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The problem of the CO adsorption and dissociation on the Mo(110)
surface has been studied by means of temperature-programmed
desorption (TPD) and density-functional (DFT) calculations. The
TPD spectra show a first-order CO desorption, which indicates the
desorption from a virgin state, not a recombinative form of des-
orption. The height of the potential barrier for CO dissociation
(2.75 eV), estimated from DFT calculations, substantially exceeds
the energy of CO chemisorption on the Mo(110) surface (2.1 eV),
which refutes a thermally induced CO dissociation. Monte Carlo
simulations of TPD spectra, performed with the use of estimated
chemisorption energies, are in good agreement with experiment
and demonstrate that the two-peak shape of the spectra can be
explained without involving the CO dissociation.

1. Introduction

The simple picture of a molecular form of chemisorp-
tion of CO on Mo and W surfaces, suggested in pio-
neering works [1, 2|, was later questioned [3]. Thus, it
was suggested that two main peaks, observed in ther-
mal desorption spectroscopy (TDS) (or temperature-
programmed desorption, TPD) studies, should be at-
tributed to two different forms of adsorption. Specifi-
cally, the low-temperature peak about 300-400 K was
explained as the desorption from a molecular CO state
(called the « state), while the high-temperature (~ 900
1500 K) peak (the [ state) was attributed to the asso-
ciative desorption of preliminary dissociated CO. It was
shown [3] that the low-temperature « state appears only
for sufficiently high CO coverages, whereas the multiple
(3 state is characteristic of low coverages and should be
attributed to a precursor to the CO dissociation [4].
Surface vibrational studies by electron energy-loss
spectroscopy (EELS) for CO adsorbed on the W(110),
Mo(110), and Mo(100) surfaces [5-7] revealed an unusu-
ally low C-O stretching frequency (~ 1000-1100 cm™1).
This mode disappeared upon annealing to 230 K, so
it was suggested that CO should dissociate already at
~200 K. Accordingly, Umbach and Menzel [8] observed
the CO dissociation on W(110) at temperatures between

272

200 and 300 K, with a surprisingly small activation en-
ergy (=~ 21 kJ/mol). However, no such precursor state
was detected in the infrared reflection absorption spec-
troscopy (IRAS) study of the adsorption of CO on clean
and O-, C-; and H-precovered Mo(110) surfaces [9].

The studies [10-12] based on angle-resolved ultraviolet
photoemission spectroscopy (UPS), as well as the near-
edge X-ray absorption fine structure, indicate that, at
low coverages, CO molecules on W and Mo surfaces are
tilted (the 3 state), while, at sufficiently high coverages,
they are oriented perpendicularly to the surface with the
C atom down (the « state). Using the high-resolution
core-level spectroscopy and UPS for the CO adsorption
on Mo(110), Jaworowski et al. [12] suggested a thermally
activated dissociation of CO molecules. Then, in a re-
cent DFT study [13], the thermal dissociation of CO on
Mo(110) was adopted as an experimentally established
fact. Similar conclusions were derived also from TDS
studies for CO on Mo(110) [14] and Mo(112) [15]. In line
with the established concept, the peaks about 700-900 K
in TPD spectra for CO on Mo(112) [15] were attributed
to the recombinative CO desorption. In fact, however,
neither experiments nor theoretical studies cited above
have proved the thermal dissociation of CO on W or Mo
surfaces, which is mandatory for the subsequent associa-
tive desorption. In particular, the CO dissociation was
suggested to explain the absence of the CO stretching
mode in EELS at low coverages, but this result hardly
could be a decisive argument, because the dipole selec-
tion rule for a CO molecule parallel to the surface will
cause the elimination of this mode. The UPS results
have shown, in turn, that the 3 state corresponds to
a tilted orientation of CO, but not to dissociated CO
molecules. Thus, the photoemission spectra for CO on
W(110) and Mo(110) [16], as well as the first-order des-
orption kinetics for the § — state, were convincingly in-
terpreted as the absence of CO dissociation.

