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Formation of weakly bound, ordered adlayers of CO on rutile TiO,(110):
A combined experimental and theoretical study
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The adsorption of CO on the rutile TiO,(110) surface was investigated using He atom scattering
(HAS), high resolution electron energy loss spectroscopy (HREELS), thermal desorption
spectroscopy (TDS), and different types of ab initio electronic structure calculations. The
experimental and theoretical results allow to put forward a consistent picture for this rather
complicated adsorbate system. At 70 K a (2 X 1) adlayer with a glide symmetry plane is formed,
containing two molecules per unit cell which are tilted in alternate directions by about 20° relative
to the surface normal. For this high density phase, the theoretical calculations reveal a substantial
repulsion between CO molecules on neighboring lattice sites, in accord with the results of a detailed
analysis of the experimental TDS data. The CO binding energy depends strongly on coverage and
varies between 0.20 eV for the saturated monolayer and 0.36 eV for isolated molecules. The
CO-CO repulsion leads to the desorption of about half of the CO molecules above 70 K and the
formation of low density phases. HAS gave no indication of ordered adlayers at these lower
coverages. For the internal stretching vibration of the CO molecules a value of 273 meV was
determined by HREELS, in very good agreement with the theoretical calculations. © 2009

American Institute of Physics. [DOI: 10.1063/1.3098318]

I. INTRODUCTION

With regard to chemisorption on metal surfaces, carbon
monoxide is the molecular adsorbate for which the most ex-
perimental investigations have been published. For CO ad-
sorbed on metal surfaces, a rather large variety of different
structures has been observed experimentally' and analyzed
on the basis of wave-function-based methods” and density
functional theory (DFT).* As a result of repulsive interac-
tions between adsorbed CO molecules, frequently rather
open structures with large unit cells are observed at low cov-
erages which convert to more densely packed phases at
higher coverages.1 A different situation is encountered for
metal oxide single crystals. Here, the information available
for adsorbed CO is rather scarce. Whereas IR spectroscopy
carried out for metal oxide powders has been able to dem-
onstrate that CO adsorbs on oxide surfaces with small- to
medium-range binding energies, only very few detailed stud-
ies on oxide single crystal surfaces have been reported. The
most detailed IR spectroscopy investigations were published
for the cleaved MgO(001) surface.*™® In the case of the other
most important vibrational spectroscopy, high resolution
electron energy loss spectroscopy (HREELS), a few more
studies are available, including ZnO (for a review, see Ref.
7). To our knowledge there is only one fairly recent report on
the stretch frequency for CO adsorbed on rutile TiO,(1 10).%
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Most of the previous studies reported for CO adsorbed on
oxide single crystal surfaces have focused on the determina-
tion of binding energies using thermal desorption spectros-
copy (TDS) and spectroscopic studies using XPS or UPS. In
particular, the lateral structures of CO adlayers on well-
defined oxide surface are largely unknown. There is neither
information about ordered phases at high coverages nor
about high-order commensurate structures at lower coverage.
This is an unfortunate situation, since more precise informa-
tion on the adsorption of CO at oxide surfaces is required for
a better understanding of catalytic processes involving CO,
either as reactant or as a possible catalyst poison, e.g., in the
case of methanol synthesis on ZnO (Ref. 9) or CO oxidation
on the Au/TiO, system.lo’ll Previous work for CO adsorp-
tion on ZnO has shown that CO can also be used as a probe
molecule to distinguish between different possible geom-
etries of an oxide surface, see Refs. 12—14 for the case of the
polar O-terminated ZnO surface.

In the case of titania, the oxide surfaces which have so
far received the most attention (for a recent review, see Ref.
15), we are not aware of any experimental work on the struc-
ture of CO overlayers formed on any surface of the three
different TiO, modifications (rutile, anatase, and brookite).
Most experimental studies on the interaction of CO with ti-
tania have been carried out for anatase and rutile powders
using IR spectroscopy.mf23 The first IR study on CO
adsorbates on the rutile TiO,(110) single crystal surface
has became available only very recently.8 In all studies
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consistently an intense adsorption band centered around
2183-2193 cm™!' has been reported (corresponding to a
blueshift of the CO vibrational frequency of 40—-50 cm™!
with respect to the gas phase value), which was attributed to
CO bound to fivefold coordinated Ti sites. In the first TDS
measurement a CO adsorption energy of 0.8 eV was obtained
after adsorbing CO at room temperature on single crystal
Ti0,(110) surfaces.”* In a subsequent study on oxidized Ti
foils, in which CO was adsorbed at 150 K, a much lower CO
binding energy between 0.46 and 0.51 eV (44-49 kJ/mol,
desorption peak around 200 K), depending on the annealing
of the sample, was found.” However, from more recent TDS
measurements on single crystal TiO,(110) surfaces,”** it
became clear that the CO adsorption energies from these
early studies have to be attributed to CO bound to defect
sites and not to ideal parts of TiO, surfaces. Furthermore,
Refs. 26-28 provided indirect evidence for the presence
of repulsive lateral interactions between CO molecules on
the TiO,(110) surface. Linsebigler er al.**" adsorbed CO at
105 K. The desorption maximum shifted from about 135 to
170 K with decreasing CO coverage. For the limit of zero
coverage a CO binding energy of 0.43 eV (9.9 kcal/mol,
using a pre-exponential factor of 10'* s™!) was deduced. The
shift in the desorption maximum was attributed to a repulsive
lateral interaction between the CO molecules. A fit to the
leading edge of the TD spectra yielded a repulsion energy of
0.10 eV (2.2 kcal/mol) at the maximum CO coverage, which
was estimated to be 0.68 ML by assuming a CO sticking
probability of 1. The CO binding energy at this maximum
coverage thus corresponds to 0.33 eV. Dohnélek et al.®® mea-
sured a sticking coefficient of about 0.8 which is almost in-
dependent of CO coverage. It is therefore likely that Linse-
bigler et al. have slightly overestimated their maximum
coverage. For a sticking probability of 0.8, one obtains 0.5
ML instead of 0.68 ML. By adsorbing CO at a surface tem-
perature of 32 K, Dohndlek e al. were able to saturate the
TiO,(110) surface with more than 1 ML of CO. From their
TD spectra they obtained CO binding energies of 0.198 eV
(19.1 kJ/mol), 0.348 eV (33.6 kJ/mol), and 0.44 eV (42 kJ/
mol) for 1 ML, 0.5 ML, and in the limit of zero CO cover-
age, respectively, based on a frequency factor of 10'3 s7!.
Several groups have performed theoretical studies on the
adsorption of CO on TiO,(110) using different kinds of first-
principles approaches.zg_3 > The calculations agree that the
CO molecules preferentially adsorb perpendicular to the sur-
face at the fivefold coordinated Ti sites with a C-down ori-
entation. A detailed analysis of the chemical bond showed
that the CO bond strength is mainly determined by the CO
polarization and the CO o-donation to the surface, while the
electrostatic attraction is almost exactly canceled by the
Pauli repulsion.31 Furthermore, all calculations using peri-
odic boundary conditions found a strong repulsive interac-
tion between the CO molecules in the monolayer coverage
regime with a repulsion energy E\, per CO molecule be-
tween 0.20 eV (Hartree—Fock’**!) and 0.13 eV [DFT (Ref.
33)]. However, the calculated CO binding energies vary
widely between the calculations, from 0.29 to 0.8 eV for
single CO molecules®*"*** and from 0.25 to 0.55 eV in the
full monolayer coverage limit.***3 Also for the shift Av of
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the CO stretch frequency values between a blueshift of about
+140 cm™! and a redshift of -23 cm™' have been
reported.3 133735 There are several reasons for this wide scat-
ter of results. In the early calculations only very small cluster
models for the TiO,(110) surface with no or insufficient em-
bedding were used. ! Some calculations are based on
Hartree—Fock only,zgf32 therefore fully neglecting electron
correlations, which typically results in an underestimation of
the binding energy. On the other hand, adding correlations on
the LDA level’>™ leads to a large overestimation of the bond
strength. The same is true, if conventional MP2 is used,31 as
we will show in the present study. In several calculations no
relaxations of the atomic configurations were taken into ac-
count or only in a very limited fashion.””"** The Ti0,(110)
surface, however, undergoes large surface relaxations>®~>’
and rerelaxations upon adsorption can contribute 30% and
more to the binding energy of molecules.”™* All periodic
calculations were based on slabs with only three TiO, trilay-
ers or less’*% As noticed in several previous
studies, ¥ for TiO,(110) the surface and molecular bind-
ing energies show large odd-even oscillations with the num-
ber of trilayers in the slab, and setups consisting of only
three trilayers are usually not sufficient to get well converged
results.

