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First-principles pseudopotential plane wave calculations based on spin-polarized density functional theory
(DFT) and the generalized gradient approximati@GA) have been used to study the adsorption of CO
molecules on the K&00 surface. Among several possible adsorption configurations considered here, the most
stable corresponds to a fourfold state in which a CO molecule is tilted relative to the surface normal by 50°. In
this case, the CO bond is elongated to 1.32 A and has a low vibrational stretching frequency of 1246 cm
be compared with the experimental gas phase value of 2143.dhe adsorption energy for this state is found
to vary between 46.7 and 43.8 kcal/mol depending on the choice of exchange-correlation functional used in the
DFT. A total of three adsorption sites have been located, and the relative adsorption energies are
E(fourfold)> E(twofold)~E(onefold) at lower surface coverage, and(fourfold)>E(onefold)
>E(twofold) at higher coverage. A similar analysis performed for the C and O atoms indicates that the
adsorption at the fourfold site is the most stable among various configurations, with adsorption energies of 186
and 145 kcal/mol, respectively. Additionally, we have demonstrated the possibilitg thatom embeds into
the lattice in a twofold, bridgelike configuration with an adsorption energy of 154 kcal/mol. The minimum
energy pathways for the surface diffusion of a CO molecule between selected pairs of local minima indicate
that the barriers for these processes are generally quite small with values less than 2 kcal/mol. One exception
to this is the diffusion out of the most stable fourfold site, where the barrier is predicted to be around 13
kcal/mol. Finally, the barriers for dissociation of CO bound in a fourfold site have been calculated to have
values in the range of 24.5-28.2 kcal/mol, supporting the experimental observation that dissociation of CO
bound to the surface seems to compete with CO desorption at 440 K.
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I. INTRODUCTION and temperature programmed desorptid@PD) measure-
ments, Mooret al® observed that CO adsorbs molecularly at
Understanding the interaction of carbon monoxide withlow temperatures and dissociates above 440 K. The dissoci-
transition-metal surfaces, and in particular with iron surfacesated atomic species C and O recombine and desorb as CO
is of primary importance as this system can be involved ifrmolecules around 800 K. The adsorption process was asso-
many catalytic processes such as oxidation, methanation, aiated with filling sequentially three states corresponding to
Fischer-Tropsch synthesis of aliphatic hydrocarbbrisAd-  three types of binding configurations of CO molecules on the
ditionally, CO has been identified as one of the products oburface. It has been shown that the most tightly bound mo-
incomplete combustion of propellants in gun tubes with im-lecular state, denoted C@¥), is the precursor to dissocia-
portant contributions to the erosion process of these matertion of CO at 440 K% The other two molecular states
als. This is not surprising, since it has long been known thaCO(«,) and COg;) desorb molecularly below 300 K with-
iron (the primary component of stéedcts as a catalyst in the out dissociatior.Based on the assumption of a simple first-
Boudard and Fischer-Tropsch reactirisoth of which de- order desorption process with a preexponential factor of
posit carbon into the surface of iron to form steel. In addition10*® s, the activation energies for desorption from the
to industrial applications, CO can also be used as a probthree statesvs,a,,a; were estimated to be 26.2, 18.0, and
adsorbate to provide fundamental information about gasi2.8 kcal/mol, respectivef? Later experimentd suggested
surface interactions, the adsorption sites, and chemical reathat a pre-exponential factor of 0s™* might be too small
tions on different surfacesTherefore, there is significant for these types of systems, and a better estimate would be
industrial and fundamental scientific motivation to under-somewhere in the range $ao 10'¥ s™1. Based on a simple
stand various elementary processes such as chemisorptiaate constant expression suchkasA exp(—E/RT) whereE
diffusion, and dissociation of CO molecules on Fe surfacesis the activation energgtaken here to be the heat of desorp-
The interaction of a CO molecule with a @80 surface tion), T the experimentally observed desorption temperatures
has been the subject of previous experimental stfdi€s, (440, 306, and 220 K foras, a,, and a; states,
which indicated the existence of a rich chemistry for thisrespectively,®® R the gas constant, afilthe pre-exponential
system. Based on x-ray photoelectron spectrosd{BS  factor set equal to either ¥Dor 10" s, the adjusted ex-
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perimental activation energies for desorption from thg sorption on the FA00 surface have been analyzed using
a,, a, states would be 32—36, 22—25, and 16—18 kcal/molfirst  principles  density  functional  theory (DFT)
respectively. calculations'"*® However, some large discrepancies can be
The molecular structure corresponding to the bindingseen when comparing the results provided by these two
state COf3) has been further characterized by both nearstudies:*® Aray and RodrigueZ employed DFT plane
edge x-ray absorption fine structutdEXAFS) (Ref. § and  wave calculations to predict that “CO adsorption on the four-
high resolution electron energy loss spectroscopyold site is 67.566 kcal/mol more stable than the bridging
(HREELS.? It was determined that in this state the moleculesite, whereas this latter is 16.193 kcal/mol more stable than
adsorbs at the fourfold hollow site in a tilted configurationthe onefold site.” These calculated values are significantly
relative to the surface normal at an angle between 45different from the experimental activation energies of 26.2,
+10°° and 55%2°.1° Such a binding configuration allows 18.0, and 12.8 kcal/mol determined in Ref. 6a for the adsorp-
for an increase of the interaction between the O atom of th&on statesas, @, anday, respectively. On the other hand,
CO molecule and the iron surface atoms. As a result of thélayak, Nooijen, Bernasek, and BlatNBB),'® using DFT
increased interaction with the surface, the C-O bond is elonmethods applied to a cluster model, have determined binding
gated by an estimated value of 0:08.02 A relative to the energies for CO of 37.4 kcal/mol for the adsorption on the
bonds of the other molecularly adsorbed @@ and fourfold hollow site, 32.3 kcal/mol for the on-top position
CO(a;) specied The elongated C-O bond in the tilted con- and 24.7 kcal/mol for the twofold site. These last values are
figuration presents an extremely low stretching frequency oflearly closer to the range of experimental daat differ
1210 cm* to be compared with the isolated CO moleculesignificantly from the results reported by Aray and
(2143 cm).° This suggests a significant weakening of the Rodriguez.’
CO bond and a change in the bonding character from a In an attempt to clarify the adsorption properties of CO on
triple-bond for the isolated molecule to a single-bond charthe F&100 surface, we report here the results of first-
acter in theas state. In contrast, the vibrational frequenciesPrinciples density functional theory calculations within the
of the other two states, and «;, are reported to be much pseudopotential approximation. The p_erio_dic nature of the
higher with values of 2020 and 2070 ch respectively. ~ surface, which is essentially neglected in simple cluster mod-
The precise structural assignments of these states were rJ, has been considered in the present case by the aid of a
made, but it was suggested based on the vibrational freSlab model(supercell model repeated periodically in all
guency ana]ysis that thez state Corresponds to a twofold three d-lmenS|0nS. The role of lateral CaGCO |nter-aCt|0nS
bridged configuration while the; state has CO bound in a (modeling percent surface coveragm the adsorption pro-
onefold site on top of a single Fe atdnThe nomenclature C€SS has been considered also. In addition to molecular CO
onefold, twofold, and fourfold derives from the number of interactions with the R&00 surface, we report the adsorp-
nearest-neighbor iron atoms in close contact with the carboRon properties of individual C and O atoms on the surface.
in CO. Further insight into the chemical character of theFurthermore, the effect of lattice strain on the chemisorption
three bonding states has been provided based on ultraviolepergies of CO, C, and O species has been investigated. We
photoelectron spectroscopf/PS measurements. It was ~ a@nalyze also selected minimum energy pathways for diffu-
determined that in ther, state there is extensive rehybrid- Sion of a CO molecule between different adsorption sites, as
ization of the orbitals within the molecule, while in the other Well as for the dissociation of a CO molecule adsorbed at the