In turn, on a Mo(112) surface, the absence of CO dis-
sociation was suggested basing on DFT calculations of
the binding (chemisorption) energies, local densities of
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states (LDOS), and CO vibrational frequencies for var-
ious configurations of equilibrated adlayers [17]. Tt was
shown, by means of Monte Carlo simulations, that the
two-peak shape of TPD spectra for CO can be explained
with the estimated CO chemisorption energies for low
and high coverages, that is, without involving the CO
dissociation. In the present paper, we revisit the prob-
lem of the CO dissociation on transition metal surfaces.
The performed TPD study and DFT calculations, as well
as Monte Carlo simulations of desorption spectra, show
that the thermally induced CO dissociation on Mo(110)
is improbable.

2. Experimental and Theoretical Methods

The experiments were performed in an ultrahigh-vacuum
system with a base pressure of ~ 107! Torr, equipped
with low energy electron diffraction (LEED) and a
quadrupole mass-spectrometer for TPD studies. The
Mo(110) samples were cleaned by heating at 1600 K in
the oxygen atmosphere of 1 x 107 Torr, followed by
several flashes to 2100 K. The sample was cooled using
an Ny cryogenic system which was connected to the sam-
ple with a Cu rod. For the CO deposition, the system
was backfilled with CO. The sample temperature was
measured using a W-W /Re thermocouple, spot-welded
to the back surface of the sample. The heating rates in
TPD experiments were 10-40 K-s~*.

The DFT semirelativistic calculations using the
repeat-slab model and the plane-waves expansion of
a wave function were carried out with ABINIT code
[18], using the Troullier-Martins [19] norm-conserving
pseudopotentials and generalized gradient approxima-
tion (GGA) with a PBE [20] exchange-correlation func-
tional. Because of nodeless 2p valent orbitals, the norm-
conserving pseudopotential for oxygen is quite hard, i.e.
requires a high cutoff energy. Thus, the well-converged
(about 1 mHa (0.027 eV)) values of total energies were
obtained with the 34-Ha cutoff energy. The quality of
the pseudopotentials was estimated by calculations of
the binding energies for free Os and CO molecules (tak-
ing the triplet ground state of O atoms into account)
[17]. The efficiency of the Brillouin zone sampling, using
various k-point lattices, was carefully verified by increas-
ing the number of k-points until the required 0.002-Ha
convergence of total energies and the about 0.02-A accu-
racy of atomic positions were achieved (for rectangular
1x1 lattices, the 4x4x1 Monkhorst—Pack [21] set was
found sufficient).

The surface unit cell was chosen to be 2x1 or, when
appropriate, 1x1. The vacuum gap between the 5-layer
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Fig. 1. Desorption spectra obtained for various Mo(110) expo-

sures (Langmuir) in the CO atmosphere at T' = 90 K. The rate of
temperature increase was 40 K-s—1

Mo(110) slabs was about the thickness of slabs. Be-
fore depositing CO, the slabs were relaxed, that is, all
atoms were allowed to adjust their position using the
Broyden optimization procedure. Then, CO molecules
were adsorbed in various sites on one side of the slab.
The positions of CO molecules and Mo atoms were op-
timized, so that the binding energies defined as —Fj, =
E — Enio — Eco, where E, Eco, and Eyp, are total en-
ergies of the adsorption system, CO molecule, and the
substrate unit cell, respectively, were determined with
account for the relaxation of clean surfaces, as well as
the CO-induced surface relaxation.

3. Results and Discussion

3.1. TPD spectra

Desorption spectra obtained for various Mo(110) expo-
sures in the CO atmosphere at room temperature are
shown in Fig. 1. The 1130-K peak appears already for
the ~ 0.1 L exposure and increases with the further de-
position of CO, but its position remains constant. This
feature is characteristic of the first-order type of desorp-
tion, that is, of virgin CO molecules. In other words, the
behavior of the high-temperature peak (the 3 peak [2—
4]) does not resemble the associative desorption of CO
suggested in numerous studies (for instance, [2-15]), but
it is perfectly consistent with conclusions derived from
the TPD study for CO on W(110) [16].

