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First-principles study of the adsorption of CO on TiO2„110…
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The adsorption of CO on TiO2~110! is investigated using the full-potential linearized-augmented-plane-wave
method. The equilibrium structures of the clean and adsorbed TiO2~110! surfaces are optimized through
total-energy and atomic force calculations. Two geometries of CO absorption, namely, OC-Ti and CO-Ti, were
considered. It is found that the former orientation is preferred. The calculated adsorption energy and redshift of
the CO stretch frequency based on the local-density approximation are 0.79 eV/molecule and 23 cm21,
respectively. The gradient corrections reduce the CO-TiO2 binding energy to 0.25 eV/molecule. CO interacts
with the TiO2~110! substrate mainly via its 5s state. Significant charge redistribution is involved in the
CO/TiO2~110! interaction, which changes the Coulomb potential and subsequently causes large shifts in the
core and valence states of the CO adsorbate.
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I. INTRODUCTION

Rutile TiO2~110!, the most thermodynamically stab
TiO2 surface, has been the focus of many experimental
theoretical studies because of the technological importa
of titania in photocatalysts, chemical sensors, and heter
neous catalysts.1,2 The Au/TiO2 system, for example, wa
shown to exhibit properties suitable for application in chem
cal gas sensors and catalysts for room temperature
oxidation.3–5 The authors of Refs. 6–9 found that CO oxid
tion on Au/TiO2~110! is structure sensitive, and propose
that the unusual activity of the Au is likely due to quantu
size effects in the highly dispersed Au clusters.

The nature of the bonding of CO to TiO2~110! surfaces is
a key to understanding CO oxidation reactions on titania
related catalysts@e.g., Au/TiO2~110!#. Potential-energy sur
faces and binding energies are essential to elucidate the
ture of the catalytic active site as well as catalytic reactiv
and selectivity. Experiments have shown that CO bin
weakly to TiO2. Infrared-absorption-spectroscopy studie10

found two states of CO on TiO2 with stretch frequencies a
2115 and 2185 cm21, which correspond to a 28-cm21 red-
shift and a 42-cm21 blueshift, respectively, compared to th
for the gas-phase CO~2143 cm21!.11 Earlier measurement
for CO adsorption on polycrystalline rutile gave two bands
2186 and 2206 cm21, corresponding to blueshifts of abou
40–60 cm21.12–14 The adsorption energy (Ead) of CO/TiO2
was also measured by several groups with quite differ
values, ranging from;0.4 eV ~Ref. 15! in a more recent
studies using thermal desorption spectroscopy, to 0.47–
eV ~Ref. 16! and 0.8 eV in other studies.17

Theoretical calculations found that CO adsorbs perp
dicularly on the fivefold Ti sites of TiO2~110!, with the C
end heading down. The optimized interatomic distancedC/Ti
are in a narrow range 2.33–2.5 Å. The calculated CO ads
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tion energies (Ead) on TiO2~110!, however, scatter widely
and strongly depend on the computational details. Usin
cluster model and a molecular orbital method, Kobaya
and Yamaguchi18 obtained 0.73 eV forEad. Using a two-
dimensional TiO2 chains to model the TiO2 surfaces and the
periodic Hartree-Fock crystalline orbital method, Fahmi a
Minot19 gave a range forEad, 0.5–0.9 eV, depending th
model and the basis set. Using a cluster model embedde
electrostatic multiples obtained from slab calculations, Re
hardt et al.20 found that, depending on the choice
exchange-correlation functions, the calculated binding en
gies vary from 0.26 to 0.52 eV. The authors of Ref.
through both cluster and slab model calculations, reporte
binding energy of 0.7–0.8 eV for CO/TiO2~110! at low cov-
erage. Their results of CO stretch frequency shifts, 130–
cm21, are too high compared to the experimental data.10,12–14

Most of these theoretical studies18,19,21were carried on the
unrelaxed TiO2~110! surface. It is known22–24that strong sur-
face relaxation and reconstruction occur at the TiO2~110!
surface, and these structural alternations are expected t
fect the binding of TiO2~110! to an adsorbate.20 Furthermore,
these calculations might be affected by various approxim
tions such as cluster size, basis set superposition error,20 etc.
Studies using more accurate methods and models are cl
needed to provide a more reliable picture of CO bonding
titania.

