(a) + O,(a)—0O(a)
+CO,(g), involving the coadsorption of molecular oxygen
zg:jb;joo)g/r;der:f“:r:dd;;e;;tigiaglgfn Cp(go\?v?tﬂn:goﬁgj((j) %(:]- the FIG. 1. Sketch of the surface cell used for our calculations. The

open circles denote the positions of the surface Pt atoms, the letters
surface, COg)+ 30,(g)—CO(a)+0(a)—CO,(g). The . . : '~ :
) ’ . . \ . th ht hand side the high- t tiohstép; fcc, fi
bimolecular reaction A is discussed in Sec. V, the reactio on the right hand side the high-symmetry positionstep; fcc, fce

. . : Thollow; b, bridge; hcp, hcp holloy In the upper pane{A) the
between the already dissociated O atoms and CO in Sec. Vpl)ositions of the CO moleculécombined grey-black disks in an
on-top position together with the two possibles@recursorgblack
Il. EXPERIMENTAL SITUATION dumb bells int-b-t andt-fcc-b configurationg are drawn, as they
are used for reaction Acf. text). The surface coverage @02
Below temperatures oT ~100 K, O, adsorbs molecu- —p 25 (corresponding t0®,=0.5) and ®¢o=0.25. The lower
larly on the P¢111) surface in two modifications: a paramag- panel shows the starting positions for reaction B with the O atom
netic superoxo state (O), which is formed at the bridge (small black diskin the fcc hollow and the CO molecule in thi
site in a flatt-b-t geometry:® and a nonmagnetic peroxo and t2 positions, respectivelycf. text. The coverage is®q
state (Q27) located at the hollow site in a slightly canted =0.25 and® co=0.25.
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=0.25-0.30 ML>** Upon heating to about 125-160 K part ~ TABLE I. Binding energies, bond lengths, and stretching fre-
of the O, desorbs and oxidation of CO to GGtarts. Several quencies for @, CO, and CQ@ molecules.
peaks of CQ desorption have been observed: The fig} (

peak has been observed at 125-160'K%!%j.e., at the tem- O, .
perature where the desorption of, ®tarts. This peak has Ep(eV) d(A) w (cm™)
only been observed when molecular oxygen is present on the GGA 6.44 124 1552
surface and has therefore been attributed to the reaction of E

. . . . Xpt. 5.2 1.21 1580
nascent or hot O atoms provided by @issociation with the
CO molecule. Another set of desorption pealés (8, ,81)
. . . : CO
is located in the temperature range whergi®already dis-
sociated [T=200-225, 250-260, and 260-330 K, GGA 11.58 1.15 2114
respectively”1®1). For the completely ordereg(2x2) Expt. 11.2 1.13 2170
structure only the3,-desorption peak has been observed; the
B, and B; peaks have been assigned to disordered CO-O Cco,
overlayerst! The oxidation resulting in the8; peak is be-
lieved to occur via a Langmuir-Hinshelwood mechanism, GGA 18.14 117 1316
which means that the reaction takes place between the EXpt. 16.73 116 1333

chemisorbed reagents. From the analysis of the angular and

velocity distributions of desorbing CO a very similar TS to g, the energetics and geometry of the adsorbate. To test the
that for the o desorption has been proposed for thisyariation of the reaction barriers as a function of coverage, a
channel? Similar reactions have been induced also by colfew calculations with a doubled surface cell3x 4) have
lision with Xe atom$? and photons:***Finally the resulting  peen performed.
CO, molecule is weakly bound to the surfac[ig%z Brillouin-zone integrations have been performed on a grid
~2.5 kcal/mol(Ref. 3] before it desorbs. of 3x4x1 k points, using a Methfessel-Paxton smeafing
of 0=0.2 eV. All calculations have been performed at the
equilibrium lattice constant 0&8=3.99 A (experiment:a
. THEORY =3.92 A). Convergence tests for the adsorption of
Pt(111) (Ref. 19 have shown that this setup is converged

Our calculations have been performed using & SpiNyih respect to slab thickness, vacuum spacing, kpoint
polarized version of the Vienrnab initio simulation program sampling.