For CO exposures above 1.5 L, the shoulder on
the 1130-K peak gradually transforms to the peak at
~ 1000 K. At the further exposure, there appears a low-
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Fig. 2. Approximation of TPD spectra (solid black lines) using
the first-order Polanyi-Wigner equation (dashed lines). The best
fit is achieved with v = 2x 10% s~! and E; = 0.7 €V for the 380-K
peak (a) and with the same v = 2 x 10° s7! and E; = 2.1 &V for
the 1130-K peak (b)

temperature peak at ~ 380 K (the o peak [2—4]) which is
usually attributed to the molecular (virgin) desorption.
Hence, while the obtained spectra are consistent with
similar TPD results for CO on Mo(110) [14], Mo(112)
[15], and W(110) [16], we suggest that the behavior of
the high-temperature peak reveals the molecular (non-
recombinative) desorption of CO from Mo(110), as it was
found for CO/W(110) [16].

It is generally believed that a proper analysis of ther-
modesorption spectra allows for a reasonable estimate of
the energy of desorption F,; and the frequency factor v
which determine the rate R of the first-order (n = 1) or
the second-order (associative, n = 2) desorption in the
Polanyi-Wigner equation

o —Ey

For a linear dependence of the temperature on time,
T =T, + (t, one can explore either the Redhead [22] or
King [23] formalism to evaluate both E; and v. How-
ever, the values thus obtained can differ dramatically
(see, e.g., [24, 25]).

To our view, the best way to reliable estimates of Ey
and v is a direct application of the Polanyi-Wigner for-
mula (1), which can be performed by fitting the model
spectra calculated for various E; and v to experimen-
tal TPD spectra [25]. In particular, both the 380- and
1130-K peaks in the spectra of the CO desorption from
Mo(110) can be well approximated by the first-order
Polanyi-Wigner equation with v = 2 x 10° s~! and
the desorption energies E; = 0.7 and 2.1 €V, respec-
tively (Fig. 2). The same shapes of the experimental and
model spectral peaks ultimately indicate the first-order
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Fig. 3. Favorable CO structures on Mo(110) at 6 = 0.25 (a), 1.0
(b), 1.5 (¢), and 2.0 (d). Carbon atoms are shown black, O red,
and Mo blue. In the first layer, CO molecules are tilted and occupy
nearly threefold hollow sites. CO molecules of the second layer are
bound to CO of the first layer

desorption kinetics characteristic of the molecular (non-
recombinative) form of desorption. With increase in the
coverage, both 1130- and 380-K peaks get significantly
transformed, which is indicative of lateral interactions
more pronounced in denser layers, as discussed below.

3.2. DFT calculations of binding energies

On Mo(110), favorable adsorption positions for CO
molecules could be atop surface Mo atoms, in short-
bridge and long-bridge sites, and in triply coordinated
hollow sites. The most favorable for CO molecules in a
(2x2) structure (0 = 0.25) are found to be the nearly
hollow sites (Fig. 3,a). The CO molecules are tilted
by ~30°. The estimated binding energy of CO in these
positions is of 2.0 eV. The long-bridge sites are less fa-
vorable by ~ 0.2 eV, the on-top sites — by ~ 0.3 eV, while
the short-bridge sites are found to be unfavorable for all
CO coverages.

The hollow sites remain favorable also for § = 1.0.
Therefore, for coverages up to 1 ML, CO molecules will
occupy predominantly these sites (Fig. 3,b). The dis-
tance between neighboring CO molecules in the form-
ing p(1x1) CO structure is 2.73 A. At these distances,
the lateral interaction (repulsive) becomes significant, so
that the binding energy decreases (by ~0.2 eV) with re-
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Fig. 4. Potential energy changes during the CO desorption from
the second layer

spect to that for § = 0.5, and the tilting angle decreases
to 24°.