In this study, the highly precise full-potential linearize
augmented-plane-wave~FLAPW! method25 is used to study
the adsorption of CO on the TiO2~110! surface. The norma
adsorption modes with either the C~denoted as OC-Ti! or O
~denoted as CO-Ti! atom heading toward the fivefold surfac
Ti atom are considered. As found in previous calculatio
CO ‘‘prefers’’ the OC-Ti mode. Using the local-density ap
proximation ~LDA !,26 the calculated adsorption energy an
the redshift of the CO stretch frequency are 0.79 e
©2001 The American Physical Society19-1
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FIG. 1. The schematic geometry of the bul
terminated TiO2(110)-(131) ~only the upper
half of the three-layer slab is drawn!. Small solid
circles represent Ti, and large open circles are
O. The CO is placed on the atop site above Ti~2!,
with its C end toward the substrate.
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molecule and 23 cm21, respectively. The equilibrium bon
lengths aredC-Ti52.37 Å anddC-O51.129 Å. In contrast, the
generalized gradient approximation~GGA!27 reduces the CO
adsorption energy to 0.25 eV.

II. MODEL AND COMPUTATIONAL METHOD

The film version of the FLAPW method25 uses a single
slab model to simulate surfaces, and has no shape app
mation for charge, potential, and wave functions in t
muffin-tin, interstitial, and vacuum regions. The formalism
of Hedin and Lundqvist~LDA !26 and of Ref. 27~GGA! 27

were used to describe the exchange-correlation potential
energy.

In the muffin-tin region, spherical harmonics with a max
mum angular momentum of 8 are used to expand the cha
potential, and wave functions. In the interstitial region, pla
waves with energy cutoffs of 324 Ry~for the charge and
potential! and 30 Ry~for the variational bases, correspondin
to a plane wave basis set of 6900 APW’s/cell! were em-
ployed. Ti-3p3d4s, C-2s2p, and C-2s2p states were treate
as valence states. For such a large basis set, we use
parallelized version of our FLAPW code with 32 or 64 Cra
T3E processors.

The equilibrium structures were determined using to
energy and atomic force approaches,28 with a criterion that
requires the force on each atom to be less than 231023

Hartree/a.u. 16 k points in the irreducible part of the tw
dimensional Brillouin zone were used for the integrals in
reciprocal space. Self-consistency is assumed when the
mean-square distances between the input and output ch
densities become less than 1.031026 electrons/a.u.3

III. RESULTS AND DISCUSSIONS

Our recent studies24 for bulk TiO2 showed that the lattice
constants calculated with the LDA~a54.594 Å, c
52.952 Å! agree with the experimental values.29 In addition,
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the LDA bulk modulus (B5228 GPa! is also very close to
the observed value~239 GPa!.30 By contrast, the GGA was
found to overestimate the lattice constant of bulk TiO2 by
2%. The LDA thus appears to be more suitable for simu
tions of the TiO2~110! surface, especially for structural opt
mization.