In the present paper we have studied the adsorption of
CO on (110) oriented single crystal substrates of rutile TiO,
using a number of different experimental and theoretical
techniques. First, structural information on the CO adlayers
was determined using helium atom scattering (HAS). In ad-
dition, we have obtained information on CO binding energies
on the perfect parts of the surface using He-TDS.** In
previous work it has been demonstrated that He-atom scat-
tering is particularly well suited for the investigation of metal
oxide surfaces and also TiOz,43 not only because of the fact
that this technique is completely insensitive to any charging
effects but also because of its pronounced sensitivity to small
adsorbates such as H atoms and CO.'>* It should be noted
that low energy electron diffraction (LEED), the standard
technique used to determine the structure of CO adlayers on
metal surfaces, cannot be used for the investigation of CO
adlayers on oxide surfaces in a straightforward fashion since
the excitations of electron hole pairs upon electron incident
on the surface may lead to the desorption of CO molecules.
For example, it is not possible to record XPS data for CO
adlayers on the TiO, surface since the impinging photoelec-
trons lead to desorption of the molecules, similar to the case
of H,0 adsorbed on Ru(0001).** In order to allow for a
detailed comparison with the previous experimental data on
single c1rystals,26_28 we have also carried out measurements
on both, perfect and defective TiO,(110) surfaces, using con-
ventional TDS. Since the shape of the TDS data indicated
that a standard Redhead-type analysis is not appropriate,
simulations of the TDS data were performed using the ASTEK
program package,45 which allowed to fit the binding energy
per molecule at low coverage as well as the repulsion energy
between neighboring CO molecules. In addition, CO adsor-
bates on TiO,(110) have been studied by HREELS. Al-
though this is a standard technique to study molecular vibra-
tions of adsorbates on single crystal surfaces, systematic

Downloaded 03 Nov 2010 to 134.147.252.238. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/about/rights_and_permissions



144703-3 CO adsorption on rutile TiO,(110)

investigations employing vibrational spectroscopy of adsor-
bates on ZnO and TiO, single crystal surfaces have only
recently been reported.7’8’46’47 In the course of the present
work the internal stretching frequency of CO on TiO,(110)
as well as the CO binding energy have been determined.
Finally, detailed electronic structure calculations were car-
ried out employing DFT and wave-function-based methods
to determine the atomic structure, binding energy, and shift
of vibrational stretch frequency of CO molecules, ranging
from monolayer coverage to the limit of isolated molecules.

Il. EXPERIMENTAL

The He-atom scattering apparatus used here has been
described in detail previously.48 Briefly, He gas is expanded
through a small orifice, scattered from the substrate, and de-
tected using a magnetic mass spectrometer. The total scatter-
ing angle of the He atoms (sum of incident and exit angles)
is fixed, but the angle of incidence, 6, can be changed by
rotating the sample around an axis normal to the scattering
plane. In the scattering chamber also LEED and XPS are
available. The HREELS and TDS experiments were
performed in an ultrahigh vacuum (UHV) apparatus, consist-
ing of two chambers separated by a valve.* The base pres-
sure was 2 X 10~!! mbar in both chambers. The upper cham-
ber was equipped with an argon ion sputtering gun, a LEED
optics, and a quadrupole mass spectrometer for TDS experi-
ments. The lower chamber housed a HREELS spectrometer
of the latest Ibach design (Delta 0.5, SPECS Germany) with
a straight-through energy resolution of 1 meV. HREEL spec-
tra were recorded at an angle of incidence of 55° with respect
to the surface normal in specular geometry. The energy of the
primary electrons was set to 10 eV.