two statesw, anda;, the valence band data correspond to afourfold hollow site.
typical chemisorbed CO. Throug_hout t_he paper the terms “onefold” anql “on-top”
Direct information about the mechanism of CO dissocia-configuration will be used interchangeably, as will be “two-
tion at low exposures was provided by HREELS studfé's. fold” a_nd “bridged” configuration. The prganlzauon of the
It was observed that the CO stretching frequency fordge Paperis as follpws. In Sec. Il we describe the computational
state increases with coverage, and decreases Wimethodg used in the pre;ent study. The results of Fotal energy
temperaturé? At an exposure of 0.1 L, increasing the tem- calculations for adsorption of CO, C, and O species as well
perature from 103 to 373 K was accompanied by an increas@s for the diffusion and dissociation paths are given in Sec.
in the intensity of the vibrational Fe-C and Fe-O peaks withlll- Finally, we summarize the main conclusions in Sec. IV.
a simultaneous decrease in the C-O stretching intensity and
frequency, which dropped from 1170 to 1150 ¢mBased
on these findings it was argued that there is clear evidence
that the CO molecule adsorbed in the state represents the  The calculations performed in this study were done using
precursor for dissociation on the @#€0) surface. the ab initio total-energy and molecular dynamics program
In contrast to the relatively large number of experimentalvasp (Viennaab initio simulation programand the ultrasoft
techniques used to investigate various aspects of the adsonpseudopotential database contained thef&ift This pro-
tion and dissociation processes of CO on iron surfaces, themgram evaluates the total energy of periodically repeating ge-
are few theoretical studies focused on this subéc  ometries based on density-functional theory and the pseudo-
Among these, the earlier theoretical work was based on thpotential approximation. In this case the electron-ion
use of either semiempirical methods or low level Hartree-interaction is described by fully nonlocal optimized ultrasoft
Fock ab initio calculations performed on various small pseudopotentialfUSPP’3 similar to those introduced by
clusterst*~1® More recently, different aspects of the CO ad- Vanderbilt?>?® The USPP’s include nonlinear core correc-

II. COMPUTATIONAL METHOD
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tions to account for possible valence-core charge interactionsrties are found to change by only 0.0024 @\06 kcal/mo)
due to the 8 valence states overlapping with th@ 3emi-  and 0.004 A(0.03% in going from E.,=495 to 595 eV.
core states in iroA* Periodic boundary conditions are used, This is sufficiently converged for the purposes of this study.
with the one electron pseudoorbitals expanded over a planko ensure a consistent set of convergence criteria for systems
wave basis set. The expansion includes all plane wavesontaining the CO molecule, a cutoff energy of 495 eV has
whose kinetic energy is less than a predetermined cutoff erbeen used for all theasp calculations(including the bulk
ergy Eqy, i.e., #2G2,/2m<E.,, whereGy>|k+G|, and and bare Fe slab systemall surface calculations that in-
G is the reciprocal lattice vectom the electronic mass, and clude CO, C, or O are done using a supercell consisting of
k is one of thek points used to sample the Brillouin zone. 2X2 unit cells in the plane of the slab, with a vacuum dis-
The k points are obtained from the Monkhorst-Packtance of 10 A. Finally, for CO bound to the fourfold site,
schemée? changing thek-point grids from 4x4x 2 to 6X6X2 gave a
Electron smearing is employed via the Methfessel-Paxtoghange in the total energy of less than 0.007 eV, and a
technique2,6 with a smearing width consistent withr change in the CO bond length and the Fe-O nearest-neighbor
=0.1eV, in order to minimize the errors in the Hellmann- distances of less than 0.1%. Therefore, a grid &f44< 2 is
Feynman forces due to the entropic contribution to the elecused in all surface calculations unless otherwise stated.
tronic free energy®?! All energies are extrapolated t®

=0 K. The minimization of the electronic free energy is car- IIl. RESULTS AND DISCUSSIONS
ried out using an efficient iterative matrix-diagonalization _
routine based on a sequential band-by-band residuum mini- A. Calculations for bulk Fe