The TiO2~110! substrate used here is modeled by a thr
layer slab shown in Fig. 1~only the upper half of the slab is
shown!. The atoms in the model are fully relaxed accordi
to their atomic forces. Ramamoorthy and co-worker23

showed that this thickness is sufficient to obtain accur
results of structural relaxation and surface energy. As
ported previously,22–24 the calculated atomic displacemen
from their ideal positions occur mainly along the surfa
normal with the fivefold Ti@denoted as Ti~2!# and the sixfold
Ti @denoted as Ti~1!# moving inward and outward by 0.15
and 0.13 Å, respectively. The bridging oxygen@denoted as
O~1!# and the in-plane oxygen@denoted as O~2!# move in-
ward and outward by;0.06 and 0.13 Å, respectively. Th
O~2! and O~5! atoms also relax laterally by 0.06 and 0.05
respectively, along the@ 1̄10# direction as indicated in Fig. 1
The relaxed TiO2~110! surface is puckered, a result th
agrees well with earlier theoretical results for a five-lay
slab23 as well as with x-ray diffraction data.22

Properties of a free CO molecule are simulated by usin
two-dimensional square lattice of CO with a varying latti
constant. Test calculations showed that the CO-CO inte
tion is negligible when the lattice constant becomes lar
than 4.0 Å; a square lattice witha55.3 Å is used for final
results. The calculated total energies and atomic forces
different CO bond lengths with the LDA indicate that C
has an equilibrium bond length of 1.126 Å and a bindi
energy of 12.5 eV. The stretch frequency of CO is 21
cm21. By contrast, the GGA yields a larger C-O bond leng
~1.133 Å!, a smaller binding energy of 11.9 eV, and
smaller vibration frequency~2106 cm21!. Comparing with
the experimental data for free CO@stretch frequency: 2143
9-2
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cm21 ~Ref. 11! and 2148 cm21 ~Ref. 20!; binding energy:
11.24 eV~Ref. 31!#. The LDA appears to give a better fre
quency but a worse binding energy and bond length than
GGA for a free CO.

For the adsorption of CO on a TiO2~110! surface, a
pseudomorphic CO monolayer is placed on each side of
relaxed TiO2~110! surface above the Ti~2! atom. To calculate
the adsorption energy, the substrate geometry and the
bond length~1.132 Å! were fixed first. The adsorption ene
gies of the CO/TiO2~110! system @defined as Ead
5 1

2 (E2CO-TiO2
2ETiO2

2E2CO), with E2CO-TiO2
, ETiO2

and

E2CO representing the total energies of the adsorbed sys
for the clean TiO2~110! surface and two pseudomorphic C
monolayers# are shown in Fig. 2 as a function of the CO-
distances~dC-Ti for the OC-Ti mode anddC-Ti for the CO-Ti
mode!. It is clearly shown that CO prefers the OC-Ti geom
etry, with an adsorption energy~LDA ! of 0.64 eV per CO
molecule and a bond length ofdC-Ti52.37 Å. For the CO-Ti
mode, the adsorption energy curve minimizes at a lar
bond lengthdC-Ti52.45 Å, with a much smaller adsorptio
energy~0.29 eV per CO molecule!. The large energy differ-
ence between the two geometries~0.35 eV per CO molecule!
indicates the stability of the OC-Ti case. Using the GGA,
adsorption energy curve shown in Fig. 2 yields a larg
C-Ti bond length ~2.54 Å!, but a much smaller
Ead(0.18 eV/molecule!. If a free CO molecule is used as th
reference, the adsorption energies for the OC-Ti mode
enhanced to 0.79 eV~LDA ! and 0.25 eV~GGA!, respec-
tively.

Our results forEad suggest that the GGA and LDA set

FIG. 2. The adsorption energies of CO/TiO2~110! vs the CO-
Ti~2! distance~dC-Ti for the OC-Ti mode ordC–Ti for the CO-Ti
mode! with a fixed CO bond length (dC-O52.14 a.u.)
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correct range for the experimental data available~0.4–0.8
eV!. A final conclusion about whether the LDA or the GG
is more appropriate for this system awaits more experime
results, with a minimum influence of surface defects to co
pare with. Nevertheless, as demonstrated in our prev
studies, gradient corrections do not change charge-den
profiles and the density of states appreciably. We focus
the LDA results for discussions of other properties below