The TiO, substrates used in this study were obtained
from MaTeck crystals and were cleaned by a procedure
consisting of cycles of Ar® sputtering (600 V, =1 uA,
T,=300 K, 60 min) followed by annealing in oxygen
(1X107® mbar, T,~600 K, 10 min) and in UHV
(T,=750 K, 5 min), as described in previous publications
(see Ref. 50). A NiCr/Ni thermocouple was tightly clamped
against the side of the substrate. The crystal was never
heated above 850 K in order to avoid an excessive loss of
oxygen. The crystal exhibited a light blue color, revealing the
presence of a small amount of oxygen vacancies in the bulk.
After a few preparation cycles a sharp LEED pattern and a
distinct He-atom specular peak revealed the presence of a
structurally well-defined surface. XPS showed no carbon
containing species (contamination level less than 0.05 ML)
and symmetric Ti-2p peaks that are characteristic for a stoi-
chiometric crystal.24’50 The gases used in this study are of
research purity (99.9999% for He, 99.999% for H,, and
99.997% for CO). The crystal could be cooled down to a
surface temperature 7 of approximately 50 K by means of
liquid helium.

lll. COMPUTATIONAL

The periodic DFT calculations for different configura-
tions of CO adsorbed on the TiO,(110) surface were carried
out using the Car—Parrinello molecular dynamics program
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package cpMD.”"? The gradient-corrected Perdew—Burke—
Ernzerhof (PBE) functional®> and Vanderbilt ultrasoft
pseudopotentials54 were employed together with a plane
wave basis set (cutoff energy of 30 Ry) to represent the
Kohn—Sham orbitals. The optimized TiO, bulk lattice param-
eters were determined to be a=4.649 f\, c=2.966 10%, and
u=0.305, which compares very well to the experiment val-
ues (a=4.594 A, ¢=2.959 A, and u=0.305, see Ref. 55).

For the study of “single” CO molecules, we used slabs
with extended (4 X 2) surface unit cells, corresponding to a
effective CO coverage of 1/8 ML in which the CO molecules
are separated by almost 12 A. The calculations for the higher
CO coverages were done with the same surface unit cell
which was gradually filled with up to eight CO molecules.
The calculated bulk equilibrium lattice constants were used
for the lateral extension of the slabs. Due to the large size of
the supercell the k-point sampling could be restricted to the
I'-point. All configurations were relaxed by minimizing the
atomic forces. Convergence was assumed when the largest
component of the residual forces on the ions was less than
0.01 eV/A. As we will show later on, very well converged
results for the CO binding energy could be achieved by using
a slab thickness of four TiO, trilayers of which only the
atoms in the upper two trilayers were allowed to relax,
whereas the bottom two trilayers were fixed at the bulk po-
sitions. Furthermore, the broken surface bonds of the fivefold
coordinated Ti and the twofold bridging O atoms at the bot-
tom of the slab were saturated”® with hydrogenlike atoms of
nucleus charges of +4/3 and +2/3, respectively (for more
details, see Ref. 39). As shown in Ref. 39 with this setup also
well converged results for the adsorption of hydrogen and
water and the formation of vacancies on TiO,(110) were
obtained. The vacuum region between the periodically re-
peated slabs had a thickness of about 13 A which corre-
sponds to the thickness of the slab itself. Overall, this setup
resulted in supercells containing in total 208 atoms, includ-
ing the artificial atoms to saturate the broken surface bonds
at the bottom of the slabs.

The vibrational frequencies of the CO molecules were
obtained in harmonic approximation by a finite difference
scheme. The C and O atoms were displaced by 0.01 A in the
x-, y-, and z-directions. For the isolated CO gas phase mol-
ecule we obtained a CO stretch frequency of 2144 ¢cm™! with
our calculational setup which is almost identical to the (an-
harmonic) experimental value of 2143 cm™'. Therefore, no
scaling factor was applied to the calculated vibrational fre-
quencies of the CO molecules adsorbed on the TiO,(110)
surfaces.

To account for nonlocal dynamical electron correlation
effects—in particular, the van der Waals dispersion
interaction—MP2 and SCS-MP2”’ calculations were carried
out for a finite embbeded cluster model. Cutouts of 40 Ti and
80 O atoms around the adsorption site were embedded in a
set of 217 Ti cationic cores modeled by effective core poten-
tials (ECP 18 SDF potential for Ca taken from Ref. 58) and
a two-dimensional eight layer thick periodic slab of point
charges. Formal ionic charges of +4 and —2 have been used
for the embedding, and the geometry of the TiO, slab was
fixed at the results from the periodic DFT calculation for full
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monolayer coverage with CO. The geometry of the absorbed
CO molecules was assumed to be upright with the equilib-
rium CO bond distance evaluated for the gas phase with the
respective quantum-chemical method. Only the Ti—-CO dis-
tance was reoptimized in the embedded cluster calculations.

The MP2 calculations were done with a doubly polarized
valence triple zeta (TZVPP) basis® for the adsorbate (CO)
and its next 14 Ti and O neighbors in the case of a single
adsorbed CO molecule and the next 27 neighbors in the case
of three adsorbed CO molecules. From the latter calcula-
tions, we estimated the MP2 corrections to the repulsion by
the neighboring adsorbates that a CO molecule experiences
at monolayer coverage. For all other atoms of the TiyzOgg
cluster a polarized split valence (SVP) basis® was used. All
embedded cluster calculations were corrected for basis set
superposition errors using the full counterpoise correction of
Boys and Bernardi®' and were carried out with the TURBO-
MOLE (Ref. 62) program package. For the MP2 calculations
we used the parallel RI-MP2 implementation reported in Ref.
63 with optimized auxiliary basis sets from Ref. 59. The
same embedding scheme and basis sets, including the coun-
terpoise correction, were used to carry out embedded cluster
DFT/PBE calculations. The differences between embedded
cluster DFT and MP2 calculations were then combined with
the results from the periodic DFT calculations to obtain best
theoretical estimates for the binding energies of CO on TiO,.