The estimated lateral interaction can explain the split
of the high-temperature TPD peak for high CO cover-
ages (as illustrated below by Monte Carlo simulations),
but definitely not the appearance of the 380-K peak
that corresponds to the 0.7-eV binding energy. The low-
temperature peak appears only for sufficiently high CO
exposures and, as follows from the estimate of a binding
energy for the p(1x1) CO structure (8 = 1.0), should be
attributed to the desorption from the second CO layer.

The formation of a CO bilayer was modeled for § = 1.5
and 2.0. The optimized structures can be considered as
C204 complexes (the formation of C=C=0 species was
observed also for the CO adsorption atop the surface car-
bon on the C-terminated a-MoyC(0001) [26]) and curved
C-0O-C-O chains (Fig. 3,c,d). The desorption of a CO
molecule corresponds to the breaking of the bond be-
tween two CO fragments, so that the upper CO molecule
of the chain desorbs, while the other remains on the sur-
face. However, a routine estimate of the binding energy
gives negative values of E4, which means that the sec-
ond layer of CO can remain on the surface only due to
short-range bonds with the first CO layer.

The CO desorption from the second layer was modeled
by a stepwise movement of an upper CO molecule along
the normal (z coordinate) away from the surface. For
each reaction step, only the z coordinate of the upper
O was kept fixed, while positions of the other C and O
atoms were optimized. The barrier for desorption was
estimated as the potential energy difference between the
initial state and the state at the barrier top (Fig. 4). It
should be noted that the thus obtained value F; = 0.7
eV is perfectly consistent with the position of the 380-K
peak in TPD spectra.
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Fig. 5. Potential barrier for the CO dissociation on Mo(110)

3.3. The potential barrier for CO dissociation

To estimate the potential barrier for the CO dissocia-
tion, which might be possible at low coverages, we have
simulated the reaction path for the dissociation of CO
molecules by moving the O atom in the [001] direction (x
coordinate). For each reaction step, both C and O were
allowed to relax along the z coordinate, while the (x co-
ordinates were kept fixed until the attraction between C
and O persisted. At the vertex of the potential plot (the
transition state) (Fig. 5), the positions of C and O were
optimized to eliminate net forces on the atoms, and the
potential barrier for dissociation was estimated as the
difference between the energies of the initial and transi-
tion states. On moving the O atom to the left from the
critical point, C and O spontaneously recombine, thus
forming a CO molecule in the 3 state, while on moving
the O atom to the right, the appearing lateral repul-
sion results in the dissociation. It should be noted that
the transition point was found “by hand,” i.e., without
involving the vibrational analysis, which is quite compli-
cated and time consuming in this case. Nonetheless, the
appearance of backward forces on shifting O atoms indi-
cates that the vertex of the barrier corresponds, indeed,
to a saddle point on the potential energy surface.

The most important result of these calculations is that
the estimated potential barrier for the dissociation, 2.75
eV, exceeds substantially the estimated energy of CO
desorption (2.0 €V). This means that, on heating, CO
molecules would rather desorb from the surface than
dissociate. Therefore, the high-temperature (3) peak
in TPD spectra cannot be attributed to consecutive
dissociation-association processes.

3.4. Monte Carlo simulations

The Monte Carlo simulations of the thermodesorp-
tion were performed using a routine “real-time” algo-
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Fig. 6. Model TPD spectra obtained by kinetic Monte Carlo sim-
ulations for various initial CO coverages. The spectra were simu-
lated with v = 2 x 10 s~! and binding energies of 2.1 and 0.7 eV
for CO molecules in the first and second layers, respectively

rithm [14, 17, 25, 27, 28]. The temperature was in-
creased stepwise, and the number of desorption at-
tempts for each step was determined by the time in-
terval dependent on . The probability W of the des-
orption of a molecule per second was defined as W =
vexp(—(Eq — Eint)/kT), that is, the energy of desorp-
tion was expressed as the sum of the binding energy Ej
and the energy of lateral interactions Ein (~0.2 €V for
the nearest neighboring CO) estimated from the differ-
ence of binding energies calculated for low (0 = 0.25)
and high (0§ = 1.0) coverages. The frequency factor
v = 2 x 10° s7! was taken from the experiment (see
Fig. 2).

