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Abstract: Au catalysis has been one of the hottest topics in chemistry in the last 10 years or so. How O,
is supplied and what role water plays in CO oxidation are the two challenging issues in the field at the
moment. In this study, using density functional theory we show that these two issues are in fact related to
each other. The following observations are revealed: (i) water that can dissociate readily into OH groups
can facilitate O, adsorption on TiOg; (ii) the effect of OH group on the O, adsorption is surprisingly long-
ranged; and (iii) O, can also diffuse along the channel of Ti (5c) atoms on TiO,(110), and this may well be
the rate-limiting step for the CO oxidation. We provide direct evidence that O is supplied by O, adsorption
on TiO; in the presence of OH and can diffuse to the interface of Au/TiO; to participate in CO oxidation.
Furthermore, the physical origin of the water effects on Au catalysis has been identified by electronic structure
analyses: There is a charge transfer from TiO; in the presence of OH to O, and the O, adsorption energy
depends linearly on the O, charge. These results are of importance to understand water effects in general
in heterogeneous catalysis.

1. Introduction oxidation, but a combination of the two, Au/oxides, will produce

Since the pioneering work of Haruta, Au clusters supported an excellent catalyst=2! There have been extensive studies
by oxides (Au/oxides) have perhaps become the most interestingon Au/TiO; both experimentally and theoretically due to their
systems in heterogeneous catalysis because of their uniquémportant application in industries, and scientific interests and
catalytic properties at low temperatures for many reactions. In @lso their simplicities as models for theoretical investigations.
particular, they are excellent catalysts for removing CO, i.e., The CO oxidation mechanism has been long concerned, and
CO oxidation, which is important to industriési! Therefore,  the general consensuses in this field are the followirig?* 30
to obtain insight into CO oxidation on Au/oxides is of great (i) CO can adsorb on dispersed gold clusters; (ii) Molecular
importance. In addition, water molecules inevitably exist in any ©xygen can directly participate in reactions; and (iii) The
real catalytic system, and have been found that to have areaction occurs at the interface between Au and, Ti®@wever,
significant effect on the chemistry of many systems. Thus, to (12) Hammer, B.: Narskov, J. Kiature 1995 376 238.
gain the physical origin of water effect on CO oxidation on (13) Over H.; Kim Y. D.; Seitsonen, A. P.; Wendt, S.; Lundgren, E.; Schmid,
Auloxides is not only essential to obtain a comprehensive (14 |’y a[?axpzm?r%anje Vean%rt'LGssg'c‘fgﬁ(%)ggf%glégf

understanding of the reaction, but also fundamental in hetero- (15) Fu, Q.; Saltsburg, H.; Flytzani-Stephanopoulos Seience2003 301, 935.
(16) Yoon, B.; H&kinen, H.; Landman, U.; Wa, A. S.; Antonietti, J.-M.;
geneous catalysis in general. Abbet, S.: Judai, K. Heiz, UScience2005 307, 403.

