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The interaction of CO molecules with clean and exymodified Mo(110) surface has been investi-
gated by means of density functional (DFT) caldale. It has been found that on both clean and emyg
covered Mo(110) surfaces CO molecules are tiltetl véispect to the normal to the surface and adsibrbe
near hollow sites. The presence of oxygen subatgnteduces the binding energy of CO molecule with
the Mo(110) surface and on oxygen-saturated surfaeeadsorption of CO occurs completely blocked.
The presence of the preadsorbed oxygen atoms oMdKELO) surface results in the appearance of the
19 eV peak in local densities of states. The peakipn corresponds to the chemical shift of theoRg
gen line with regard to the electron states periirte oxygen atom in CO molecule.

INTRODUCTION (LDOS), and CO vibrational frequencies for various

The adsorption of CO on the transition metals configurations of equilibrated layers without inwol
and related oxides is one of the elementary stepsing the CO dissociation [6].
of many catalytic reactions such as the car ex- The preadsorbed oxygen significantly affects
haust catalysis and Fischer-Tropsch synthesis. the properties of transition metal surfaces with
The molybdenum oxide is the most widely used respect to adsorption of CO. In particular, the
catalyst and, due to the variety of oxidation state binding energy for CO on Mo(112) surface is
of Mo, the reactivity of the surface can be easily found to be strongly dependent on the presence of
controlled by changing the concentration of oxy- oxygen. With increasing oxygen coverage, the
gen and other modifiers. low-temperature spectral peak shifts from 305 to

The CO adsorption on clean and oxygen- 280 K, and a new peak arises at 220 K. On the
modified molybdenum surfaces has been studied p(1x2)-O/Mo(112) surface (with oxygen cover-
experimentally by temperature-programmed desorp- agefo=1) only the high temperature peak (280 K)
tion (TPD), high-resolution electron energy loss was observed and the binding energy for CO in
spectroscopy (HREELS), and the infrared absorp- this adsorption state was estimated as 0.75 eV [1].
tion spectroscopy (IRAS) [1-3]. In thermal desorp- For the coadsorbed CO and oxygen on W(110)
tion spectroscopy (TDS) studies for CO on Mo(110) and W(113) surfaces, a similar decrease in the
surface, two main peaks has been observed. Theseheat of adsorption of CO with increasing oxygen
two peaks have been attributed to two different concentration was reported [7].
forms of adsorption, namely, the low-temperature The coadsorption of oxygen and CO on Ru(0001)
peak about 308400 K was explained as desorption  surface has been studied with thermal desorptiee sp
from a molecular CO state (called thetate) while troscopy, LEED, and HREELS [8, 9]. It has been
the high-temperature (~960500 K) peak (the  shown that for the lower-coverage phases of oxygen
B state) corresponds to an associative desorption of (65=0.5 ML), CO adsorbs on the surface, and the bond
preliminary dissociated CO [4]. It has been shown between CO and Ru is weakened by the coadsorption
that the low-temperatura state appears only for  with oxygen as indicated by the significant de@ezs
sufficiently high CO coverages whereas the multi- the CO desorption temperature [8, 9]. For the axyge
ple B state is a characteristic of low coverages and coverage close to 1.0 ML, for which the CO oxidatio
should be attributed to a precursor to CO dissocia- rate has been assumed to be optimal, the adsapption
tion [5]. On the other hand, on a Mo(112) surface, CO is nearly prohibited [10]. In contrast, CO mole-
the similar behaviour of TPD spectra have been ex- cules prefer to desorb as £@om the oxygen-
plained basing on DFT calculations on binding modified Pt(111) (with the activation energy of the
(chemisorption) energies, local densities of states Oxidation reaction about 0.5-1.1 eV [11-15]).
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In the present paper, the adsorption of CO on tem, the total energy of the substrate (Mo(110)
clean and oxygen-modified Mo(110) surface is surface or O+Mo(110) surface), and a CO mole-
studied by means of density-functional (DFT) cule, respectively. These energies were deter-
calculations of favorable structures, binding (ad- mined taking into account the relaxation of the
sorption) energies and local densities of states oxygen-covered molybdenum surface as well as
(LDOS). It has been found that the presence of the CO-induced surface relaxation. The coverage
oxygen on the Mo(110) surface substantially re- @ for all species was defined with respect to the
duces the binding energy of the CO molecule and number of substrate atoms in the surface unit cell.
on the oxygen-saturated surface the adsorption of RESULTS AND DISCUSSION