(vasp).2?2 vasp performs an iterative solution of the gen- g determine the activation energies of the reactions, the
eralized Kohn-Sham equations of local-spin-densit$D)  Ts's have been determined using the nudged elastic band
theory via an unconstrained minimization of the norm of the(NEB) method®® In this method the total energies of a series
residual vector to each eigenstate and optimized routines fQ§f intermediate states distributed along the reaction path con-
charge- and spin-density mixing. The calculations are perpecting the starting and final states are simultaneously mini-
formed in a plane-wave basis, using fully nonlocal mized, restricting the atomic motions to the hyperplane per-
Vanderbilt-type ultrasoft pseudopotentials to describe thgengicular to the reaction path. In our case the starting state
electron-ion interactiof® Exchange and correlation are de- is given by the adsorbed CO molecule and a coadsorbed O
scribed by the functional proposed by Perdew and Zufiyer, molecule or O atom; the final state is the free @olecule
adding nonlocal corrections in the form of tf;g generalized-(p|us eventually an O atom adsorbed on the sujfathe
gradient approximatioiGGA) of Perdewet al™ Although  gimplest way to construct a starting approximation to a pos-
this functional provides a substantial improvement comparedip|e reaction path is a linear interpolation between the start-
to the LSD approximatiolLSDA), there are still substantial ng and final states, but the interaction with the substrate may
errors, especially for the binding energies of the free mo"suggest a different intermediate geometry.

ecules, whereas the bond lengths and frequencies are pre-

dicted rather accurateligee Table)l For the CQ molecule IV. MOLECULAR ADSORPTION AND COADSORPTION

the overbinding is still rather pronounced, leading to an over-

estimation of the heat of reaction for the oxidation reaction N Table Il the adsorption energies for various combina-
CO+10,—CO, in the gas phase AHY, =3.41 ev, UOns of the adsorbates during the reaction are compiled. The
calc " 1

energy zero for reaction A is set to the sum of the energies of
AHY=2.94 eV). 9y 9

The P{111) substrate is modeled by a four-layer slab with the (_:Iean surfac_e and_the freg @nd .CO molecules, repre
. . senting the starting point of the reaction. The energy zero for
a rectangular/3X 2 unit cell[equivalent to a(4X 2) struc- . .
) ) - reaction B is set to the energy of half an oxygen molecule
ture; compare Fig. llcontaining four substrate atoms, sepa-

rated by a 14-A-thick vacuum layer. All molecules are g-'ess: In other words reaction A describes the bimolecular
sorbed on both sides of the slab. The effects of an increaserﬁ gczt'g%ea;\tN@eg: (t)hi avgzg?b(;?jagiloogsBarfgktiz (pjlgc‘randﬂfec():ules
thickness of the slaljup to eight layersand of substrate ~— ™ '
relaxation have been testeq and found FO be_ small. We h":_w%. (Co)adsorption structures during the reaction of molecular
neglected substrate relaxation effects since in our preceding oxygen and carbon monoxide

calculations for the adsorption of,(bn P{111) (Refs. 17 _ _ )

and 26 and CO on RHLO0) (Ref. 27 and Pd100 (Ref. 28 In reaction A first Q is adsorbed at the surfacaéi)(,2

we found only a minor influence of the substrate relaxation=0.25) in one of the two molecular precursors, the paramag-
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TABLE Il. Adsorption energies and coadsorption energies for We also note that there is no barrier for CO adsorption on
various combinations of adsorbateharacterized by the left part of the oxygen precovered surface. In the last step the coad-
the table: the letters denote the adsorption positpstands for gas  sorbed CO and ©react to form CQ (gas phase or weakly
phasg in eV/surface cell; the first line in part A,’Aand B defines  physisorbeyl and adsorbed atomic O. This reaction is ana-
the energy zerdmolecules in the gas phaseThe experimental lyzed in Sec. V.

values have been taken from Refs. 3,14,19, and 35. The energy of the final state is the sum of the adsorption
| energy of O at®,=0.25 (E?*=0.98 eV) and the differ-
o O, CO CO E®‘[ev] E® [eV] ence in the binding energies of the reactants in the gas phase,