Scientifically, Au/oxides are very interesting: neither inert (17) 9682 ?-Z:aMflrgg, F. Renouprez, A. J.; Rousset, J.1.Am. Chem. Soc.
gold nor oxides, individually, are good catalysts for CO (18) Shaikhutdinov, S. K.; Meyer, R.; Naschitzki, M.; Baumer, M.; Freund, H.-
+ . . J. Catal. Lett 2003 86, 211.
Chinese Academy of Sciences. (19) Kielbassa, S.; Kinne, M.; Behm, R.lJangmuir2004 20, 6644.
* The Queen’s University of Belfast. (20) Kielbassa, S.; Kinne, M.; Behm, R.Jl.Phys. Chem. B004 108 19184.
(1) Haruta, M.Catal. Today1997, 36, 153. (21) Stampfl, C.; Scheffler, MPhys. Re. Lett. 1997 78, 1500.
(2) Meyer, R.; Lemire, C.; Shaikhutdinov, Sh. K.; Freund, HGald Bull. (22) Dekkers, M. A. P.; Lippits, M. J.; Nieuwenhuys, B. Eatal. Lett.1998
2004 37, 72. 56, 195.
(3) Bond, G. C.; Thompson, D. Tatal. Re. Sci. Eng.1999 41, 319. (23) Tripathi, A. K.; Kamble, V. S. Gupta, N. Ml. Catal. 1999 187, 332.
(4) Valden, M.; Lai, X.; Goodman D. WSciencel998 281, 1647. (24) Liu, H.; Kozlov, A. I.; Shido, T.; lwasawa, YPhys. Chem. Chem. Phys.
(5) Chen, M. S.; Goodman, D. Wscience2004 306, 252. 1999 1, 2851.
(6) Choudhary, T. V.; Goodman, D. WAppl. Catal.: A2005 291, 32. (25) Liu, Z.-P.; Hu, P.; Alavi, AJ. Am. Chem. So2002 124, 14770.
(7) Olson, R. M.; Varganov, S.; Gordon, M. S.; Metiu, H.; Chretien, S.; Piecuch, (26) Lopez, N.; Narskov, J. KI. Am. Chem. So@002 124, 11262.
P.; Kowalski, K.; Kucharski, S. A.; Musial, M. Am. Chem. SoQ005 (27) Lopez, N.; Jassens, T. V. W.; Clausen, B. S.; Xu, Y.; Mavrikakis, M.;
127, 1049. Bligaard, T.; Ngrskov, J. KJ. Catal.2004 223 232.
(8) Vijay, A.; Mills, G.; Metiu, H. J. Chem. Phys2003 118 6536. (28) Mavrikakis, M.; Stoltze, P.; Ngrskov, J. ICatt. Lett.200Q 64, 101.
(9) Varganov, S. A,; Olson, R. M.; Gordon, M. S.; Metiu, 3#.Chem. Phys. (29) Wu, X. Y.; Selloni, A.; Lazzeri, M.; Nayak, S.Khys. Re. B 2003 68,
2003 119 2531. 241402.
(10) Hutchings, G. JCatal. Today2005 100, 55. (30) Stehl, J. D.; Kim, T. S.; McClure, S. M.; Mullins, C. B. Am. Chem. Soc.
(11) Wu, X. Y.; Selloni, A.; Nayak, S. KJ. Chem. Phys2003 120, 4521. 2004 126, 13574.
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there is evidence that Qcannot adsorb on the perfect RO
surface and the possibility of adsorption on the gold cluster
should not be high either because of the very low adsorption
energy?>3! Therefore, the @ adsorption and supply is still
unclear.

reaction center, while the irreducible oxide supports do not have
the ability to supply @. These important experimental results
indicate that @ adsorption and supply play an important role
in CO oxidation.

Using scanning tunneling microscopy (STM), Besenbacher

Recently, there have been several studies, which showed som@nd co-workers showed thab@an adsorb and diffuse on TiO

evidence that @can adsorb at the interface of Au/Tji@10).
From DFT calculations on a two-layer gold strip on the FiO
(110) surface, Liu et &'32found that Q can adsorb at the
Au/TiO,(110) interface with an adsorption energy of 0.8 eV.
Adsorbed Q reacts with CO adsorbed on the gold with a very
low reaction barrier, 0.1 eV. Molina, Rasmussen, and Ham-
mer334 also studied @ adsorption and CO oxidation at the
interface, employing a gold rod on T#110). They found that
O, cannot adsorb on a perfect TiQ10) surface without gold
cluster. But Q adsorption is reasonably strong on the Au/7iO
interface. They also found that the reaction barrier for CO
oxidation is very low (0.15 eV). More recently, using a gold
cluster of 10 atoms supported on B{®10), Remediakis, Lopez,
and Narsko%-3¢ also reported that Ocan adsorb at the Au/
TiO; interface and the CO oxidation reaction can proceed with
a low barrier (about 0.4 eV).

However, the total area of the Au/T¥10) interface in a
typical system is very limited, and thus the probability of direct
O, adsorption at the Au/Tig§110) interface is expected to be
low, considering the fact that adsorption events are random.
Although the barrier of CO oxidation at the Au/Ti@nterface
is very low, the reaction rate will also be low if;@dsorption
is poor. In UHV, some experiments show that very high O
exposures or exposures to atomic O can avoid the low sticking
probability for (.3037-42 But CO oxidation usually happens
without high Q exposures or atomic O. Recently, Libuda, and
Freund344 emphasized the important role of a capture zone.

(110)4748They suggested that oxygen vacancies can facilitate
O, adsorption on TiQ and hence to enhance the rate of
oxidation reactiorf? On the other hand, some studies have
shown that oxygen vacancies can be healed under oxidation
conditions®%>1 Furthermore, Rasmussen, Molina and Hammer
reported that @ can strongly bind at vacancies, and once
adsorbed diffusion away from the vacancy is hindered by large
barriers?? If vacancies are healed,,@ould not adsorb on the
TiO, surface®® Therefore, one of the greatest puzzles in the
field is: Where does ©come from for the reaction at the Au/
TiO2(110) interface? Considering that the CO oxidation pos-
sesses a very low barrier, the, GQupply may well be the
bottleneck for the whole process.