CO occurs completely blocked. - .
Structures and binding energies for CO on a
METHOD OF CALCULATIONS clean Mo(110) surface.The favorable adsorption
The DFT semirelativistic calculations were positions for CO molecules on the Mo(110) could

carried out using ultrasoft pseudopotentials [16]
and generalized gradient approximation (GGA) in
Perdew-Burke-Ernzerhof form [17]. The surfaces
were simulated within the supercell approach with

be atop Mo atoms, in short-bridge and long-bridge
sites, and in triply-coordinated hollow sites. In a
(2%x2) structure §=0.25) the most favorable for CO

molecules are found to be nearly hollow sites

CO and O adsorbed on one side of the slab. The (Fig. 1a). The CO molecules are tilted by ~30° and
surface unit cells were chosen to be (1x1) and the estimated binding energy of CO in these posi-
(2x1) for Mo(110). The thickness of the slab was tions is of 2.0 eV. The long-bridge and on-topssite
of 7 Mo(110) layers and the vacuum gap was are less favorable and the short-bridge sites are

about 10 A. The positions of oxygen atoms, CO found to be unfavorable for all CO coverages.
molecules and Mo atoms of three surface layers '

were optimized (using BFGS [18ptimization pro-
cedure) until the forces on atoms converged to less
than 0.03 eV/A. The local densities of states were
calculated using the linear interpolation scheme.
The efficiency of the Brillouin zone sampling, ugin
various k-point lattices, was carefully verified by
increasing the number of k-points until the reqglire
0.01 eV convergence of total energies and about
0.005 A accuracy of atomic positions were achieved Fig. 1. Favorable CO structures on Mo(110Pat0.25
(the 6x6x1 Monkhorst-Pack [19] set of special (a), 1.0 p). Carbon atoms are shown dark grey,
k-points was found sufficient). All calculations nee O — white, and Mo — light grey
performed with cut-off energy of 340 eV. The hollow sites remain favorable also for
The optimization of atomic positions for a ©6=1.0 and therefore for coverages up to 1 ML, CO
clean Mo(110) surface, in agreement with results molecules should occupy predominantly these sites
of other calculations [4, 20], resulted in the ~5% (Fig. 1b). In the forming p(%¥1) CO structure the
contraction of the topmost Mo surface layer with distance between neighboring CO molecules is of
respect to the related interplane distance in k bul 3.15A. As the binding energy decreases (by
Mo (the estimated lattice constant of the bulk Mo ~0.2 eV) with respect to that f6=0.5, at these dis-
was of 3.15 A). Only minor relaxation shifts were tances the lateral interaction (repulsive) becomes
found for the second and the third layers. Before significant and leads to a decrease in the tiking
depositing CO and oxygen atoms, the slabs were gle to 24°. The estimated lateral interaction can
relaxed, i.e., all the atoms were allowed to adjust explain the split of the high-temperature TPD peak
their positions to minimize the total energy of the for high CO coverages but definitely not the ap-
system. Optimization of atomic positions of ad- pearance of the 380 K peak that corresponds to the
sorbed oxygen atoms along with Mo atoms of the 0.7 eV binding energy. The low-temperature peak
three surface layers led, on average, to a "back- appears only for sufficiently high CO exposures
ward" relaxation shift of the Mo(110) surface. and, as follows from the estimate of binding energy
The binding energies (positive) of CO were for p(1x1) CO structure@=1.0), should be attrib-
defined as E, = E — Egypsir— Eco WhereE, Esypsts uted to a desorption from the second CO layer. The
and Eco are total energies of the adsorption sys- formation of CO bilayer was modeled fé+ 1.5
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and 2.0. The optimized structures may be consid- The estimated LDOS for the CO/Mo(110) and
ered as curved C-O—C-O chains an@®@s {om- CO/O/M0(110) surfaces presented in Fegb3vere
plexes. Desorption of a CO molecule corresponds to constructed for the surface layer consisting of ad-
a break of the bond between two CO fragments, so sorbed species and two Mo atoms of the upper layer.
that the upper CO molecule of the chain desorbs : :

while the other remains on the surface.