IV. RESULTS
A. Experimental

In Fig. 1 we show a series of He atom angular distribu-
tions recorded for a substrate temperature of 70 K along the
[001] high-symmetry direction. The data for the clean sur-
face (on top) are fully consistent with previous LEED data’’
as well as with our previous results obtained for this
surface® and indicate the presence of a perfect (1 X 1) rutile
TiO,(110) surface. When the surface is exposed to CO the
intensity of the specular signal as well as the intensity of the
diffraction peaks change, demonstrating that CO adsorbs on
the surface. The fact that the new diffraction peaks have the
same widths as those seen for the clean surface reveals
the formation of an ordered structure. No new diffraction
peaks are observed along the [001] direction. Although this
is indicative of the formation of a (1 X 1) overlayer, one
should note that a possible half order diffraction peak may be
extinguished because of a glide plane symmetry.65 For the
particular incident energy chosen in this set of experiments
(32.6 meV), the first-order diffraction peaks were about
seven times more intense than the specular peaks, whereas
after saturation of the surface with CO (which occurs after an
exposure to about 2.4 L), the specular peak is clearly more
intense than the first-order diffraction peak. These data imply
a fairly large sticking coefficient. In fact, a detailed report on
the value of the sticking coefficient and the dependence of
the sticking coefficient on incident energy obtained using the
same apparatus has been published carlier.”® A more detailed
analysis of the diffraction peak intensities as a function of
exposure to CO reveals a continuous change which saturates
after an exposure of 2.4 L.
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FIG. 1. Series of He atom angular distributions recorded for clean
TiO,(110) at a substrate temperature of 70 K along the [001] high-symmetry
direction (top) and for CO adsorbates after the exposure given in the figure
(bottom). The incident wave vector of the He beam was 7.9 A~! and the CO
gas was applied at 9.5X 10~ mbar (corrected for ionization probability of
0.95 relative to N,).

The data recorded along the other high-symmetry azi-

muthal direction, [110], are shown in Fig. 2. Also along this
direction there is no indication of new diffraction peaks in-
dicating an additional periodicity. As for the other azimuthal
direction, a significant change in the relative diffraction in-
tensities is observed upon exposure to CO, revealing the for-
mation of an ordered adlayer. Note that the width of the
diffraction peaks for saturation coverage along this azimuth

He-Intensity [10° counts/s]

0.0 Lt . | . | . | . |
-2 -1 0 1 2

Parallel Momentum Transfer [A”]

FIG. 2. He atom angular distributions for the clean TiO,(110) surface along

the [110] high-symmetry direction and for two coverages of CO adsorbates
after the exposure given in the figure. The surface temperature was between
74 and 65 K. The incident wave vector of the He beam was 4.8 A~! and the
CO gas was applied at (9.5-7.6) X 10~® mbar (corrected for ionization
probability of 0.95 relative to N,).
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FIG. 3. He-TDS curve, i.e., specular intensity while heating the crystal. The
first step at a desorption temperature of 127 K can be attributed to the CO
adsorbate. The incident wave vector was k;=7.9 A~

is rather large. This observation has been reproduced several
times and indicates a significant amount of disorder along
this direction.

Altogether the He-atom angular diffraction scans clearly
indicate the formation of a well-defined adlayer with well-
defined peaks at integral order positions and without any
superstructure peaks along the high-symmetry directions
when the TiO, rutile (110) surface is exposed to CO at a
temperature of 70 K.

In Fig. 3 we present He-TDS data which have been re-
corded by monitoring the intensity of the He-atom specular
peak as a function of surface temperature. In previous work
it has been demonstrated that by analyzing the temperature
dependence of the He-atom specular peak intensity, informa-
tion equivalent to conventional TDS can be obtained.'>%
The major difference is the higher specificity of He-TDS:
whereas in conventional TDS all desorbing molecules are
detected, with He-TDS we are sensitive to CO molecules
bound to the perfect parts of the surface only. The data
shown in Fig. 3 reveal a pronounced change in the He-atom
reflectivity at a surface temperature of 127 K, which can be
unambiguously related to the desorption of CO molecules
from the perfect parts of the TiO, substrate. The most obvi-
ous feature in the He-TDS data is the decrease in intensity,
indicating a strong change in surface CO coverage. Assum-
ing that the activation energy for desorption is equal to the
binding energy of CO to the surface and by applying a
standard Redhead analysis68 with a frequency factor of
1x10"% s7!,  we obtain a binding energy of
(340*+25) meV. This binding energy corresponds to the
value for a coverage of approximately half a rnonolayer.28 It
should be noted that the decrease in intensity upon CO de-
sorption is a result of the particular incident energy chosen in
these experiments. At other incident energies the opposite
behavior, i.e., an increase in the reflectivity can be observed.

Figure 4 displays the TDS data of CO (mass of 28 u) on
the perfect TiO,(110) surface after exposure to CO at 95 K.
For very low exposure (0.05 L) the desorption maximum is
found at 138 K. With increasing the CO exposure, the de-
sorption peak shifts slightly to lower temperatures and is
observed at 130 K at saturation. It corresponds to a CO bind-
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FIG. 4. TDS data of CO (mass 28) for various CO exposures on the perfect
TiO,(110) surface at 95 K. The inset shows the TD spectrum of CO after
exposing the defective TiO,(110) surface to 5 L CO at 95 K. The heating
rate was 1.5 K/s.

ing energy of 0.343 eV when assuming a frequency factor of
110" s7! in first-order kinetics, in good agreement with
the He-TDS results.

The adsorption of CO on TiO,(110) is also clearly iden-
tified by vibrational spectroscopy. The HREELS data of the
clean as well as CO adsorbed TiO,(110) surfaces are pre-
sented in Fig. 5. The raw spectrum of the clean surface is
dominated by the intense primary Fuchs—Kliewer phonons at
45, 55, and 94 meV as well as their combination modes
(curve a). The latter have been nearly completely removed
by the Fourier deconvolution process, which makes it pos-
sible to detect the vibrational frequencies of adsorbates
(curve b). After exposing TiO,(110) to 10 L CO at 95 K, a
new loss at 273 meV (2200 cm™') is observed in the de-
convoluted spectrum (curve c¢). It is characteristic of the pres-
ence of CO on the TiO,(110) surface and attributed to the
internal CO stretching mode. The frequency is rather similar
to that observed very recently using IR spectroscopy for CO
adsorbed on the same surface (2190 cm™! in the low CO
coverage limit, see Ref. 8). Also, the frequency is rather
similar to the corresponding species observed on the mixed-

terminated ZnO(1010) surface.®"!
i v(c-0)
It 273
*i . 10LCOM5K ¢
%\M 'Wm
x100

deconvoluted b

Intensity [arb. units]
®

clean surface
raw spectrum  a

L X5 . . | : T "
100 200 300 400 500
Energy Loss [meV]

FIG. 5. HREELS spectra recorded for the clean TiO,(110) surface (curves a
and b) and after exposure to 10 L CO at 95 K (curve c¢). Curve a displays the
raw spectrum, and the Fourier-deconvoluted spectra are shown in curves b
and c. The spectra were recorded at 95 K in specular direction with an
incidence angle of 55° and with a primary energy of 10 eV.
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FIG. 6. (Color online) Convergence of the CO adsorption energy E,q with
slab thickness at full monolayer coverage. The results for full atomic relax-
ation with CO adsorbed symmetrically on both sides of the slab are shown
by a solid black line. The dashed red line represents the calculations in
which CO was adsorbed only on one side of the slab with the bottom two
trilayers fixed at the bulk positions and the broken surface bonds at the
bottom of the slab saturated with pseudohydrogen atoms.