AH9=3.41 eV, which is AHA=4.39 eV. The rate-

: t-g-t g _ _8:(7)2 0405 limiting step will be the barrier for the .reaction petween
B tfech g B 0.68 04-05 coadsorbed CO and ;O The coadsorption energies are
oxfec - g B 165 14 strongly coverage-dependent. At the coverage9@2f= Oco
Al _ g ¢ _ 1.58 1.66 =1/8 the stability of the molecular and atomic adsorbed
_ tbt t _ 236 " oxygen is reverse(see part Ain Table ll). This emphasizes
_ tfecch  t _ 230 " the important role of lateral adsorbate-adsorbate interactions.
2xfcc - t - 1.95 ? B. (Co)adsorption structures during the reaction of atomic
fcc - B Y 4.39 3.79 oxygen and carbon monoxide
- g g - =0.0 - Reaction B starts with the dissociation $®,. This pro-
AP - t-fccb  t - 2.58 ? cess results in an O-covered surfacédgy=0.25, the same
2Xxfec - t - 3.14 ? structure that was the final stage of reaction A. The adsorp-
~ 12 g ~ —0.0 ~ tion energy is 0.98 eV. A determination of the dissociation
fec - g ~ 0l98 0.85 barrier at the given coverage would require qalculanons
h _ ~ 0.61 9 b_ased on a doubled s_upe_ro(ehe present cell contains only a
. cp 9 : ’ single O atom Considering the pronounced coverage de-
B fee - - 2.56 ? pendence of the O binding ener¢see Table ) and from a
hep - - 2.18 ? comparison with experiment it can be assumed that the bar-
- - -t 0.06 ~01 rier decreases probably below that for desorption of the
- - - g 341 2.94 chemisorbed molecule. For the coadsorption of 0.25 ML CO
® —6.—1/4 in on-_top _sites _there are two pqssibilitiém_mparg Fig. &
b®Oz:®CO: 1/8. one situation WIFh CO and O bemg at maximal distanide) (
‘0 =3 o co 14 ' and a second with the CO sitting on a substrate atom near the
o~ Y Cco— .

O-occupied hollow {2). Placing the CO molecule &2 a

repulsive interaction between CO and O dominates, which

netic superoxd-b-t state or the nonmagnetic perokdcc-b  leads to a decrease of the adsorption energy and a shift of the

staté”'®(compare Fig. L [For a more detailed characteriza- O out of its hollow position towards the neighboring bridge

tion of the precursor states see our previous Woand re-  position, which means that a situation with an O atom ad-

cent scanning tunnel microscog8TM) studie$®] These sorbed in a hollow and a CO molecule occupying a neigh-

precursors are metastable at low temperature with respect isbring substrate atom is not a stable position.

dissociation into two oxygen atoms adsorbed in the fcc hol-  Experimentally it was found that the adsorption of CO on

lows in ap(2X2) geometry. However, the barrier for disso- O-precovered surfaces with the O atoms adsorbed in the

ciation at this coverage is even0.15 eV higher than the threefold hollows in a (X 2) geometry leads to low-energy

desorption energ¥,?®in agreement with the experimentally electron diffraction (LEED) patterns and high-resolution

determined atomic coverage of on®o=0.25 in thep(2 electron-energy-loss spectroscoffREELS signals com-

X 2) geometry, indicating that half of the oxygen desorbspatible with on-top adsorbed CO in a%2) symmetry*!

prior to dissociation. The adsorption of CO otl and of atomic O in the hol-
CO adsorbs in molecular form on (BL1), bonding low on the other hand is a completely independent process.

through the C atom to the on-top site in an upright geometryThe sum of the individual adsorption energies equals exactly

At a coverage 0@ -o=0.25 the adsorption energy is 1.58 the coadsorption energy. Adsorption of CO on the

eV—as for oxygen adsorption we find good agreement withO-precovered surface is—similar to reaction A—again a

the experimental estimatdsee Table ). Coadsorption of nonactivated process. The final reaction produces again a