The CO bond length (dC-O) is then allowed to relax with
dC-Ti fixed at 2.37 Å. The dependence of the total energy
dC-O is shown in Fig. 3. The optimized CO bond length
1.129 Å, only 0.003 Å larger than that for free CO~1.126 Å!.
The total-energy change due to the CO relaxation is o
0.001 eV, justifying the two-step treatment of the C-Ti a
C-O relaxations. With a CO adsorbate, the forces on
substrate atoms remain small, and thus the adsorbate-ind
surface relaxation and reconstruction on TiO2~110! is negli-
gible. This is consistent with the weak CO-surface bond
CO/TiO2~110!.

Using a model of two springs with elastic constants c
culated from the LDA total-energy curves, the CO interm
lecular and intramolecular stretch frequencies are 170
2120 cm21, respectively. The calculated CO stretch fr
quency corresponds to a redshift of 23 cm21 compared to
that for a free CO molecule~2143 cm21!.11 Both values
agree with the experimentally determined values~2115 and
28 cm21! for one of the CO adsorption states.10 The other
higher stretch frequencies observed by experiments@2185
cm21 ~Ref. 16! or 2206 cm21 ~Refs. 12–14!# are believed to
correspond to CO adsorbed on other sites, or caused du
some other reason such as surface defects.

FIG. 3. The adsorption energies~LDA ! of CO/TiO2~110! vs the
CO bond length (dC-O), with a fixed C-Ti~2! distance (dC-Ti

54.47 a.u.)
9-3
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The local density of states~LDOS! for the adsorbed sys
tem and the reference systems@i.e., the pseudomorphic fre
CO monolayer and the clean TiO2~110!# are shown in Fig. 4
@reference systems are dashed; CO/TiO2~110! are solid#. For
the free CO ML, the 4s, 1p, and 5s peaks in the DOS
curves are well separated. The computed~4s-1p! separation
and ~1p-5s! separation are about 2.0 and 3.0 eV, resp
tively, in good agreement with the experiment values~2.7
and 2.9 eV, respectively!.21 When CO is adsorbed o
TiO2~110!, the 4s, 1p, and 2p* states undergo a large en
ergy shift ~stabilized by;2 eV!, while the ~4s-1p! separa-
tion remains unchanged. The CO 5s peak undergoes an eve
larger energy shift, which is significantly broadened and lo
ered and merged with the 1p peak. This phenomenon wa
also demonstrated in Ref. 21. Clearly, CO interacts with
substrate mainly via its 5s state, leading to stabilization du
to charge transfer@cf. panel~d! in Fig. 5 and panel~b! in Fig.
6#. On the other hand, only very slight changes are indu
in the LDOS curves of the substrate atoms in the occup
region, showing the weakness of the CO/TiO2~110! interac-
tion.

To further investigate the bonding mechanism for the
sorption of CO on TiO2~110!, the charge densities are pr
sented in Fig. 5 for the free CO monolayer@in panel~a!#, the
clean TiO2~110! surface@in panel~b!# and the CO/TiO2~110!

FIG. 4. The local density of states~LDOS! for CO/TiO2~110!
~solid lines!, and that for the reference systems@a free pseudomor-
phic CO monolayer and a clean TiO2~110! surface# ~dotted lines!.
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system @in panel ~c!#. As expected, contours for th
TiO2~110! clean surface show strong corrugation in t
vacuum region with a minimum on top of the Ti~2! atom
because of the inward relaxation of the Ti~2! atoms and the
ionic bonding of TiO2 ~electron transfer from Ti to O!. The
charge density in the region between CO adsorbate
smaller than 831023 e/a.u.3, which indicates the weaknes
of the interaction among CO adsorbates. In Fig. 5~d! the
difference in charge density obtained by subtracting the
perposition of charge densities in panels~a! and ~b! from
those in panel~c! is plotted. Noticeable electron accumul
tion in the region between the carbon and Ti~2! sites suggests
hybridization of the CO-5s and the Ti~2!-d states. This is
very similar to that found for the CO/MgO~001! system,32,33

but quite dissimilar to that seen for the CO/Au systems.34 CO
appears to interact with oxides primarily via the 5s state,
whereas virtually all the CO states~including the 2p* state!
are involved in the bonding of CO with Au, even though t
values ofEad are very similar for these two adsorption sy
tems.