B. Theoretical

For the periodic DFT calculations we first checked care-
fully how thick we have to choose our slabs in order to get
well converged results for the CO binding energies. In a first
set of calculations a full monolayer of CO was adsorbed
symmetrically on both sides of the slabs with the CO mol-
ecules sitting in an upright position above the fivefold coor-
dinated Ti surface sites with the carbon atom binding to the
Ti. A full geometry optimization was performed, allowing all
atoms in the slab to relax. The orientation of the CO mol-
ecules, however, was enforced to an upright orientation by
keeping the two mirror symmetry planes of the TiO,(110)
surface. The calculated CO binding energies E 4 for different
slab thicknesses are shown in Fig. 6. Strong odd-even oscil-
lations can be seen which are well known also from calcula-
tions of the surface energy as well as vacancy formation and
adsorption energies of other molecules (see Ref. 39 and ref-
erence therein). In the calculations with slabs of a thickness
of three trilayer E,4 is overestimated by about 0.1 eV. Alto-
gether, quite thick slabs are needed to get a well converged
CO binding energy. In a second set of calculations, the CO
monolayer was adsorbed only on the top side of the slab. At
the bottom, the broken surface bonds were saturated with
hydrogenlike atoms as described in the method section, and
the bottom two trilayers were fixed at their bulk positions in
the atomic relaxation. Again, the CO molecule was restricted
to an upright orientation. Figure 6 shows that with this setup,
the odd-even oscillations are almost completely eliminated
and well converged results within an accuracy of 0.02 eV for
E,q are already obtained for a slab thickness of four trilayers.
Therefore, this setup was chosen for all subsequent calcula-
tions.

For a single CO molecule in the (4 X 2) surface unit cell
of our slab, we find that the upright position above the five-
fold coordinated Ti sites remains the preferential adsorption
geometry even without enforcing symmetry. Compared to
the gas phase value the CO stretching frequency is blue-
shifted by 50 cm™' or 6 meV, and an adsorption energy of
0.323 eV is obtained at the DFT/PBE level (see Table I). For
a full CO monolayer the binding energy drops to 0.188 eV if
the adsorption geometry is constraint to an upright orienta-
tion. There is thus a large lateral interaction between CO
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TABLE I. Results of the periodic DFT/PBE calculations for the adsorption
energy E,q (in eV) of CO on TiO,(110) and the frequency shift Av (in cm™)
for the CO stretch mode.

CO coverage E. Av
Single CO 0.323 50
Monolayer CO (upright) 0.188 32
Monolayer CO (tilted) 0.209

molecules adsorbed at neighboring sites. As a consequence
the blueshift of the CO stretch frequencies decreases to
32 cm™! or 4 meV. An unconstrained optimization of the
adsorption geometry, however, reveals that an all upright
configuration is not the optimal structure at a 1 ML CO cov-
erage. An alternating tilting of the CO molecules by about
20° out of the vertical position reduces the repulsive lateral
interaction at 1 ML coverage from 0.135 to 0.122 eV per CO
molecule (see Table I). The final structure has a (2 X 1) pe-
riodicity with a glide symmetry plane along the [001] direc-
tion (see Fig. 7). A very similar situation was observed for
CO adsorbed on Ni(110).”*" The lateral repulsion between
CO molecules is only present if neighboring lattice sites are
occupied. A (2 X 1) arrangement of 1/2 ML of CO molecules
in which every second lattice site along the [001] direction
remains empty gives basically the same results as for the
single CO molecule within the accuracy of the periodic DFT/
PBE calculations. In particular, the coupling between CO
molecules in different [001]-rows is negligible. Taking the
fully relaxed structure of CO on TiO,(110) in the monolayer
coverage regime and flipping the orientation of the tilted CO
molecules in every second [001]-row (which leads to a
(2X2) periodicity of the CO layer, see Fig. 8) results in a
CO binding energy which is only reduced by 3 meV. Thus,
no pronounced ordering of the CO adsorbate layer in the

[110]-direction can be expected.

The embedded cluster Mgller—Plesset perturbation
theory calculations give significantly larger binding energies
for CO on the TiO,(110) surface (see Table II) of 0.740 eV
with MP2 and 0.646 eV with SCS-MP2. SCS-MP2 includes
an empirical correction for the usual overestimation of cor-
relation effects at the MP2 level”* and therefore usually gives
more reliable results for adsorption energies than MP2. The
finite size of the cluster in these calculations leads to an
overestimation of the ionicity and thereby of the CO binding

FIG. 7. (Color online) Fully relaxed atomic structure of a CO monolayer
adsorbed on TiO,(110). C, O, and Ti atoms are shown in green, red, and
gray, respectively.
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[170]

FIG. 8. (Color online) Schematic sketch of the orientation of the CO mol-
ecules in a monolayer adlayer with (left) a (2X 1) and (right) a (2X2)
periodicity, both containing glide mirror planes.