mization methodRMM),?*% or alternatively, based on pre- A number of tests have been performed to benchmark the
conditioned  band-by-band  conjugate-gradien{CG)  accuracy of the method when applied to bulk iron, the bare
minimization?” The optimization of different atomic con- surface, and isolated CO. In order to determine the equilib-
figurations is based upon a conjugate-gradient minimizationium bulk parameters of Fe, we have uniformly scaled the
of the total energy. The value &, and thek-point grid are  |attice vectors and calculated the energy as function of the
chosen to ensure the convergence of energies and structurggit cell volume. The data were then fit with the Murnaghan
The minimum energy paths between different minimaequation of staté® which predicted a lattice constant of
were optimized by use of the nudged elastic baN&EB)  2.8653 A and a bulk modulus d8,=1.597 Mbar. These
method of Jasson and co-workef8.In this approach, the values differ by—0.16 and—4.94 % from the corresponding
reaction path is “discretized,” with the discrete configura- experimental values of 2.87 A and 1.68 Mbar, respectivly.
tions, or images, between minima being connected by elastigt the optimized structure, the magnetic moment per atom
springs to prevent the images from sliding to the minima infor this ferromagnetic bcc phase of Fe is found to be
the optimization. In the NEB searches, either 8 or 16 imageg_gg,is, in good agreement with the experimental value of
were employed between minima. 2.22up (Ref. 34 and previous DFT results (2.33).243°
Unless otherwise Stated, the calculations have been donﬂqe Corresponding saturation magnetization is 1844 .4 GS,
using the spin polarized PW91 generalized gradient approxiyhich is about 5.3% larger than the experimental value of
mation (GGA) of Perdewet al*® The effect of using a dif- 1750 Gs3 These values indicate that the present set of
ferent exchange-correlation functional on the adsorption enpseudopotentials, as well as tk@oint density and the cutoff
ergies has been investigated by USing the revised form of tk@nergyEK’ are able to provide avery good representation of

Perdew, Burke, and E3r1r12erh¢ijBE)3° functional as intro-  the structural properties of bulk Fe with only slightly larger
duced by Hammeet al. (reVPBB and Implemented in the discrepancies for the magnetic properties'

commercial version of the software packagesTeP (Cam-
bridge serial total energy packag® Once again USPP’s
have been used, and electron smearing is done according to a
gaussian distribution with a minimum smearing width pa- In the case of the F&00 surface, Wanget al®® have
rameter ofc=0.1eV. determined from low-energy electron diffractiqi.EED)

To determine the degree of convergence with respect tstudies that small relaxations of about 0.07 A exist in the top
E..: and the number df points, a series of calculations have two layers of the F00) surface. The spacing between the
been performed on bulk iron, the bare surface, the isolatetbp two layers Ad;_,) decreases by-5+2 % relative to
CO molecule, and CO bound to the surface. Prior to anyhe bulk interlayer spacing, and the distance between the
geometry optimizations, iron is assumed to be in its bodynext two layers Ad,_3) increases by %2 % relative to the
centered cubidbco lattice. Testing variousk-point grids  bulk. The problem of surface relaxation is studied by relax-
shows the cell parameters and bulk modulus for bulk iron tdng the top two layers of iron atoms while freezing the coor-
be converged to less than 1% at a grid ofl11X 11 (con-  dinates of the remaining atoms at their bulk optimized posi-
sisting of 56 totak points in the irreducible Brillouin zone  tions. This has been done as a function of the number of iron
With this grid, values foE_ at or above 300 eV produce an layers in the slab, and the results are presented in Table I. As
absolute error in the total energy of less than 1 meV/atom, ifndicated in this table, when the number of layers in the slab
agreement with previous DFT results obtained by Moroniis increased above four layers the interlayer separation oscil-
et al?* The total energy and bond length for the isolated COlates around the average values -68.0% for Ad;_, and
molecule have been tested at sev&rg| values. These prop- 2.7% for Ad,_5;. Contraction between the top two layers,

B. Slab calculations for the F&€100) surface
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TABLE I. Percent change in the layer separations relative to the bulk vali@s a result of atomic
relaxation of the top two layers and as a function of the number of layers in the slab.

4L 5L 6L 7L 8L 0L 12 L Exp?
Ady,/d 2.7 —4.3 —2.6 —-3.8 —4.2 —4.0 -3.9 —5.0£2%
Ad,_3/d 4.0 3.1 3.1 2.7 2.7 3.0 2.7 5P %

%Reference 36.

Bt the slab. The remaining atoms of the slab have been fro-
€en at the bulk optimized positions. The dependence of the
adsorption energies on the percent of CO surface coverage
has been analyzed by considering one or two CO molecules
in the supercell, such that each supercell is then defined as
having a fractional coverage of eithé&=0.25 or §=0.5,

similar to those obtained by NNBERef. 18§ based on
FLAPW periodic slab calculations, where they reported re
laxations of —4% for Ad;_, and 1.5% forAd,_;. It is in-
teresting to note that Mortensast al®® using similar DFT

plane-wave calculations for FED0) surface have determined respectively. The main adsorption sites and molecular con-

relaxations forAd,_, of —1%, andAd,_5 of 5% using & i rations considered in this study are depicted in Fig. 1.

four layer model with the top two layers relaxed. As seenapia || contains all the geometrical and energetic data de-

from the data in Table | our results for the case of the four'scribing the CO adsorbed on the surface. For the case of a

layer system differ the most from those obtained using gaq cO, the tilt angle is defined as the angle formed by the
larger number of layers. This fact indicates that such a slaby pond and a vector drawn normal to the surface. The
might not be sufficiently large to provide an accurate de- .

- £ th | . . | vibrational frequency is given in the column labeled by™
scription of the relaxations seen experimentally. Conse_énd the energy of adsorption to the surface by an atom or
quently, slabs containing six layers are used throughout thi "
study with one exception. This corresponds to a check on th

tholecule is given in the column labeledE,y. in units of
. . cal/mol. All other entries are defined in the footnotes to the
adequacy of the six layer slab by comparing the correspond:

) . - . able.
ing adsorption properties of CO to those obtained for a seven For all configurations, the corresponding adsorption ener-

layer slab. These results will be discussed in the appropriag&ieS are calculated according to the expression
section.