Regarding water effects on CO oxidation, moisture certainly
exists in any real system. There have been extensive experi-
mental studies, which showed that water plays an important role
in CO oxidation?354 For example, Haruta and co-worke&rss
systematically studied the effect of moisture on CO oxidation
on different oxide supports; they suggested that the water effect
on the different oxide supports depended on the nature of
support. Although water is very important for CO oxidation,
theoretical studies on the water effect are rare.

There is a great desire to clarify the basic role of water in
Au/TiO, systems at the atomic scale. In this paper, we present
the first density functional theory (DFT) study on the water
effect on both adsorption and diffusion of, @n TiO(110),
which we believe is the key step in CO oxidation in these

This is an area in the support at which reactants can adsorb. [tSystems. We aim to address the following questions: (i) Where

was suggested that@dsorbs at the capture zone and it is then

is the Q reservoir for CO oxidation on Au/Tig0110)? (ii) Does

supplied to the reaction center. Thus, turnover frequencies (TOF)Wwater facilitate Q adsorption on the surface? (iii) If the answer

may depend on £adsorption at the capture zone angsQpply
to the reaction center. Experimentally, it was found that gold

is yes, how can we understand the water effect? (iv) Can O
diffuse to the active interfacial region?

clusters Supported on reducible oxides are more active than This work is Organized as follows. Calculation details will

irreducible oxides:345Behm and co-worké?P-*6suggested that
the main difference among the supports may lie in their ability
to supply Q during the CO oxidation: ©can adsorb on the
reducible oxide supports from where, @ supplied to the

(31) Liu, Z.-P.; Gong, X. Q.; Kohanoff, J.; Sanchez, C.; HuUPRys. Re. Lett.
2003 91, 266102.

(32) Liu, Z.-P.; Jenkins, S. J.; King, D. &hys. Re. Lett. 2004 93, 156102.

(33) Molina, L. M.; Rasmussen M. D.; Hammer, B.Chem. Phys2004 120,
7673.

(34) Molina, L. M.; Hammer, BAppl. Catal.: A2005 291, 21.

(35) Remediakis, I. N.; Lopez, N.; Narskov, J. Kngew. Chem., Int. EQ005
44, 1824.

(36) Remediakis, I. N.; Lopez, NAppl. Catal.: A2005 291, 13.

(37) Bondzie, V. A.; Parker, S. C.; Campbell, C. X.Vac. Sci. Technol. A
1999 17, 1717.

(38) Bondzie, V. A.; Parker, S. C.; Campbell, C.Catal. Lett 1999 63, 143.

(39) Campbell, C. TScience2001, 294, 1471.

(40) Lee, S.; Fan, C. Y.; Wu, T. P.; Anderson, S.JLAm. Chem. So@004
126, 5682.

(41) Lee, S.; Fan, C. Y.; Wu, T. P.; Anderson, S.Surf. Sci.2005 578 5.

(42) stiehl, J. D.; Kim, T. S.; Reeves, C. T.; Meyer, R. J.; Mullins, CJB.
Phys. Chem. 2004 108 7917.

(43) Libuda, J.; Freund, H.-Burf. Sci. Rep2005 57, 157.

(44) Lemire, C.; Meyer, R.; Shaikhutdinov, S.; Freund, HAdgew. Chem.,
Int. Ed. 2004 43, 118.

(45) Schubert, M. M.; Hackenberg, S.; Veen, A. C.van; Muhler, M.; Plzak, V.;
Behm, R. JJ. Catal.2001, 197, 113.

(46) Schumacher, B.; Denkwitz, Y.; Plzak, V.; Kinneand M.; Behm, R1.J.
Catal. 2004 224, 449.

4018 J. AM. CHEM. SOC. = VOL. 128, NO. 12, 2006

be present in the next section. At the beginning of section 3,
we first check the possibility of ©adsorption on the perfect
TiO2(110) surface and the surface with vacancies. Then, we
discuss Qadsorption on TiQ(110) in the presence of OH. Both
long range effect and coverage effect of OH will be fully
explored. The physical origin of £adsorption on TiQ(110)

in the presence of OH will also be analyzed. In the last part of

(47) Schaub, R.; Wahlstno, E.; Regnnau, A.; Leegsgaard, E.; Stensgaard, |.;
Besenbacher, FScience2003 299, 377.

(48) Waholstia, E.; Vestergaard, E. K.; Schaub, R.; Vestergaard, M.; Laegs-
gaard, E.; Stensgaard, |.; BesenbacheiSdtence2004 303 511.