energies.32 To correct for this and the error caused by an
incomplete structure optimization at the MP2 level, we only
take the difference between the DFT/PBE and the MP2 (or
SCS-MP2) results from the embedded cluster calculations as
a correction for the periodic DFT values. These corrections
account mainly for the attractive van der Waals dispersion
interaction between CO and the rutile surface or between CO
molecules at neighboring adsorption sites and other nonlocal
electron correlation effects which are not accounted for by
the PBE functional. With MP2 we obtain for this correction
0.186 eV and with SCS-MP2 0.092 eV, which reflects the
fact that MP2 usually overestimates somewhat electron cor-
relation effects. Similarly we obtain for the repulsive lateral
interaction in a CO monolayer correction of +14 meV
(MP2) and +48 meV (SCS-MP2). Combining the results
from the periodic DFT/PBE calculations with the MP2 or
SCS-MP2 corrections to DFT/PBE from the embbeded clus-
ter calculations and the zero-point vibrational correction
(ZPVC) of —51 meV, we arrive at best estimates for the
binding energies of a single CO molecule on the rutile sur-
face of 0.458 eV (MP2) and 0.364 eV (SCS-MP2), see Table
III. In a similar way we obtained for the repulsive lateral
interaction E., in a CO monolayer best estimates of 0.128
eV (MP2) and 0.162 eV (SCS-MP2) per CO molecule. Thus,
the lateral interaction leads to a strong decrease in the ad-
sorption energy in a full monolayer with E, 4 of 0.330 eV
(MP2) and 0.202 eV (SCS-MP2), see Table IV. Since an
overestimation of the electron correlation effects is often ob-
served in normal MP2 (i.e., without SCS corrections),”* we
take the best estimates for E,q and E,, from the SCS-MP2
calculations as our final result, i.e., 0.36 eV for the adsorp-

TABLE II. Results for the adsorption energy E, (in eV) of CO on
TiO,(110) and the lateral CO-CO repulsion energy E, (in eV) for CO
molecules in a full CO monolayer from embedded cluster Hartree—Fock,
MP2, SCS-MP2, and DFT/PBE calculations, and the ZPVC (in eV) evalu-
ated at the DFT/PBE level.

Method Single CO 1 ML CO Ep,
Hartee—Fock 0.341 0.017 0.324
DFT/PBE 0.554 0.304 0.150
MP2 0.740 0.576 0.164
SCS-MP2 0.646 0.450 0.198
ZPVC —0.051

J. Chem. Phys. 130, 144703 (2009)

TABLE III. Best estimates obtained from the periodic DFT/PBE and the
embedded cluster MP2 calculations for the adsorption energy E,q (in eV) of
a single CO molecule adsorbed on TiO,(110).

MP2 SCS-MP2
Periodic DFT/PBE +0.323
ZPVC —0.051
Embedded cluster (SCS-)MP2-DFT +0.186 +0.092
Best estimates for E,4 for iso CO +0.458 +0.364

tion energy for noninteracting CO molecules and 0.20 eV at
full monolayer coverage which corresponds to a CO-CO re-
pulsion energy of 0.16 eV (rounded to a precision of two
significant digits).

V. DISCUSSION
The present as well as previous theoretical
calculations®®* of the coverage dependent CO binding en-

ergy reveal the presence of a significant repulsion between
CO molecules on neighboring lattice sites of the rutile
TiO,(110) surface. The binding energy drops from 0.36 eV
for an isolated molecule to 0.20 eV for CO in a densely
packed monolayer. To analyze the impact of such a rather
strong repulsive interaction on the experimental thermal de-
sorption data, we have carried out TDS simulations using the
ASTEK program package.45 The ASTEK simulations are based
on a lattice gas Hamiltonian in which the special symmetry
of the substrate as well as the interactions between neighbor-
ing adsorbate molecules are explicitly taken into account.
This lattice gas Hamiltonian is then used to solve the rate
equation for the desorption of the adsorbate molecules in a
mean field approximation.

In our simulations for each CO binding site only an on-
site adsorption energy term E,; and a repulsive interaction
E., to the two nearest neighbors along the [001]-directions
were considered. Using the results of the theoretical analysis
of £,4=0.36 eV and E,=0.16 eV, we find for initial cov-
erages of full CO monolayers that a first desorption peak
evolves around 75 K. This is in full agreement with the TDS
measurements by Dohndlek et al.,28 in which a CO mono-
layer coverage could be achieved by adsorbing CO at a tem-
perature of 32 K. From an inversion analysis of their TD
spectra (using a frequency factor of 10'® s~! and a heating
rate of 1 K/s) they obtained a CO binding energy at 1 ML
coverage of 0.198 eV which matches excellently our calcu-
lated value of 0.20 eV.

TABLE IV. Best estimates for the lateral repulsion energy E,., (in eV) for a
CO molecule in a full CO monolayer (taken with respect to E,q for a single
CO and the adsorption energy per CO molecule in a full monolayer).

MP2 SCS-MP2
Periodic DFT/PBE (upright) +0.135
Periodic DFT/PBE (tilted) —0.021
Embedded Cluster (SCS-)MP2-DFT +0.014 +0.048
Best estimates for E, +0.128 +0.162
Best estimates for E, 4 for iso CO +0.458 +0.364
Best estimates for E,q for CO in ML +0.330 +0.202
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FIG. 9. Comparison of the experimentally observed (open circles) and the
simulated (lines) TD spectra for (top) a parameter set of £,4=0.36 eV and
E.;=0.16 eV as taken from the theoretical predictions and a fitted fre-
quency factor of 4X 10" s7! and (bottom) the best fitting parameter
set with E,=0.31 eV, E.,=0.16 ¢V, and a frequency factor of
9.9x 10" s7!.

In the temperature range above 95 K, where our TDS
measurements were carried out, about half of the CO mol-
ecules are desorbed. Therefore, all further ASTEK simulations
were done by starting from 0.5 ML coverages and less with a
random distribution of the CO molecules. Figure 9(a) shows
that a very reasonable fit of the experimental TDS data is
obtained when using our theoretical values for E,q and E,
and a frequency factor of 4 X 10'" s7!. The agreement be-
tween the simulated TDS curves and the experimental data
can be further improved by not only fitting the frequency
factor but also the CO binding energy E,q while keeping the
CO-CO repulsion E,, at the theoretical value of 0.16 eV
[see Fig. 9(b)]. This procedure yielded values of
9.9x 10" 57! and E,4=0.31 eV.