The planar average charge density~PACD! from the cen-
ter layer to the vacuum along the surface normal is show
Fig. 6~a!. The PACD difference@obtained by subtracting the
superposition of the PACD’s of CO monolayer an
TiO2~110! from that of CO/TiO2~110!# due to the adsorption
of CO is shown in Fig. 6~b!. The features in panel~a! indi-
cate positions of different atomic layers along the@110# di-
rection. As denoted in panel~a!, the pronounced peaks co
respond to charge densities of the mixed layers of Ti and
while the minor peaks correspond to charge densities

FIG. 5. The calculated valence charge densities for~a! the CO
monolayer,~b! the TiO2~110! clean surface,~c! the CO/TiO2~110!
system, and~d! the charge-density difference obtained by subtra
ing the superposition of the charge densities of the CO monola
and TiO2~110! from that of CO/TiO2~110!. Contours shown in the

vertical (1̄10) plane start from 531024 e/a.u.3 in panels~a!–~c!
and from6531024 e/a.u.3 in panel~d!, and increase successive
by a factor of 100.1. Dashed lines in panel~d! indicate negative
differences.
9-4
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O-only layers in the substrate and to C and O layers in
CO molecule. The PACD change shown in panel~b! indi-
cates that electron depletion from both the CO molecule
the surface Ti~2! sites occurs with accumulation in the regio
between them. Correspondingly, as shown in panel~c!, the
Coulomb potential increases in the interfacial area betw
CO and TiO2~110!, and decreases both in the substrate a
in the CO layer. This results in energy shifts of the CO co
and valence states. The CO valence states are stabilize

FIG. 6. ~a! The planar average charge density~PACD! along the
surface normal for the CO/TiO2~110! system.~b! The PACD differ-
ence between the adsorbed system and the reference system~c!
The planar average Coulomb potential~PACP! difference.
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;2 eV. The calculated binding energies of the core state
CO~C-1s1/2,O-1s1/2) in CO/TiO2~110! are stabilized by 2.40
and 2.24 eV, respectively, compared to the correspond
values for a free, pseudomorphic CO monolayer. Th
binding-energy shifts are very close to those for the vale
states of CO, consistent with a common origin for ea
namely, charge polarization in the interfacial region. For
substrate atoms, the core-level binding energies
Ti~2!-2p3/2 and O~1!-1s1/2 are also stabilized slightly by 0.17
and 0.07 eV, respectively, compared to those found for
clean TiO2~110! surface.

IV. SUMMARY

The bonding mechanism and binding energy of CO
TiO2~110! were investigated using the FLAPW method. Ca
culationed show that the OC-Ti adsorption mode is p
ferred. With the LDA, the calculated adsorption energy a
the redshift of the CO stretch frequency are 0.79-e
molecule and 28 cm21, respectively, showing that CO bind
weakly to the TiO2~110! surface, in agreement with exper
ment. Gradient corrections~GGA! reduce the CO-TiO2 bind-
ing energy to 0.25 eV molecule. Our results forEad suggest
that the GGA and LDA set a correct range for the expe
mental data available~0.4–0.8 eV!. A final conclusion about
whether the LDA or GGA is more appropriate for this sy
tem awaits more experimental results with minimal influen
from surface defects to compare with. CO interacts with
TiO2~110! substrate mainly via its 5s state. A significant
charge redistribution is involved in the bonding of CO
TiO2~110!, which results in large energy shifts for the C
core and valence states~4s, 1p, and 2p* !.
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