CO and molecular oxygen leads to a small energy gain relaslightly physisorbed C®molecule that will desorb from the

tive to the sum of the adsorption energies of the two specieafterwards clean surface. The total heat of reaction for reac-

(0.06 eV and 0.04 eV for Qin thet-b-t andt-fcc-b precur-  tion B is equivalent to the gas-phase reaction energy{

sors, respective)y Coadsorption of CO and atomic oxygen, =AHB=3.41 eV).

on the other hand, results in an energy loss-df.28 eV so

that after coadsorption the molecular state of oxygen is sta- V. BIMOLECULAR REACTION OF CO WITH

bilized relative to the dissociated state: the adsorption energy COADSORBED O;

is 2.36 eV(2.30 eVj for O, in thet-b-t andt-fcc-b precur-

sors and CO on top, and 1.95 eV for two O in fcc hollows To determine the activation energies in both reaction

and CO on tofsee Table ). channels, the TS’s have been determined using the nudged
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A-1 t-fce-b TS TABLE Ill. Energy barrierE,,, with respect to the preceding
g ; f potential well [for reaction A coadsorption of the molecular, O
@ i @ % precursor with CO; for the Langmuir-HinshelwoddH) reaction B
all barrier heights are given with respect to O in the fcc hollow, CO
A-2 t-fce- on top; for the Eley-RidealER) reaction the energy zero is given

b TS
! / by an adsorbed O atom and a free CO molekiteeV at the
% transition states and geometric values: height of the reacting O

(zo), distances of the dissociated O atonuk), height of the C

Al t-b-t e { above the surfacezf), and bond lengths of the just formed €O
&& @g molecule @,d,) in A and bond anglex.
- =
A-2 t-b-t TS Epar 20 do 2zc dp dy a
/ A? 1 t-fccbh 162 161 184 229 189 1.17 113°
@%@% %s@ Lol 2 118 1.47 219 1.92 215 116 107°
1 t-b-t 193 175 2.02 251 166 1.17 125°
2 141 144 251 204 252 1.17 116°
AP 2 tfeccb 046 1.47 219 1.92 2.15 1.16 107°
B¢ LH fcc 0.79 143 - 1.71 3.03 1.16 102°
0.75 1.53 - 1.88 2.02 1.16 112°
LH hcp 0.68 1.44 - 1.59 348 1.17 94°
A2 tfecb 073 151 - 187 215 1.16 107°
0.00 0.05 0.10 0.15 020 ER fcc 0.75 1.63 - 2.78 1.73 1.16 127°
s[A]
a@oz:G)COZ 1/4

FIG. 2. Reaction paths and energetic profile for reaction A: Theb®02= Oc0=1/8.
upper panel shows sketches of the optimized states along each 199 =@ o= 1/4.
action path. In the lower panel the energy of these reaction path-
ways is plotted as a function of the linear distance between thef the linear distance between the states is plotted for each
states (all pathways are cut at a reaction coordinate ®f path. In Table Ill the barrier heights with respect to the pre-
=0.22 A, for the final state, COIn the gas phase; the final ener- ceding minimum as well as the geometries at the TS's are
gies of all pathways are equalPositions that are shown in the compiled. Starting from the-fcc-b peroxo precursor, the
upper panel are marked with circles. The energy zero is set to thggrrier is 1.62 eV along the reaction channel A-1 and 1.18
energy of the free molecules plus the clean glimpare Fig. 5. 510ng channel A-2. Starting from theb-t superoxo precur-