E.q—=EcotEqa— E , 1
C. Test calculations for the isolated CO molecule ads™ =Co slab=(CO+slab @

The optimization of the isolated CO molecule in a IargeWhe.r.e Eco IS th? energy of the isolated CO molecule in
cubic box of 10<10x10 A® predicts an equilibrium CO equilibrium position,Eg4, is the total energy of the relaxed

bond length of 1.145 A, which differs by only 1.5% from the slab, andEco.siary 1S the total energy of the optimized
experimegntal value of 1.128 &, Similar>lly go)gd agreement adsorbate/slab systefimcluding relaxation of the top two Fe

is obtained with experiment for the vibrational C-O stretch—layers)‘ A positiveE,g;corresponds to a stable adsorbate/slab
ing frequency, where the calculated value is 2174 tand

the experimental value is 2143 ¢’ Finally we have ({90 o
evaluated the atomization energy for the CO molecule using (a):  © (b) }\'
the individual energies of CO, C, and O species as well as i @
the corresponding zero point energy for CO. Our calculated & & & & ¢ &
value of 259.7 kcal/mol is in very good agreement with ex- e & i
perimental datg259.2 kcal/mol (Ref. 37 and practically & & &

coincides with the previous result reported by Hammer e ¢ i i
et al®! using the PW91 functional. The good agreement of B . A4 G ¢;,

our results for bulk Fe, the bare surface, and for the isolated
molecule with data obtained in other theoretical or experi-

mental studies allows us to proceed with confidence to the (©) (d)
main focus of this study, i.e., the investigation of CO adsorp- &
tion on the Fé€L00) surface. & & & & 3 ‘}&
D. CO adsorption on the F€100 surface ¢ ¢ g ""‘ ‘
- . & & & & &
Unless otherwise stated, the calculations for the adsorp- (e & e &
tion of a CO molecule on the EEO0 surface have been 1o Foiuras i

done using a X2 slab with six layers containing a total of
24 Fe atoms. In a limited number of instances we have used, FIG. 1. The adsorption configurations of CO on the(1/0€)
for testing purposes, a slab with seven layers containing 28urface. (a) Onefold (on-top configuration; (b) twofold tilted
Fe atoms. In all cases the relaxation of the CO molecule ha@ridged configuration;(c) twofold vertical configuration(d) four-
been done together with the Fe atoms in the first two layerfold hollow site configuration.
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TABLE Il. Calculated equilibrium distances and adsorption energies for the CO molecule adsorbed ofl@@ steface at different
sites and for different coverag@s Results from experiment and other theoretical studies are included for comparison.

Configuration 0 r(C-0) r(Fe-Cy* r(Fe-Oy h(C-surf)® © v E.ads

@
A) A) A) A) (deg) (cm™) (kcal/mol)
Present work, PW91 function&ix layers slab modgl
CO (isolated 1.1453 2174
onefold 0.25 1.177 1.782 2.959 1.777 0.0 1887 34.1
0.50 1.172 1.811 2.983 1.811 0.0 334
twofold tilt 0.25 1.193 1.807 2.717 1.497 31.7 1784 34.8
0.50 1.186 1.861 2.775 1.432 25.0 30.9
twofold vert. 0.25 1.196 1.957 2.923 1.370 0.0 32.9
0.50 1.189 1.973 2.928 1.372 0.0 26.0
fourfold 0.25 1.322 1.970 2.124 0.65/0.58 50.2 1246 46.7
0.50 1.319 1.992 2.118 0.58/0.57 50.1 48.1
fourfold vert. 0.25 1.255 2.140 2.810 0.69 0.0 36.7
Present work, RPBE functiongéix layers slab modgl
CO (isolated 1.1439 2169
onefold 0.25 1.178 1.779 2.957 1.779 0.0 32.1
twofold tilt 0.25 1.188 1.801 2.769 1.505 29.4 32.3
twofold vert. 0.25 1.196 1.959 2.923 1.136 0.0 29.7
fourfold 0.25 1.316 1.966 2.128 0.63/0.56 48.0 43.8
Present work, PW91 functioné&even layers slab model
onefold 0.25 1.176 1.779 2.955 1.779 0.0 32.1
twofold tilt 0.25 1.193 1.806 2.723 1.147 28.7 34.4
twofold vert. 0.25 1.198 1.950 2.913 1.135 0.0 32.8
fourfold 0.25 1.321 1.968 2.134 0.64/0.57 49.0 46.9
Reference 18, cluster modédFT)
onefold 1.19 1.82 3.01 0.0 1888 32.3
twofold vert. 1.21 2.12 3.11 0.0 1693 24.7
fourfold 1.32 1.90 2.23 54.0 37.4
Reference 18, slab modéfLAPW)
onefold 1.17 1.82 3.00 0.0
twofold vert. 1.18 1.95 2.91 0.0
fourfold 1.30 1.98 2.10 54.0
Exp.
CO (isolated® 1.1283 2143
onefold 207C¢F 12.8
twofold 202¢ 18.¢
fourfold 45.0+ 10" 1210 26.2937.0
55.0+ 2!

% or the two fold tilted and four fold configurations the Fe-C or Fe-O represents the shortest distances to the Fe atoms involved in binding.
bh represents the height of the C atom in CO above the surface. In the four fold site, the two distances refer to the average for pairs of Fe
atoms in the first layer considered nonbonded and bonded to the O atom, respectively.

o represents the angle between the C-O and the normal to the surface.

YReference 37.

°References 7 and 9.

‘Reference 39.

9Reference 6a.

"Reference 8.

'Reference 10.

system. It is assumed that the adsorption process has no baglculation is that of the optimized molecule as described in
rier, thus allowing for the comparison of the experimentala previous section. The same Brillouin-zone sampling has
desorption activation energies with the calculated adsorptiobeen used to calculate the properties of the bare slab and of
energies. The energy of the isolated CO molecule for thishe adsorbate-slab systems. The resulting geometric and en-
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FIG. 2. The adsorption configurations of indi-
vidual C and O atoms on the @80 surfacei(a)
and (d) onefold configurations(b) and (e) are
twofold bridged configurationsic) and (f) four-
fold configurations.

ergetic parameters for various binding configurations of CChave tested this point fof=0.25 using the revPBE func-
on the F€100 surface are given in Table II, while the mo- tional including reoptimization of the internal geometrical

lecular configurations are represented in Fig. 1.

Onefold (on-top) siteln this configuration CO adsorbs
perpendicular to the surface with the carbon down, and situ
ated directly above a surface Fe atpsee Fig. 1a)] at an
interatomic distance dR(Fe-C)=1.177 A. For this configu-

parameters of the CO molecule as well as its position and
orientation relative to the surface. In these calculations the Fe
surface has been kept frozen at the optimized structure for a
bound CO determined from the PW91 functional. As can be
seen in Table Il, the geometrical parameters are only slightly

ration the CO bond is slightly ellcl)ngated _by 0.032 A relativechanged by the use of the new functional with a concomi-
to the isolated gas phase equilibrium distance, with an adg 4y small variation in the adsorption energy that decreases

sorption energy of 34.1 kcal/mol &=0.25. We have also
analyzed the#=0.5 case where two CO molecules are ar-
ranged in a next-nearest-neighbor configuration. For thi
case there is a small decrease in the adsorption energy
33.4 kcal/mol presumably due to lateral C&CO repulsive
interactions.