(49) When we were revising our paper, a new paper was published, Wendt, S.;
Schaub, R.; Matthiesen, J.; Vestergaard, E. K.; WaholsiEg Rasmussen,
M. D.; Thostrup, P.; Molina, L. M.; Leegsgaard, E.; Stensgaard, |.; Hammer,
B.; Besenbacher, Burf. Sci2005 598 226, in which Wendt et al. reported
that the reduced Tig110) surface can be readily hydroxylated by water
dissociation at oxygen vacancies.

(50) Henderson, M. A.; Epling, W. S.; Perkins, C. L.; Peden, C. H. F.; Diebold,

U. J. Phys. Chem. B999 103 5328.

(51) Diebold, U.Surf. Sci. Rep2003 48, 53.

(52) Rasmussen, M. D.; Molina, L. M.; Hammer, B.Chem. Phys2004 120,

988.

(53) Kung, H. H.; Kung, M. C.; Costello, C. Kl. Catal.2003 216, 425.

(54) Sanchez-Castillo, M. A.; Couto, C.; Kim, W. B.; Dumesic, J.Afgew.

Chem., Int. Ed2004 43, 1140.

(55) Date M.; Okumura, M.; Tsubota, S.; Haruta, Mngew. Chem., Int. Ed.

2004 43, 2129.

(56) Dafe M.; Haruta, M.J. Catal.2001, 201, 221.
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section 3, the general rule for the water effect on the different

oxide (reducible and irreducible) supports will be discussed.
Finally, conclusions are summarized in section 4.

2. Calculations

All of the calculations were performed using the DFT with a
localized basis set, as implemented in the SIESTA &édbe electron
exchange-correlation is described by the GGA-PBE functigh@hin
polarization is included whenever necessary. Troutilartins norm-
conserving scalar relativistic pseudopotentfiwere used. The semi-
core states (3s, 3p) for Ti were treated explicitly. A doublptus

polarization (DZP) basis set was employed. The energy cutoff for the
real space grid used to represent the density was 160 Ry. The

Bridge-site O

localization radii of the basis functions were determined from an energy- Figure 1. Side view of Q adsorption on Ti@110), p(2 x 4), in the

shift of 0.01 eV. Monkhorst Pack meshes of%22 x 1) and (4x 1
x 1) k-point sampling in the surface Brillouin zone were used for p(2
x 4) and p(1x 8) unit cell, respectively. Transition states (TSs) of the

presence of one OH group. The bridge-site O atom, Ti (5¢) atom, OH group
and the adsorbed@re labeled, respectively. The most stable configuration
of O, adsorption on the Ti@in the presence of OH group is also shown.

catalytic reactions were searched by constraining the distance between

the reactants and relaxing all the others degrees of freedom, the so-

O, cannot chemisorb on the perfect B{®10), consistent with

called constrained minimization techniques. The TS was verified when Other experiments and theoretical calculati&h¥ This means

(i) all forces on atoms vanish; and (i) the total energy is a maximum

that the perfect Tig{110) surface cannot be the @apture zone

along the reaction coordinate but a minimum with respect to the rest and supply @ for CO oxidation.

of the degrees of freedoffAs!
The TiOy(110) surface is modeled by a large unit c@l2 x 4),

3.2. O, Adsorption on TiO»(110) with O VacanciesOn a
real TiOy(110) surface, there should always be some bridge-

except they are specified. The oxide slab contains 6 layers (32 units of site oxygen vacancies, and it was suggested that such oxygen
TiO per slab), and there is a more than 15 A vacuum between the yacancies can help adsorptiort”48 To investigate whether

slabs. The bottom two layers are fixed, and all other atoms are fully
relaxed as in our previous studi®$? The convergence with respect

to the number of layers was checked by calculating the diffusion barrier

using 9 layers (48 units of TiOper slab). There are many studies
dealing with the water interaction with Ti@urface$*-6¢ Besenbacher

adsorbed @can be supplied to the interface for CO oxidation,
we first calculated @adsorption on an O vacancy. The results
show that Q can strongly bind on the O vacancy on B{DL0).