elastic band methotf. Since in this method a starting reac- SOT, the barrier heights are 1.93 €X-1) and 1.41 eMA-2),
tion path is optimized, it may happen that the obtained trant€spectively. Increasing the slab thickness and/or relaxation
sition state is not necessarily the lowest. of the substrate changes the barrier heights by at most 0.15
To cope with such a situation we have considered twceV.
alternative scenarios: In the fir6A-1), we assumed a direct In the transition state the just formed €@olecule is
reaction of Q with the CO molecule approaching the mo- bent by approximately 110°-130°, with the oxygen atom
lecularly absorbed © The initial state is given by the coad- from the CO molecule pointing upwards, similar to the TS’s
sorbed molecules, the final state by an O atom adsorbed ingroposed in Refs. 4 and 8. The barrier is always lower if
threefold hollow and C@desorbing from the surface. The dissociation of @ occurs first(reaction path A-2 However,
starting path for the NEB method is a linear interpolationat the TS's the dissociated O atoms do not occupy the stable
between the coordinates of the initial and final states. In thgositions in the threefold hollow, but are only bridge and top
second scenari¢A-2) we assume that the JOdissociates  ponded (channel A-2 t-fce-b), respectively, both bridge
before reacting with CO. In this case we took an add't'onabonded(channel A-2t-b-t) and therefore more reactive. The
?ntermediate confi_guration With_ f{hezcmolecule disso_ciated t-fcc-b peroxo precursor as a starting point leads to a lower
into two O atoms in hollow positions. The NEB starting path parier for the direct reactiof-1) as well as for the reaction
is the concatenation of a linear interpolation between thegin previous dissociation of O(A-2). This has mainly two
start and_the intermediate configuration and the intermediatg,3sons: first the O-O bond in thdo-t SUPEroXO0 Precursor is
and the final one. _ _ stronger than that for the peroxo stdtand hence the energy
Since we wanted to restrict the computational effort and,gcessary for the dissociation is higher. This is also reflected
we are mainly interested in the height of the energy barrlerby the smaller C-O bond lengtti, for the A-1 reactions,
we took only eight(relaxing states(between the two fixed  gjnce the CO has to be nearer to the oxygen molecule in the
boundary configurationsalong each reaction path with ¢, ¢ state than for the-fcc-b state, so that the C-O attrac-
smaller distances in the region of the TS’s. tion is strong enough to dominate over the O-O bond and
break the molecule up. The second reason is that the poten-
tial energy surfac€PES surrounding the-fcc-b precursor is
The results obtained for a high coverage of botha@dd less corrugated which makes it easier for the molecule to
CO are shown in Fig. 2, where also the energy as a functiomove into a position which favors the reaction. For both

A. High coverage(0o,=0co=1/4)
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reaction channeléA-1 t-fcc-b and A-2t-fce-b) the O, mol- L-H fcc 81
ecule initiates the reaction with a rotation into an equivalent

position by 30 ° so that the bridge-bonded O atom is pointing @ @
towards the CO molecule.

When the molecular ©bond is already broken before the
reaction takes placéscenario A-2, the attraction between
CO and O is effective already for larger distandgs result-
ing in a lower energy barrier. Also for the A-2 pathways the
reaction starting from thd-fcc-b O, precursor has the
lower-energy barrier, although the TS’s look rather similar.
One reason for that is the higher symmetry of tHet pre-
cursor, which suppresses the asymmetric bond breaking of
the O, leading to a bridge-bonded and a predominantely lin-

ear bonded O atom as in the more favorable TS’s in the o {
t-fccb A-2 reaction(compare Fig. 2 ﬁ ﬁ @
Analyzing the remaining geometric parameters, it be- % %

comes obvious that the energy barrier decreases the closer
the TS is located to the surfacee., low z5,zc). So the

2
& v el

.

d

v ESZA

-1.50
-1.75

lowest barrier is found in the reaction channel A-Ec-b 2.00
passing through the dissociation of the adsorbednil- % 2.25
ecule, the transfer of one of the dissociated O atoms to a m 20
position(somewhere between bridge and on)tojpse to the e
adsorbed CO atom and reaction to a bent @®lecule. This 325
reaction allows a closer approach of both the dissociated O 3.50

0.1 0.1

0.3 0.4 0.5

atom and of the C atom in the CO molecule to the surface. OS'Z[A}
To summarize, the limiting step for reaction A is the dis-

sociation of the @ molecule on the surface. The CO mol-  FIG. 3. Reaction paths and energetic profile for the Langmuir-

ecules at the TS’s of the A-2 reactions remain essentially itHinshelwood reaction B: The upper panel shows sketches of the

their initial geometry. This reaction provides two nascent Ooptimized states along each reaction path. In the lower panel the

atoms, one of which reacts with a coadsorbed CO moleculenergy of these reaction pathways is plotted as a function of the

forming CGO,. linear distance between the states. Positions that are shown in the
upper panel are marked with circles. The energy zero is set to the
energy of the free molecules plus the clean sampare Fig. b