Previous work from Ngrskov's grodphas indicated that
using the revised form of the PBEevPBE functional pro-
posed by Zhang and Yaffgimproves the agreement with
experimental data for the calculated chemisorptive energi

of atoms and molecules on transition-metal surfaces. Wﬂ

TABLE Ill. Calculated equilibrium distances and adsorption en-
ergies for C and O atoms adsorbed on th€lB6) surface at dif-
ferent sites for a coverage=0.25. The results have been obtained
using the PW91 functional.

r(Fe-X) r(X-surf) Eads
Configuration A) A) (kcal/mol)
C atom
one fold 1.605 1.605 118.0
two fold 1.735 0.127 154.0
four fold 1.967 0.396 186.0
O atom
one fold 1.642 1.642 111.0
two fold 1.833 1.241 132.0
four fold 2.095 0.613 145.0

(S

by 2 to 32.1 kcal/mol.

A comparison of the results from the present work with
revious theoretical calculations is provided in Table Il. The
ost recent results were based on a DFT cluster model and

FLAPW slab calculations by NNBB. As can be seen from
these data, the geometrical parameters obtained in the current
study compare quite well with the more expensive FLAPW
results based on the Perdew, Burke, and Ernze(R&E)
functional®® A similarly good agreement is found between
cur geometrical parameters and their parameters computed
om atomic orbital-based cluster calculations determined
with the PW91 functional. NNBB calculated the adsorption
energies based exclusively on the use of a 22 atom iron clus-
ter, and obtained an adsorption energy of 32.3 kcal/mol in
the case of the on-top configuration. This value is very close
to our energies of 34.1 or 32.1 kcal/mol fér=0.25 using

the PW9L1 or the revPBE functionals, respectively.

Focusing now on the experimental data for binding ener-
gies(see Table IJ, we observe some large variations among
various studies. Mooret al® have determined from TPD
data based on first-order desorption kinetics an activation
energy for desorption from the on-top position of 12.8 kcal/
mol. This value differs significantly with the theoretical re-
sults obtained from both the current study and NNBB. Even
if we allow for the possibility of adjustments to larger
pre-exponentiaf8 as presented in the Introduction, the ex-
perimental value would still be only 16—18 kcal/mol. Given
these differences we believe that further experimental work

aC atom embeds into the lattice, forming an angle with surfacewould be highly desirable to firmly establish the adsorption

atoms Fe-C-Fe of 171.5°.

energy of CO at the onefold site on the(E@0 surface.
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The vibrational frequency has then been obtained from a
polynomial interpolation of the variation of total energy with
the interatomic C-O distance. Based on this procedure we
have determined a CO stretching frequency of 1887 tm
This is consistent with the experimental finding of a redshift
from the gas phase, but the magnitude of the theoretical shift
is significantly larger at 287 cit than the experimentally
observed shift. It is interesting to note that NNBB obtained a
value of 1888 cm® for the case of a CO molecule adsorbed
on a single Fe atom, in remarkable agreement with the value
determined from the current slab model calculations. The
similarity between the two sets of calculated values supports
the previous finding$ that the bonding in this state is quite
local. The absolute difference between the theoretical and
experimental stretching frequencies at the onefold site is 183
cm L. Discussions concerning possible causes for this differ-
ence in frequencies will be deferred to the section covering
CO bound at the twofold site.

Twofold (bridged) siteThe twofold site corresponds to a
bridged configuration with CO adsorbed between two
nearest-neighbor surface Fe ions. In this case we have deter-
mined two different geometrigsee Figs. (b) and 4c)] cor-
responding to two stationary points on the potential surface.
The geometrical parameters for the bridged configurations
are indicated in Table Il. In the first case, the CO molecule is
tilted relative to the surface normal while in the second case
it remains perpendicular to the surface. For these two geom-
etries the CO bond lengths are similar, i.e., elongated by
0.048 and 0.051 A relative to the isolated gas phase equilib-
rium distance. Atd=0.25 coverage, the tilted configuration
has an adsorption energy of 34.8 kcal/mol, which is slightly
larger than the 32.9 kcal/mol found for the vertical orienta-
tion. This order of stability is maintained even at the higher
coverage of#=0.5, where CO molecules are placed in a
next-nearest-neighbors configuration, producing a decrease
in absorption energies to 30.9 and 26.0 kcal/mol for the tilted
and vertical configurations, respectively. Additionally, tests
have been run to check the relationship between the adsorp-
tion energy and the number of layers in the slab model. As
indicated in Table Il, the calculated geometric and energetic

Parameters for the bridged configurations are practically un-

changed going from a six-layer slab to a seven-layer slab,

justifying the use of the six-layer slab in the remaining cal-

culations.
However, we have determined that the adsorption energy

A problem of interest in previous experimental studiesshows a small dependence of about 2—3 kcal/mol between

was the attempt to associate the binding site with the spectréhe two exchange-correlation functionals used here. Indeed,
shifts in the C-O stretching frequency as the CO moleculssimilar to the case of the on-top configuration, the use of the
adsorbs at various sites on the( F&0) surface. Mooret al”®  revPBE functional decreases slightly the adsorption energies
have assigned, based on high resolution electron energy loas #=0.25 to 32.3 and 29.7 kcal/mol for the tilted and ver-
spectroscopy(HREELS, a C-O vibrational frequency of tical configurations, respectively. These energetic variations
2070 cm ' for the on-top adsorption configuration. This cor- take place without any significant changes to the CO bond
responds to a redshift of about 73 chrelative to the ex- length or its orientation relative to the surface.

perimental gas phase frequeriéyin our studies we have Comparisons will now be made between the current re-
determined the CO stretching frequency adsorbed in the orsults in Table Il and those obtained by NNBB based on
top configuration. In this calculation the C and O atoms werd=LAPW calculations. It should be noted that these authors
moved such that the center of mass of the CO molecule ibave considered only the vertical bridged configuration
held fixed. The minimum potential energy value correspondshereby restricting the comparison to only this structure. In
to that determined after relaxation of the slab-CO systemthis case the agreement between the two sets of values is