Structure and binding energy for CO on oxy-
gen-modified Mo(110) surfaceThe LEED studies
of structures of oxygen layers on the Mo(110) sur-
face [21-23] have shown that oxygen forms various
structures, starting from c¢(2x2) O@x0.25 and fin-
ishing with (1) O atB,=1.0. Previous DFT calcula-
tions [24] suggest that triply coordinated holldtes
of the Mo(110) surface are strongly favorable for
oxygen atoms for all coverages and the p(2x1)O
structure, forming a@=0.5, is found to be favored
with regard to other possible structures.

To obtain the optimal CO structure on the
oxygen-modified molybdenum surface, the CO
molecule was placed in various possible positions
in the unit cell. On the O/Mo(110) surface, such
sites are quasi-threefold, two-fold, and atop Mo

Fig. 2. Optimized CO structures on the (2
0O/M0(110) 0=0.5 ML, 6c5=0.5 ML)
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atoms. The CO adsorption on the oxygen-modified

Mo(110) surface has been simulated for two con- 1‘J

centration of oxygen atoms. It was found that the 0Bl : L : /

CO molecule does not stick to the oxygen- -60 -50 -40 -30 -20

saturated Mo(110)66 =1.0) surface. Evidently, - E (V)

this is due to the fact that adsorption of the exyg

monolayer on the Mo(110) surface causes a com-

plete poisoning of the molybdenum surface that (b)

leads to the blockage of the CO adsorption. The

adsorption of CO becomes possible when the

Mo(110) surface is only partly covered with oxy-

gen. Under optimization (along with two molyb-

denum and oxygen layers), CO molecules initially

deposited at arbitrary positions at the surface, 0+ : : : : ,

move towards hollow sites on Mo surface. The 60 50 40 E'(?’e(i,) 20 A0 0

strong preference of the hollow sites with respect b

to the others results in the forming of a p(2x1) CO Fig. 3. The calculated density of states for {{21)

structure (Fig. 2). The adsorbed CO molecules in CO/ Mo(110) (a) and for the (2x1)

this configuration are tilted by 15.72° with respec CO/O/Mo(110) (b) structures

to the normal to the surface and do not noticeably The peaked structure in the range frBato

affect the position of the adsorbed oxygen atoms, -5 eV and peaks -36 eV, -61 eV are originated by

so that bond lengths of O atoms with substrate at- Mo electron states while the other peaks in the

oms remain constant within ~0.02 Bhe obtained spectra are originated from CO and O states.

binding energy for CO molecules is found to be of To reveal the contribution of different states

1.05 eV which is by ~1.0 eV less than that of CO to the net spectrum, the partial densities of state

with a clean Mo(110) surface (2.0 eV). have been calculated. The corresponding LDOS
Density of states.To reveal the difference in  on the adsorbed O as well as on O and C atoms in

electronic structure of the adsorption systems, the adsorbed CO molecule are shown in Fig—&

local densities of states (LDOS) have been catuilat For adsorbed oxygen atom (Fig)4the O

for the CO/Mo(110) and CO/O/Mo(110) structures. 2s-derived peak is at -19 eV while the character-
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istic peaks at -6.5 and -5 eV are originated pre-
dominantly by the interaction of @Qp electrons
with Mo surface. In contrast, the s peak for
the oxygen atom of adsorbed CO molecule is at
-23 eV, (Fig .4). The2p O states still contribute
to LDOS in the region from E£to -7 eV. Such a
significant difference in the position of the oxy-
gen 2s peak for adsorbed oxygen atom and the
oxygen atom of a CO molecule is due to the
bonding either with Mo or with C atom, respec-
tively. This feature can serve as a decisive argu-
ment in the vital discussion about the form of CO

adsorption on Mo surfaces, namely, it is the posi- 1

tion of the O2s peak in photoemission spectra that
can finally clarify the absence of CO dissociation.
3
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Fig. 4. The calculated partial local densities of state
the CO/O/Mo(110) on adsorbed oxygen &
(a), oxygen atom of adsorbed CO molecudg (

and carbon atom in adsorbed CO molecgje (

The carbon atom of adsorbed CO gives rise to
the peak at -9 eV which originates from the 2
states of the carbon (Figcd The trace of this
peak is visible in the spectrum of the oxygen
atom in CO molecule (See Figdwhile the
peaks -5, -7 and -23 eV in the partial DOS local-
ized on the carbon atom are induced by oxygen
atom in adsorbed CO molecule.