B. Low coverage(@oz=®co= 1/8)

A serious problem of this model for the reaction is the V1. REACTION OF CO WITH DISSOCIATED O
very high coverage. The repulsive interaction with the peri-  1his reaction can occur with previously dissociated oxy-
odic images of the CO restrict the mobility of the, @ol- en, but it also can be seen as a follow up reaction of the
ecules and raise therefore the barrier height. Furthermore, ﬁreviously described bimolecular reaction. The desorbing
has been experimentally observed for this coverage regimgg, molecule leaves behind an O atom adsorbed in a three-
(compare Sec. JIthat the reaction starts as soon gssfarts 4|4 hollow. Adsorption of another CO leads to an O-CO
to desorb, i.e., as soon as locally the coverage is decreas adsorption structure with®o=0.o=0.25. A possible
To get a feeling for the coverage dependence of the reactiogy,ing reaction path for the NEB method represents again a
barrier we recalculated the energy barrier in a laterallyjjnear interpolation between the starting configuratioam-
doubled cell (/3% 4), the second half of the cell remaining pare Figs. 1 and)3and a CQ molecule desorbing from the
empty. To simplify the calculations, we postulate the samerface above a prior O-occupiéidc) hollow position. This
TS geometry for both coverages. In this cas®cf  jmplies that the CO molecule has to approach via the hollow
=1/8, 0(,=1/8) the energy of the starting point of the position at a height suitable for a reaction with the O atom.
reaction (Q in t-fcc-b, CO intl) decreases by 0.28 eV and The consequence is a kind of pickup reaction. However, this
the barrier is dramatically reduced to 0.46 eV. We have verileads to a very high reaction barrier of 2.33 eV. The reason
fied that the forces acting on the atoms in the TS geometrthat an approach across the hollow is energetically extremely
are very small also for the large cell. Therefore we can asunfavorable is that two of the three substrate atoms consti-
sume that we are not too far from the exact transition statetuting the hollow are already passivated by the neighboring

Our calculations do not exclude the possibility of the si-O atom, so that the CO molecule has essentially to desorb
multaneous reaction of the second nascent O atom with before reacting with the O atom. We will come back to this
further CO molecule according to the reaction 2€0, reaction channel at the end of this section.
—2CQ,, as has been proposed by Matsushinsince this An alternative scenario, obtained using a slightly modified
reaction has the same TS's related to the prior dissociation aftarting path for the NEB method, is shown as path fcc in
0O, . However, to model a reaction like this a supercell with aFig. 3: the CO molecule approaches the O atom not directly
doubled size is required, since in our geometry we have onlglong the path across the unoccupied hollsee Fig. 1, but
one CO molecule per supercell. moves first fromt1l to t2 via the intermediate bridge posi-
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tion. When moving fromt1 to t2, the CO molecule pushes E-R fc 1 TS
the O atom out of the hollow position into a bridge geom- 1 f
etry. This first O-substrate bond breaking is the reason for g

the first barrier Epa,=0.79 €V, fourth image in Fig.)3 % % ~ ===
leading into a shallow local minimum with a CO molecule
adsorbed on site2 and the O atom in the neighboring bridge

position. The reaction then takes place by pushing the CO
molecule towards the now bridge-bonded oxygen atom. The