Overall, the experimental data and the theoretical calcu-
lations show a very consistent picture. The desorption maxi-
mum of 130 K in the TDS experiment and TDS simulations
coincides nicely with the maximum in the change in the
He-atom reflectivity in He-TDS at 127 K and also matches
the desorption maxima of 130 and 135 K in the TDS mea-
surements for about 0.5 ML CO coverages reported by Lin-
sebigler et al.***" and Dohnalek et al.,” respectively. Thus,
the CO binding energies of 0.343 and 0.340 % 0.025 eV ob-
tained by a simple Redhead analysis of our TDS and He-
TDS data, respectively, agree excellently with the binding
energy of 0.33 eV reported by Linsebigler et al. 2627 for their
maximum coverage (about 0.5 ML) and the binding energy
of 0.348 eV obtained by Dohndlek e al.>® for 0.5 ML by an
inversion of their TD spectra. These values, in turn, are very
close to our calculated CO binding energy of 0.36 eV for
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single CO molecules, which is almost identical to the bind-
ing energy we get if we assume a 0.5 ML coverage and leave
every second adsorption site along the [001] direction empty.

There is, however, a significant discrepancy between our
data and the results from Linsebigler et al. 2627 and Dohnlek
et al.”® when we go to lower CO coverages. Both report
significant shifts of the desorption temperature maximum to
higher values if the CO coverage is lowered beyond 0.5 ML.
Consequently, at lower coverages their TD spectra extend to
higher temperatures and show pronounced tails up to about
170 K. Thus, in both studies it is concluded that there is still
an appreciable repulsive interaction between the CO mol-
ecules even at coverages below 0.5 ML. This is quantified
in the CO binding energies in the limit of zero coverage of
0.43 eV (Refs. 26 and 27) and 0.44 eV (Ref. 28) which they
deduce from their TDS data.

This behavior is not supported by our data. Figure 4
shows that the desorption maximum in our TD spectra only
shifts from 130 to 138 K at low CO exposures and no CO
desorption at temperatures above 150 K is detected. This is
in accord with our periodic DFT calculations in which only a
negligible small repulsion between CO molecules beyond the
nearest-neighbor distance was found. On the basis of only
nearest-neighbor repulsion, however, we were not able to
obtain for any set of parameters in the ASTEK simulations
high temperature TDS tails reaching up to 170 K. On the
contrary, the largest deviation between the experimental TDS
data and the predicted curves from ASTEK for our best set of
parameters occurs in the high temperature tail where beyond
140 K the simulated curves are systematically lower than the
experimental intensities [see Fig. 9(b)]. Also the inspection
of the He-TDS data (see Fig. 3) gives no indication for CO
species adsorbed on the perfect parts of the TiO,(110) sur-
face beyond 150 K. In this context it should be noted that
with He-TDS, not the desorption of the CO molecules itself
but the reappearance of well ordered areas on the clean sub-
strate is determined.®’

This apparent inconsistency between our results and
those of the previous TDS studies by Linsebigler et al. >’
and Dohnélek et al.*® can be resolved by assuming that the
CO molecules desorbing in the high temperature tails beyond
150 K were actually bound to defect sites of the TiO, sub-
strate, e.g., steps or vacancies. To corroborate our conclusion
we have prepared a defective TiO,(110) surface by Ar* ion
sputtering which creates many defect sites (in particular, O
vacancies) on the surface.*® When this modified surface is
subsequently exposed to CO at 95 K, the corresponding TD
spectrum shows a clear shoulder centered at about 170 K in
the high temperature side, revealing the adsorption of CO at
defect sites (see inset of Fig. 4).

The experimental value for the CO vibrational frequency
of 273 meV (2200 cm™!) from the HREELS measurement
supports that the CO molecules are bound via the carbon
atom to the fivefold coordinated Ti sites on the TiO,(110)
surface, as schematically depicted in Fig. 7 (see Ref. 31 for a
detailed analysis). The theoretical result for the CO stretch
frequency from the periodic DFT calculations amounts to
2194 cm! at low coverage and 2176 cm™' at a saturated
monolayer, corresponding to blueshifts (with respect to the

Downloaded 03 Nov 2010 to 134.147.252.238. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/about/rights_and_permissions



144703-9 CO adsorption on rutile TiO,(110)

theoretical gas phase value) of 50 and 32 cm™!, respectively.
This is in full agreement with the present HREELS result
and the results of a previous IR study8 where frequencies of
2190 cm™' (blueshift of 47 cm™') at low coverage and
2183 cm™! (blueshift of 40 cm™') at higher coverage were
observed. The frequency shifts are also very similar to those
reported for various TiO, powders.m_23

At this point we can conclude that the agreement be-
tween the theoretical calculations for CO at low coverages
and at high coverages with the experimental TDS is very
satisfying. We now turn to the question of the lateral struc-
ture of the adsorbed CO adlayer. In the case of metal sur-
faces, the presence of strongly repulsive interactions between
adsorbates typically leads to the formation of higher order
superstructures at low coverages.3 On the MgO(001) cleav-
age face, depending on CO coverage, two different structures
have been found.*® The unit cell of the more dense
¢(4 X 2) phase, for example, contains alternately, upright and
tilted CO molecules. On this rather weakly corrugated oxide
surface extensive long-range ordering has been observed by
HAS.

In the case of CO/TiO,(110), despite substantial efforts,
no superstructure diffraction peaks could be observed in the
HAS data along the two high-symmetry directions, [001] and

[110]. In the case of the rather anisotropic rutile TiO,(110)
surface, one would expect that such less densely packed
structures occur first along the [001]-azimuth, where the
distance between adjacent CO adsorption sites amounts to
2.96 A, in contrast to 6.49 A along the other high-symmetry

direction [110]. In none of our angular distributions we
were, however, able to observe additional higher order dif-
fraction peaks which would indicate the presence of such
lower coverage phases. We propose that the absence of such
low density ordered structures results from the fairly large
activation energy for diffusion of CO adsorbed on this metal
oxide surface. A large barrier for diffusion would yield to a
random pattern of adsorbed CO molecules (note that the
sticking coefficient for CO on metal oxides is fairly
high28’75’76), yielding a lattice gas which gives rise to
(1X 1) diffraction peaks only. In order to test this hypothesis,
we have carried out periodic DFT calculations for the acti-
vation barrier of diffusion for single CO molecules between
neighboring lattice sites. On the DFT/PBE level we found no
bound transition state. In particular, the CO/TiO, interaction
was purely repulsive when a upright-oriented CO molecule
was shifted from its fivefold coordinated Ti adsorption site to
a bridging position between neighboring Ti surface atoms.
Since van der Waals interactions are not captured in the
DFT/PBE calculations, there is still the possibility of a
weakly bound van der Waals transition state. However, based
on the comparison of the results of our DFT/PBE, MP2, and
SCS-MP2 calculations for the CO binding energy, we can
conclude that the van der Waals interaction of CO with TiO,
for distances around the CO/TiO, bond length is less than
100 meV. Thus, we can estimate that the barrier for diffusion
of CO will be at least 0.26 eV and could be as much as the
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full desorption energy of 0.36 eV. Such fairly large values
could well explain the absence of higher order commensu-
rate CO overlayers at lower coverages.