CONCLUSION

Results of present calculations have shown that
on a clean as well as on oxygen-covered Mo(110)
surface CO molecules are adsorbed near hollow sites
and are tilted with respect to the normal to the su
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face. The presence of oxygen substantially reduces
the binding energy of the CO molecule with the
Mo(110) surface, so that on oxygen-saturated surfac
the adsorption of CO occurs completely blocked.
The presence of the preadsorbed oxygen atoms on
the Mo(110) surface results in the appearance of
the -19 eV peak in local densities of states. Tds-p
tion of the peak corresponds to the chemical shift
the 2s oxygen line with regard to the electrorestat
pertinent to the oxygen atom in CO molecule.
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Cohen M.L.Relaxation of Crystals with the

Enepris 38'si3ky CO 3 4ncTO10 Ta MOAM(PIKOBAHOI KHCHEM MOBEPXHEI0 M0(110)
H.B.IletpoBa

Incmumym izuxu Hayionanwnoi akademii nayk Ykpainu,
np. Hayxu 46, Kuig 03680,Vkpaina, petrova@iop.kiev.ua

B pamxax meopii ¢pynxyionana enexkmponnoi eycmunu 0ocaioxnceno 83aemooiio moaexyau CO 3 uucmoro ma moougi-
Kkosaroto kuchem nosepxieio Mo(110). [Toxkazaro, wo Ax na uucmiil, max i na expumiil kucrem nosepxui Mo(110)mone-
xyna CO adcopbyemuvcst nio Kymom 00 HOPpMAi 00 NOBEPXHI | 3AUMAE NOAOICEHHSL NOOUZY Ocell CUMEmpIi mpembo2o
nopsaoky. Hasignicmo KucHio Ha nogepxHi icmomto 3meHuye enepeiro 36's13xy moaekymu CO 3 nosepxueio Mo(110),a nacu-
YeHMsL NOBEPXHI KUCHEM NpU3600ums 00 NoeHo2o 610KyeanHs adcopoyii monexyn CO. Hasgnicmb Kuchio Ha noeepxHi
Mo(110) o6ymoentoe nossy nixy -19eB 6 cnekmpi eycmunu cmanis. Tlonoscenns ybo2o niky 6i0nogioae XiMiuHoMy 3Cy8y
2SHIT KUCHIO 8 NOPIGHAHHI 3 eIeKMPOHHUMU CIMAHAMU, RPUMAMAHHUMU aMOMY KUCHIO 8 aocopbosaniti monexyii CO.

Oueprus cBs3u CO ¢ yucTol 1 MOAMPUIIIPOBAHHON KHCJIOPOA0M noBepxHocThIo Mo(110)
H.B.IletpoBa

Hnemumym ¢usuxu Hayuonanvroti akademuu Hayk Ykpaunet,
npocnekm Hayku 46, Kues 03680,Vkpauna, petrova@iop.kiev.ua

B pavxax meopuu gpyHKyuorana SAeKmpoHHOL NAIOMHOCIU UCCTe008aHo e3aumoodeticmesue monexyavt CO ¢ wucmoti u
MoouguyuposanHol kuciopooom nosepxrocmuio Mo(110). Ilokazaro, umo Kaxk Ha wucmoul, max u Ha ROKPLUMOLL KUCIOpO-
O0om nosepxrocmu Mo(110) monexyna CO adcopbupyemcst noo yenom K HOpMAau K NOGEPXHOCIU U 3aHUMAEN NOJOJNCEHUEe
66U3U OCell cuMMempul mpemve2o nopaoka. Hanuuue Kuciopooa Ha NOGEPXHOCIU CYUWECMEEHHO YMEHbUIAET IHEPSUIO
ceszu monexyivt CO ¢ nosepxrocmuvio Mo(110),a nacviyenue nosepxHocmu Kucropooom npueooum K ROAHOU ONIOKUPOSKe
aocopoyuu monexyn CO. Hamuue xuciopooa na nosepxnocmu Mo(110) npusodum k nosenenuro nuka -19 5B 6 cnekmpe
naomuocmu cocmosHuil. T1onodicenue 3mozo nuka coomeemcmeyem XUMU4eckomy coguey 2SauHuU KUCIopooa no cpagHe-
HUIO € 3NIEKMPOHHBIMU COCMOSHUSAMU, XAPAKMEPHbIMU O amoMa KUcaopooa 6 aocopouposartoti monexyne CO.
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