0.0
-0.5
-1.0

E-R fcc

attraction between the C atom and the adsorbed O atom %:'Z

breaks then a second O-substrate bond, so that immediately E;s

after the transition stateE(,,=0.75 eV) a bent C®mol- -

ecule is weakly bound through the C and one O atom to two 30

substrate atoms which leaves the surface nearly parallel to it. 390 0.1 0.2 0.3 0.4 0.5
This “flat” CO, desorption geometry can be observed also S[A]

for the later discussed hcp path and is a hint at a weak phy-
sisorption in this geometry. The tilting up of the molecule at  FIG. 4. Reaction paths and energetic profile for an Eley-Rideal
the end of the path is related to the chosen end configuratiomeaction of gaseous CO with adsorbed atomic oxygen: The upper
We have also investigated the corresponding reaction patpanel shows the variation of the geometry along the reaction path,
starting with O adsorbed in the hcp hollows. Although thethe lower panel the energetic profile of the reaction. Positions that
initial position is higher in energy by 0.36 eV, the two bar- @€ shown in the upper panel are marked with circles. The energy
riers (shifting CO fromt1 tot2 and the reaction itsélare of zero is set Fo the energy of the free molecules plus the clean slab
about the same heiglfwvith respect to O in the fcc hollow, (compare Fig. 5 and text
CO intl). For this reaction channel the local minimum for
CO int2 and O in the bridge is much more pronounced withabout the same coverag&fh=0.51 eV and 0.71 eV, re-
the O atom being slightly nearer to the fcc than to the hcpspectively. Also a very recent scanning tunneling micros-
hollow (see the fifth image of path hcp in Fig).3The ge-  copy study* estimated a barrier height of about 0.49 eV.
ometry is already very similar to the starting configuration of  A|| reaction channels discussed so far assume a
the fcc path(O in the fcc hollow, CO intl) and therefore | angmuir-Hinshelwood mechanism, i.e., a reaction between
also the energy became comparafitsver than in the start-  the coadsorbed species. However, in the scenario discussed
ing configuration: O in the fcc hollow, CO itL). In contrast 4t the beginning of this section we have found that the start-
to the fcc path the reaction does not continue with anothefng path for the NEB method leads to a forced desorption of
CO shift, pushing .the o atom onto a bridge site, but the C%he CO molecule. This is a good example that—as men-
atom crosses again the bridge back towards the hcp hOIIOWoned above—a relaxation in the subspace perpendicular to

and the reaction ta_lkes plaqe around the hcp holl(_)W. hi ome arbitrary reaction path does not necessarily explore all
shows that the previousely discussed B-fcc reaction is not thﬁ] : : . .
e configuration space available for the reaction. At the

only pathway passing through the lowest TS. Alternatively to . . .
the CO movement also the O atom can initiate the reactiofeme Ume this result allows us to explore the energetics of
n Eley-Rideal reaction between an adsorbed O atom and an

by leaving the fcc hollow and approaching the CO molecule?" ='€) ; Lo
(images 5-10 of path hcp in Fig).3 impinging CO molecule—in fact this is just the second part

It is remarkable that the TS’s for reactions fcc and hcpf the reaction path mentioned at the beginning of this sec-
(seventh image in Fig. 3, Table Jlare geometrically very tion (after the CO molecule has been desorbed from the Pt
similar to those for reaction AA-2 t-fcc-b); cf. Table Il Substrat
This similarity between the TS's for the bimolecular reaction  In this case the starting point is an adsorbed O atom and a
and the reaction with adsorbed O atoms has already bedree CO molecule close to the surfa@ee Fig. 4. Relative
predicted by Allerset al!° on the basis of angular and ve- to this starting configuration the barrier height is only 0.75
locity distributions of the CQ® product molecules in ther eV, comparable to that for the Langmuir-Hinshelwood reac-

and B, desorption peak&ompare Sec. | tion. The transition state corresponds to a,@alecule with
Again a small CQ bond angle in combination with along one elongated d;=1.16 A) and one short bonddj
C-0O (a) distance and a lowz. favors the reaction. =1.73 A) and a bond angle of 127 °. This geometry is very