The model TPD spectra obtained by kinetic Monte
Carlo simulations for various initial CO coverages are
shown in Fig. 6. The spectra were obtained with
binding energies of 2.1 and 0.7 ¢V for CO in the first
and second layers, respectively. These energies are per-
fectly consistent with the values derived from the anal-
ysis of experimental spectra using the Polanyi-Wigner
equation (see Fig. 2) (it should be noted that the
DFT/GGA gives a somewhat underestimated binding
energy of 2.0 €V at 6 = 0.25). In agreement with exper-
iment, the spectra have two main peaks: at ~ 1100 K
(6 phase) and, for coverages above 1.0 ML, 380 K
(o phase). For 6 < 1 ML, ounly the § phase is
formed, and the peak gradually moves toward higher
temperatures (which is due to the high (40 K-s7!) rate
of temperature increase, as it was verified in simula-
tions with various rates). The repulsive lateral in-
teraction modifies the shape of the peak, so that it
becomes wider at § = 1.0 ML and splits into two
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peaks at ~ 1000 and 1130 K. The « peak appears, in
turn, at filling the second layer, and an apparent shift
of its vertex to lower temperatures originates by lat-
eral interactions (related close-spaced peaks are not re-
solved again, because of a high rate of temperature in-
crease).

Hence, the present results of Monte Carlo simula-
tions demonstrate that the TPD spectra for CO on
Mo(110) can be explained by the first-order (molecu-
lar) desorption from the second and the first adsorbed
layers. Indeed, both low- («) and high-temperature
(8) desorption peaks in the TPD spectra are well
reproduced in the model, and the high-temperature
peak is originated not by the consecutive dissociation-
recombination of CO, but by virgin CO desorbing
from the first layer. The low-temperature peak cor-
responds, in turn, to the desorption from the second
layer.

4. Conclusion

The results of the present study agree well with a gen-
eral picture of CO adsorption on Mo surfaces. The main
conclusion which can be derived from the present cal-
culations of chemisorption energies and the Monte Carlo
simulations is that there is no need to invoke a ghost dis-
sociation of CO for the explanation of TPD spectra. The
first-order kinetics of CO desorption indicates that CO
desorbs from a “virgin” state. The height of the poten-
tial barrier for the dissociation (2.75 €V) estimated from
DFT calculations exceeds substantially the energy of CO
chemisorption (2.1 eV), which makes the thermally in-
duced CO dissociation on Mo improbable. Hence, the §
state cannot be attributed to the precursor to the dis-
sociation — because CO on Mo does not dissociate at
all.
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Peszmowme

Meronamu TemnepaTypHo-iporpamoBanol gecop6uii (TPD) Ta re-
opil dyskujonana rycruau (DFT) nocnimzkeno npobiemy ancop6-
uil Ta guconianii CO na nosepxui Mo(110). Cnexrpu TPD Busasu-
au nepiuit mopsiaok gecop6biii CO, mo cBiguuTh Tpo aecopOiiio
3 MOJIEKYJIIPHOIO CTaHy, aJjle He IPO acoIiaTuBHY (hopMy aecopo-
uiil. Bucora norenniansHoro 6ap’epa aiis auconianii CO (2,75 eB),
orpumana 3 DFT pospaxyHKiB, CyTTEBO IEpEBHILYE €HEPrilo Xe-
mocopbuil CO na nosepxui Mo(110) (2,1 eB), mo Britouae Tepmi-
any aucorjanito CO. Monre-Kapsio monenoBanus cnekrpa TPD
3 BpaxyBaHHSIM OI[IHEHHX €Hepriii xeMocopOuil mobpe y3roxKye-
THCsI 3 €KCIIEPUMEHTOM Ta JIEMOHCTPYE JABOIIKOBY (DOPMY CIEKTpa
TepMOoecopOIIil, sIKa MOsICHIOETbCs 0e3 3aaydenns: aucoriarii CO.
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