035416-7



SORESCU, THOMPSON, HURLEY, AND CHABALOWSKI PHYSICAL REVIEW B6, 035416 (2002

f#o | P 46 ;\:w
b » JREPS Z\t R
L S S B

& o ¢
\ FIG. 4. Potential energy surface for diffusion
20 #11 of a CO molecule from a onefold site to the
15 | A y neighboring onefold site. The chosen path is
f* A., through a twofold tilted configuration. Each
g 101 | Py < P chemical structure is labeled with its nudged elas-
E [ & & L tic band image number corresponding to the “im-
g 05 ’, \ age number” in the potential energy plot. This
W 00 ™ [ /\. holds for images in Fig. 4—8.
S e #17
05 .\f -
1.0 —— — -
0 2 4 6 8 10 12 14 16 18 ¥ b v

Image Number

very good. For example, our predicted C-O and Fe-C diswas assumed that the bridged vertical configuration has a
tances are 1.196 and 1.957A, respectively, while the FLAPWinding energy of 18.0 kcal/mol, and consequently this state
results are 1.18 and 1.95 A. However, both sets of valueg more strongly bound than the on-top configuration at 12.8
differ more significantly from the results in cluster calcula- kcal/mol. Our results suggest that the 18 kcal/mol experi-
tions. For example, in the case of Fe-C distances, differencefental desorption energy corresponds more likely to a tilted
as large as 0.16 A exist. As noted by NNBB, such differencesyridged configuration or the on-top structure, but not the
are in part related to the limitations of the cluster model andyigged vertical configuration.
might be due also to an insufficient relaxation of the Fe  pased on the frozen-phonon approach, the vibrational fre-
atoms in the cluster. _ L quency for the C-O stretch in the twofold tilted configuration
In ad.dltlon to these geometrlc. varlat|0n§, One can S€¢s calculated to be 1784 ci (see Table I). This is a redshift
larger differences for the adsorption energies between o f 103 cmi'! relative to the on-top vibrational frequency. A

values and those determined in NNBB'S CIUStersimilar redshift has been determined by NNBB for the two-
calculations'® For example, in the vertical bridged configu- . . . y . .
fold configuration relative to the onefold configuration.

ration atd=0.25, the binding energies are 29.7 or 32.9 kcal/ : o
mol depending on the choice of functional. NNBB have de_HO\ivever, their calculated shift is much larger, namely, 195

l . .
termined a value of 24.7 kcal/mol. Despite these difference§™ and cprresponds to the vertuiaath.er than the tilted
of about 5—8 kcal/mol, both sets of calculated results Suppc)lxyvofold configuration. The value of the vibrational frequency

the fact that the binding energy for the twofold vertical con-Of CO in thea, state has been thg%subject of various %’grpe”'
figuration is smaller than for the on-top site. This conclusion™ental studies. In two such studiesthe band at 2020 ¢

is opposite to what was reported from experirfiénthere it~ Was assigned to the CO stretch at the(twofold) site. The
experimental shift in the frequency from the onefold to the
twofold sites is a redshift of 50 cnl. Theory also predicts a
redshift going from thex, to the a, sites, but the magnitude
7 of the shift is twice as large at 103 ¢th
© ® . © Fourfold configuration The third important adsorption

" & ¢ ¢ & ¢ o configuration we have analyzed is at the fourfold hollow site.

14 As can be seen from Fig(d), the molecule is oriented along
12 o T ey (100 azimuths with the C atom down and tilted by 50° with
10 A respect to a normal to the surface. This geometry allows for
8 simultaneous interaction of both C and O atoms with Fe
6 \\ surface atoms. As a result there is an increase of the binding
4] \ energy to 46.7 kcal/mdisee Table I, which is significantly
2
0

Oi #0 — ’ #3
v

E (kcal/mol)

. larger than those corresponding to the on-top or bridged con-
. figurations.

For the sake of completeness, a fourfold vertical structure
has been sought and located, and its characteristics are given
in Table Il. A NEB calculation predicts this vertical geometry

FIG. 5. Potential energy surface for diffusion of a CO moleculeto be an energy maximum along a path that connects the two
from a two-fold tilted configuration to a neighboring fourfold hol- minimum energy structures at the 50° tilt andiee., CO
low site. tilted towards either side of the fourfold site and equivalent

0 2 4 6 8 10
Image Number
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by symmetry. The CO bond length has decreased to 1.26 Athe geometrical parameters of this fourfold state depend on
and the adsorption energy has decreased by about 10 kcafe thickness of the slab used in calculations. As indicated in
mol relative to the tilted configuration. The trends in theseTable Il, the increase from six to seven Fe layers does not
two properties suggest that the oxygen is bonding to the iroproduce any appreciable change in either geometries or ad-
in the tilted configuration but not in the vertical geometry. sorption energies. However, as seen in the case of the one-
The existence of an “unusual” elongated CO bond seen irfold and twofold sites, the use of the revPBE functional
experimental investigatioAss substantiated by our calcula- again decreases the adsorption energy by about 3 to 43.8
tions. We find that the C-O bond is elongated by 0.17 Akcal/mol. The corresponding binding energy determined by
relative to the isolated gas-phase molecule or by 0.13-0.1NNBB of 37.4 kcal/mol is smaller than the aforementioned
A relative to the bond length of CO im, and «; states. value, but in their case only the five Fe atoms of the cluster
NEXAFS measuremerfton the fourfold configuration have bonded directly to the C atom were allowed to relax. As they
determined an elongation by 080.02 A of the CO bond mention in their articlé® further surface relaxations could
relative to either the bridged or on-top states. Our resultéincrease the binding energies, thereby decreasing the gap be-
overestimate slightly this value but they are practically identween the two calculated values. All the calculated binding
tical to those obtained by NNBB based on PW91 clusterenergies for the fourfold state are larger than the correspond-
calculations(see data in Table I The tilt angle determined ing experimental value of 26.2 kcal/mblor 32—36 kcal/
in our study is also only 4° smaller than the one predicted bymol for the adjusted pre-exponenjiainalogous to what was
NNBB (see Table I and agrees very well with the experi- seen for the onefold and twofold cases.
mental results that indicate a tilt angle between 430° The stretching vibrational frequency we have calculated
(Ref. 9 and 55%2°.10 for the CO molecule adsorbed at the fourfold hollow site
We have also analyzed how the adsorption energies and 1246 cm’. This value represents an extremely low

30

F‘!\.

i /

s 20 /‘ \

£

= 40 | /

g’ » .