A similar TS for the reaction B has very recently beensimilar to that for the Eley-Rideal reaction of CO with O
described for the same system by Alatial** They found a  adsorbed on R000Y) described by Stampfl and Schefffr.
C-O(a) distance of 2.1 A and a barrier height of 1.05 eV we also note that the O-CO bond distance at TS’s for the
(GGA). The difference in barrier heights can be attributed tOE|ey-Rideal reaction is considerably shortel; €1.73 A)
the different setups in the calculatiofsnly three atomic than that for the Langmuir-Hinshelwood reactionsd; (
layers in the slab modeling the substrate, different surface-2 02 A: see Table 1)l This may be a further reason why
cell geometry[p(2x2)], Brillouin-zone integrations with  the Langmuir-Hinshelwood reaction is favored in spite of
(2% 2% 1)k-point-grid only, norm-conserving pseudopoten- similar barrier heights. Another important fact is the higher
tials). attempt frequencies for the Langmuir-Hinshelwood mecha-

The calculated barrier height is in good agreement withhism than in an Eley-Rideal reaction, which have not been
experimental estimates for reaction B from Refs. 1 and 2 atletermined within this study.
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o A takes place, consisting of the dissociation of thenlecule
p ﬁ and a subsequent reaction of a nasdsvdakly bound O
________ / atom with the CO molecule and the adsorption of the second
2t N a one. This leads to the experimentally obseruegeak in the
TDS spectra at about 125-160°K!112 At the TS's the
B | esssss dissociated O atoms are only bridge or top bonded and there-
Cg’((g)) Cg((ga)) Cg((aa)) COO(;()g) fore quite reactive. It is also significant that the nonmagnetic
-4p e ’ ’ peroxo precursor with an already more stretched O-O bond
E[eV] o leads to a lower barrier. _ _
Y B At this stage of the reaction atomic oxygen is adsorbed at

the surface: part of it as end product of reaction A, part from
O, dissociation without subsequent reaction to ,C@fter

- J further heating the atomic oxygen reacts with CEP{,
~0.75 eV) as reflected by the, peak in the TDS spectra.
3l cow o) 0(a) Coule) The _ba_lrrler heghtt is in nice agzrgfment _Wlth experimental
302(8) 0(a) 0(a) predictions ofEEX=0.5-0.7 e\A?**Reaction between the

CO molecule and the O atom takes place along a reaction
FIG. 5. Energy diagrams of reactions (high coverage, thin path minimizing the number of b_roken adsorbate-sub_strate
lines; low coverage, thick lingsand B as a function of a one- Ponds: the CO molecule moves first from the energetically
dimensional reaction coordinate. The dashed lines for reaction Anore favorable on-top positiofi.e., the one minimizing the
indicate the energies for the dissociategrlecule, the bold gray CO-O repulsionto one close to the O atom, pushing it out of
lines the energies for the reaction at half coveragaction A); cf.  the hollow to a neighboring bridge position. At the TS state
text. the CO atom remains close to the on-top position and reacts
with the bridge-bonded £Omolecule.
VII. DISCUSSION AND CONCLUSIONS In this connection it may be worth mentioning that Kos-
tov et al®! have detected during the4GCO reaction an ad-
oditional loss feature atv=1850 cm ! ascribed to bridge-
adsorbed CO. This can be considered as a further
confirmation for the transition mechanism proposed in our

We have presented detail@dh initio studies of different
possible reaction channels for the catalytic oxidation of C
on P{111). The energetic profile of these reactions is com-
piled in Fig. 5. paper

Since we have collected quite a lot of information, we : .
will now try to model the evolution of a coadsorption struc- N(l)te t%at :heITS_ states for bo;h typtis of reaqtlonst zlare
ture as it has been used in various thermal desorption speegar.y. 'an ical (in agreement - wi experimenta
troscopy (TDS) studies upon heating on the basis of ourper.'Ct'O.n ) _the common principle b“r"?g that the reaction
calculations. We start with the coadsorption structure aparrler is minimized if only the minimum number of

®c0=0.25 and®,=0.5. At this coverage coadsorption of adsorbate-substrate bonds are broken. :
CO stabilizes the peroxo(superoxoy like precursors over Altogether we have developed a complete scenario for the

the dissociated atomic adsorbate. Desorption ¢f dOsts catal_ytic oxidation of CO on R111) based orab initio cal-
about 0.75 eV, i.e., much less than the lowest barrier for thgulatlons.

bimolecular reaction at this coverageEp),,=1.18 eV).
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