We now turn to the question of the structure within the
saturated CO layer on the TiO, surface. According to the
results of the DFT calculations, this CO adlayer should show
a (2X 1) structure as indicated in Fig. 7. In this structure all
CO molecules are adsorbed on all coordinatively unsaturated
Ti ions in the top surface plane. In order to reduce the repul-
sion between the adjacent CO molecules, the CO axis is
slightly tilted in alternating directions. Such an arrangement
is, in fact, similar to the situation which is frequently found
for CO bound on the (110) surfaces of fcc transition metals,
e.g., Ni(110),”” but also on ionic crystals like for CO/
NaCl(001) (Ref. 78) or, as mentioned above, as a motive of a
more complicated structure for CO/MgO(001).*™® Further-
more, the same zigzag tilt of the adsorbate molecules in or-
der to reduce the repulsive interaction between molecules on
neighboring lattice sites has been proposed by a detailed
quantum-chemical study for the adsorption of N, on
TiO,(110).7*%°

Such a (2X 1) structure should in principle give rise to
additional diffraction peaks along the [001] direction. The
apparent inconsistency with the experimental data from He-
atom diffraction where no such superstructure peak is ob-
served is resolved by considering that the particular (2X 1)
structure proposed for the CO molecules in Fig. 8 [which is
very similar to that observed for a saturated monolayer of
CO adsorbed on Ni(110)"*"*] contains a glide plane symme-
try, which in turn leads to the extinction of every second
diffraction peak.®®' Note that also a (2X2) structure with
glide planes along both high-symmetry directions would be
consistent with the absence of superstructure peaks, see Fig.
8. Taking into account the presence of glide planes, the He-
atom diffraction scans recorded along this high-symmetry
direction are thus in full accord with the structural model
proposed on the basis of the theoretical calculations.

It is interesting to note that along the other high-

symmetry direction [110], all the diffraction peaks are
strongly broadened (see Fig. 2). This is surprising at first
sight since the diffraction peaks in the other direction remain
as sharp as those of the substrate peaks prior to adsorption of
the CO molecules. This anisotropic broadening has been re-
produced a number of times for different TiO, specimens. A
similar anisotropic broadening has been observed for other
adsorbate adlayers on substrates with twofold symmetry. For
example, in the cases of N, adsorbed on Ni(110), the differ-
ence in the order parameter for the two orthogonal high-
symmetry direction leads to rather elongated diffraction
spots, i.e., the full width at half maximum (FWHM) of the
spots is strongly different for the two different high-
symmetry directions.* In the present case sharp diffraction
peaks (i.e., small FWHM values) are only seen along the
[001] direction, thus demonstrating the presence of a high
degree of lateral order along this crystal axis. The large
FWHM value of the diffraction peaks along the other direc-

tion, [110], reveals the presence of short-range order only,
similar to the case of N, adsorbed on Ni(110). The periodic

Downloaded 03 Nov 2010 to 134.147.252.238. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/about/rights_and_permissions



144703-10  Kunat et al.

DFT/PBE calculations have shown that a shift of the tilted
CO molecules by one substrate lattice constant between
neighboring rows (i.e., introduction of a translational domain
boundary) leads only to a negligible change in energy. As a
result, a high density of such domain boundaries has to be
expected. A schematic model for this scenario is shown in
Fig. 8. The presence of such domain boundaries running per-

pendicular to the [110] will lead to a reduction in lateral
order along this direction but not along [001]. Accordingly,
the diffraction peaks will show an anisotropic shape, with a
small FWHM along [001], where the lateral order is not
affected by the introduction of the domain boundaries, and a

large FWHM along the [110] direction. On the basis of these
considerations we conclude that the anisotropy seen in the
FWHM of the diffraction peaks is fully consistent with the
presence of a (2X1) CO superstructure as predicted by
theory.

VI. CONCLUSIONS

We have presented a detailed and comprehensive analy-
sis of the adsorption of CO on the ideal terraces of the rutile
TiO,(110) surface using a number of different experimental
methods, He atom scattering, HREELS, and TDS, as well as
two different theoretical approaches. It is found that at tem-
peratures below 70 K, exposure to CO leads to the adsorp-
tion of a full CO monolayer and the formation of an ordered
(2X 1) superstructure with a glide symmetry plane similar to
the geometry of densely packed CO adlayers on Ni(110).”*"
The CO molecules are tilted out of their perpendicular ori-
entation and form zigzag lines along the [001] direction in
order to reduce their repulsive interactions. The lateral repul-
sion between adjacent CO molecules along the [001] direc-
tions leads to the desorption of half of the CO molecules
above 70 K and the formation of a disordered adsorbate layer
due to a limited surface diffusion. First-principles calcula-
tions and a detailed analysis of the conventional TDS data
considering the CO-CO repulsion yield binding energies
of 0.36 eV for single CO molecules and 0.20 eV at full
monolayer coverage, corresponding to a repulsion energy of
0.16 eV. No indications for a significant CO-CO repulsion
beyond the nearest-neighbor distance are found. CO mol-
ecules desorbing in a high temperature TDS tail between 150
and 170 K with a binding energy of 0.43/0.44 eV reported in
previous work?® are, on the basis of the present TDS data
recorded for defective TiO, surfaces, assigned to CO mol-
ecules bound to defects such as step edges and vacancies.
The HREEL spectra show a CO stretching mode at 273 meV
(2200 cm™), strongly indicating that CO is bound via the
carbon atom to the fivefold coordinated Ti sites. The results
of our theoretical calculations for the binding energy, the
repulsion between adjacent CO molecules, and the CO
stretch frequency are in excellent agreement with the experi-
mental findings.
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