= 's Y

o o o \ . . .

g '\‘\ FIG. 7. Potential energy surface for dissocia-

0] L S tion of a CO molecule at the fourfold hollow site.

The final configuration corresponds to C and O
20 . . . . i . atoms adsorbed at two different, but nearest-
0 2 4 6 8 10 12 14 16 18 neighbor fourfold hollow sites.
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vibrational frequency when compared with the gas phasstable than the carbon analog. At the twofold site the O atom
value, and confirms the experimental findings that indicate aemains well above the Fe surface at about 1.241 A unlike
vibrational frequency for this state in the range of 1135-the C atom that embeds into the lattice.
1260 cm?! depending upon temperature and surface
coverage7.'8’9'1°'12’13

Finally, for the sake of completeness, it is worth mention-
ing one experimental heat of adsorption reported in 1978 by In practical applications there are many instances when
Welder et al®® based on “calorimetric adsorption heats.” the Fe surface is strained instead of relaxed. Examples in-
Their experiment used a polycrystalline thin film of iron, so clude the case of various local deformations of a single metal
direct comparison with results on a btt00) surface is not phase or in the case of bimetallic overlay&8' Conse-
be possible. However, at 273 K they recorded the heat ofiuently, it becomes important to investigate how the chemi-
adsorption for CO as a function of surface coverage, angorption properties of molecular and atomic species change
reported a curve with three steps or “regions.” In the loweston such strained surfaces. This problem has been investi-
coverage region the heat of adsorption is reported to be 37 @ated theoretically by Mavrikakist al* for the case of CO
kcal/mol, in fairly good agreement with the theoretical re-adsorption on the R0001) surface where it was found that a
sults for adsorption at the, site. Unfortunately, because the strong correlation exists between the surface strain and the
surface is polycrystalline, one can not sayriori that the  adsorption energies. It was shown that these effects could be
sites being occupied at the lowest coverage in their experiattributed to an up-shift of the center of the metabands
ment are indeed the; sites. with strain. Such results have important consequences as the
surface strain can be used to further modify the catalytic
activity of the metallic surfaces.

In the present study, the lattice strain is induced by simul-

In addition to the CO molecular adsorption, we have studtaneously changing those two lattice constants that are par-
ied the adsorption of individual C and O atoms ori0€). A allel to the surface for the F&00 slab. These changes
pictorial view of the resulting equilibrium configurations are amount to maximum variations of approximatety2% rela-
given in Fig. 2, and the corresponding geometric and enetive to the equilibrium structure of the lattice parameters
getic parameters are detailed in Table Ill. Similar to the CQ(d.,=2.8653 A). In all these calculations the distance be-
adsorption, the most stable configuration for the C atom is inween the surface layers is kept fixed at the value determined
the fourfold hollow site. In this case the adsorption energy isfor the relaxed, unstrained layers. The calculations have been
quite large with a value of 186 kcal/mol. For the three ad-done for the case of the CO molecule as well as for the
sorption configurations, i.e., fourfol@lf), twofold (2f), and  individual O and C atoms adsorbed at the fourfold hollow
onefold (1f), the order of stability is calculated unambigu- site.
ously asE(4f)>E(2f)>E(1f). An interesting adsorption The corresponding variations of the adsorption energies
geometry is determined for the case of the twofold bridgedare illustrated in Fig. 3. As can be seen, there is a significant
configuration where the C atom embeds into the laftiig.  variation of the adsorption energies with the amount of sur-
2(b)]. In this position, the C atom is only 0.127 A above theface stress, particularly for the CO and O species. For both
Fe surface plane in an almost linear configuration with thehese cases the chemisorption energies increase by almost 2
neighboring Fe atoms forming a Fe-C-Fe angle of 171.5°kcal/mol with lattice expansiolisee Figs. &) and 3b)].
For the O atom we find a similar stability rankirigy(4f) This effect is similar to the one found previously for the case
>E(2f)>E(1f) with a maximum adsorption energy at the of CO and O on R(0001).*? For the case of the C atom, we
fourfold site of 145 kcal/mol, which is 41 kcal/mol less find a reversed effect, i.e., the adsorption energy decreases

F. Strain effects on molecular and atomic adsorption

E. Adsorption of C and O atoms on the F€100) surface
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with lattice expansion. However, in this case the variation ofween the twofold-fourfold configurations are quite small
the C adsorption energy with the amount of lattice strain iswith values below 1.8 kcal/mol. In contrast, diffusion out of
smaller than the one found for the O atom, with the energyhe fourfold configuration requires significantly more energy,
decreasing by only about 1 kcal/mol over this range of latticeas demonstrated for diffusion into the twofold site where the
changes. barrier is 13.1 kcal/mol. These findings indicate that even in
the low-temperature regime, CO molecules can diffuse easily
o - among different adsorption sites until they reach the fourfold
G. Minimum energy paths for diffusion of a CO molecule sites. Once CO gets to the fourfold site, the diffusion out
on the Fg100) surface again is more difficult due to the higher barriers. This result
Three minimum energy paths are calculated to describé consistent with experimental d&td that indicate thex
the motion of the CO molecule between various equilibrium(fourfold) state is the first to be filled as a function of increas-
sites. The first one corresponds to the motion between twig exposure to CO gas.
onefold adsorption configurations, the second connects the
twofold tilted configuration with the fourfold state, and the
third corresponds to the motion between two twofold con-
figurations along a path that involves atoms FeRe3
—Fe4 (see Fig. 6. The minimum energy paths correspond-  As indicated by previous experimental studigse disso-
ing to these processes are represented in Figs. 4—6. ciation of a CO molecule takes place starting from the
In the case of motion between two onefold sites, it can bestate corresponding to the fourfolded configuration. In this
seen in Fig. 4 that the potential surface has two local minimatate, the C-O bond is elongated and weakened as indicated
in the region close to images 6 and 11. These configurationgy the very low vibrational frequency. The other two mo-
correspond to the tilted twofoldoridged states described lecular states, i.e., C@f) and COg,), desorb molecularly
previously. Between these configurations there is a barrier ofithout dissociation. Consequently, in this study we focus
about 2 kcal/mol. The molecular configuration correspondingexclusively on the investigation of the PES corresponding to
to the top of the barrier is the bridged vertical structure,dissociation of a CO molecule starting from a fourfold ad-
leading one to the conclusion that the vertical twofold con-sorption configuration.
figuration is a transition state and not a local minimum. Due For this purpose, two important reaction paths have been
to the limited number of images used in this calculation, it isanalyzed. The first one corresponds to the case when the C
possible that a very small local minimum might exist at theatom remains localized in the same potential well as the CO
top of the potential profile given in Fig. 4. However, such amolecule and only the O atom migrates to a neighboring
minimum would be of little practical importance. This poten- fourfolded site. The second process corresponds to a con-
tial energy profile shows that the onefold configuration-  certed mechanism in which both C and O atoms move away
ages 0 and 17 in Fig.)dis energetically only slightly less from the initial site and end up in twofold configurations on
favorable then the tilted twofold configuratidéimages 6 and opposite sides of the initial hollow site. The profiles for these
11), and both these two states are more stable than the vereactions are depicted in Figs. 7 and 8, respectively. As can
tical twofold configuration, as previously discussed. be seen in these figures, the barrier heights for both of these
The PES describing the motion from the twofold tilted processes are comparable to one another, with values of 24.5
state to the fourfold configuratiofsee Fig. % indicates that and 28.2 kcal/mol, respectively. In the case of the second
the potential energy curve is initially quite flat, rising by only reaction path it is possible that C and O atoms will continue
1 kcal/mol for the first five images, followed by a pro- to move away from each other such that they will end up in
nounced decrease as the CO enters the hollow site. It is clefourfold minima separated by an unoccupied hollow site, or
that once a CO molecule is adsorbed at the twofold site ian intermediate such as carbon in the twofold and oxygen
will diffuse easily to a fourfold configuration even at low proceeding to the fourfold site. We have not investigated
temperature. these cases, as they require a slab model employing a larger
Finally, we have analyzed a diffusion path from a twofold supercell than the one considered in the present calculations.
tilted configuration to another twofold tilted configuration It is important to note that the activation energies deter-
that takes place along a path involving the iron atoms Fe2mined in this study are significantly smaller than those re-
Fe3, and Fe4see Fig. . The CO molecule starts from a ported previously by Blyholder and Lawle¢BL).'® Based
bridged configuration between the Fel and Fe2 atoms, folen MINDO/SR calculations they determined activation ener-
lowed by binding between Fe2 and Fe3 and finally reachingyies for multiple dissociation pathways of CO on a 12 atom
the bridged twofold tilted state between Fe3 and Fe4. As inron cluster. The two paths most closely corresponding to our
the previous cases, the activation energies for this diffusiopaths start with CO in a fourfold configuration. In the first
path are small, with the barrier for motion from the bridgedcase, C remains in the initial fourfold site while O moves
tilted configuration to the configuration between Fe2-Fe3dnto a neighboring fourfold site. For this reaction they calcu-
atoms being only 0.14 kcal/mol, while the central mini- late a barrier of~100 kcal/mol. This barrier should be com-
mum is separated by neighboring minima with barriers ofpared to the current barrier of 24.5 kcal/mol for a similar
1.4 kcal/mol. reaction path given in Fig. 7. BL's second case corresponds
The above results indicate that the diffusion barriers beto a path in which both C and O atoms end in twofold sites.
tween the onefold:twofold configurations, as well as be- This process was found to have the lowest dissociation bar-

H. Minimum energy paths for CO dissociation on the F&100)
surface
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rier of 65 kcal/mol among those investigated by these auAnother major difference between the two atomic species is
thors. This pathway is analogous to the one shown in Fig. 8ound in the case of the twofold configuration in which the O
which has a barrier to dissociation of only 28.2 kcal/mol. It isatom adsorbs above the surface plane while the C atom em-
worth noting that BL's values for dissociation are signifi- beds into the Fe surface. Finally, at each site the C or O atom
cantly larger than the experimental and most recent theoretinds more strongly than molecular CO by at least a factor of
ical predictions for the adsorption energy of CO in the 3.
state. In contrast, our values for the activation energy of the Potential energy surfaces for surface diffusion of CO be-
CO dissociation are approximately equal to the experimentaiveen equilibrium configurations indicate several important
adsorption energy at the fourfold site, and below the theoretfeatures. First, the twofold vertical configuration corresponds
ical predictions from BL. The current results, unlike BL's, to an apparent transition state rather then a minimum as was
support the model proposed by Cameron and DWyer  considered previousf*® Second, the barriers for diffusion
which, for temperatures above 440 K, the dissociation proaway from the onefold sites or twofold sites are small, with
cess precludes or competes with the desorption process. values below 1.8 kcal/mol. Third, the diffusion barrier out of
the fourfold site is significantly larger with a value of at least
IV. CONCLUSION 13.1 kcal/mol. These data support the experimental finding
o . . that the CO molecule will first fill the fourfold hollow sites at
Based on a periodic slab model, we have identified thgger temperatures.
existence of three adsorption configurations for CO on the Starting from a fourfold configuration, two possible paths
surface. The order of stability for these configurations isfq, decomposition of CO have been analyzed on tHa 6@.
E(4)>E(2f, tilt) ~E(1f) at lower coverages, anB(4f)  The first one corresponds to a sequential mechanism in
>E(1f)>E(2f, tilt) at higher coverages. It is worth noting \yhich the CO bond is stretched continuously but the C atom
that the difference in adsorption energy betweenBligf)  remains at the original fourfold site. The second path is a
and E(2f, tilt) is only 2.5 kcal/mol at this higher coverage. concerted mechanism in which both C and O atoms are mov-
The bridged tiltedtwofold) configuration we propose in this jhg away from each other and from the original fourfold site.
study has not been considered previously in either theoreticaine activation barriers for these two processes have been
or experimental investigations. Our results suggest that botfhund equal to 24.5 and 28.2 kcal/mol, respectively. These
the onefold and tilted twofold configurations are more stablg,g|ues are smaller than the corresponding adsorption energy
than the twofold vertical configuration by about 1-2 kcall 4t the fourfold site, and support the experimental finffirag
mol at a coverage of=0.25, and about 5-7 kcal/mol & 440 K that indicates dissociation from a fourfold site pre-

=0.5 coverage. The most stable adsorption configuration igludes or competes with the molecular desorption.
the fourfold state in which the CO molecule is tilted by about

50° relative to the surface normal. Igthis configuration the

C-O bond is stretched by 0.13-0.15 A relative to the onefold

or twofold configurations. Additionally the CO vibrational ACKNOWLEDGMENTS
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