The calculated adsorption energy (2.33 eV) is in good agreement

and co-workers found that water can readily dissociate at oxygen With other result (2.3 eV)? However, such adsorbed;@annot

vacancies on Tigto form two OH groups, and that the hydroxyl group
prefers to sit at the bridge-site oxygen vacaffc@n the basis of this

diffuse away from the vacan&.In other words, although the
defected TiQ(110) surface may catch some,Buch a surface

result, we replace one of the bridge-site O atoms with an OH group to still cannot supply adsorbed,@ the interface for CO oxidation.

simulate the effect of water dissociation at the O vacancy. This is
equivalent to placig a H atom on a perfect Tg110) (hereafter referred

as OH groups on Tig)110)). In our previous work, the accuracy of
the calculation method and model was fully checked, especially for
the calculation of reaction barrier in heterogeneous catal§3i$§’ 68

3. Results and Discussion

3.1. O; Adsorption on the Perfect TiO»(110).As discussed
in the Introduction, @adsorption and supply are very important
steps for CO oxidation. Thus, it is necessary to know where O
can adsorb on Tigd110) and how Qis supplied. To investigate
the capture zone for £adsorption and supply, we first checked
whether Q can bind on the perfect TQL10). We tried many
different initial geometries for @adsorption on the Tigsurface.
After geometry optimization, we found that,@esorbs from
the TiG, surface for all the geometries we tried, indicating that

(57) Soler, J. M.; Artacho, E.; Gale, J. D.; GacA.; Junquera, J.; Ordejo
P.; Sachez-Portal, DJ. Phys. Condens. Matte2002 14, 2745.

(58) Perdew, J. P.; Burke, K.; Ernzerhof, Mhys. Re. Lett. 1996 77, 3865.

(59) Troullier, N.; Martins, J. LPhys. Re. B 1991 43, 1993.

(60) Alavi, A.; Hu, P.; Deutsch, T.; Silvestrelli, P. L.; Hutter, Bhys. Re.
Lett. 1998 80, 3650.

(61) Michaelides, A.; Hu, P.; Alavi, AJ. Chem. Phys1999 111, 1343.

(62) Gong, X. Q.; Raval, R.; Hu, RRhys. Re. Lett. 2004 93, 106104.

(63) Lindan P. J. D.; Harrison, N. MPhys. Re. Lett. 1998 80, 762.

(64) Schaub, R.; Thostrup, P.; Lopez, N.; Leegsgaard, E.; Stensgaard, I.; Narskov

J. K.; Besenbacher, Phys. Re. Lett. 2001, 87, 166104.

(65) Harris, L. A.; Quong, A. APhys. Re. Lett. 2004 93, 86105.

(66) Tilocca, A.; Selloni, AJ. Chem. Phys2003 119, 7445.

(67) Michaelides, A.; Liu, Z.-P.; Zhang, C. J.; Alavi, A.; King, D. A.; Hu, P.
Am. Chem. So®003 125, 3704.

(68) Michaelides, A.; Hu, P.; Lee, M.-H.; Alavi, A.; King, D. Ahys. Re.
Lett 2003 90, 246103.

We also calculated ©adsorption in the vicinity of the O
vacancy, and the adsorption energy (1.72 eV) is obviously lower
than that of @ adsorption on the vacancy (2.33 eV). Hence O
is more liable to adsorb on the O vacancy. It is interesting to
find that if an Q binds on the vacancy, further,@dsorption

on the TiQ(110) is not possible. Therefore, the Supply for

CO oxidation would not be possible in the system.

3.3. O, Adsorption on TiO»(110) in the Presence of OH.

In any catalytic systems, some water molecules always exit. It
is widely accepted that water can readily dissociate on, BiO
oxygen vacancies to form OH grouffsThis means that in order

to understand the water effect, one must study OH groups on
Au/TiO,. In the following subsections, we will show our
calculated results of £adsorption and diffusion on Ti110)

in the presence of OH.

3.3.1. @ Adsorption on TiO»(110) in the Presence of Low
Coverage of OH.Experiments show that a trace of water can
greatly improve the catalytic property of Au/Ti(10)5% Under
such conditions, the concentration of OH groups should not be
high. Thus, we first concentrated on the adsorption gfo®
TiO2(110) at low OH coverage (1/8 ML, which is in fact 1/8
ML of H on the perfect TiQ(110) as mentioned above). Many
possible geometries of@dsorption were calculated. The most
stable configuration is that {3its over two Ti (5c) atoms near
the OH group, as shown in Figure 1. The adsorption energy of
this geometry is 0.8 eV and the bond length (1.32 A) of adsorbed
O, is significantly longer than in the gas phase (1.24 A). The
TiO2(110) surface also experiences a considerably large relax-

J. AM. CHEM. SOC. = VOL. 128, NO. 12, 2006 4019
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Table 1. Calculated Adsorption Energies with Different Distances
between O, and OH Using P(1x8) Unit Cell
distances (A) 3.32 4.93 7.48 10.22 :::
adsorption energies (eV) 0.82 0.69 0.65 0.62 /-mE—s
®. 5 €5 O3 €0 |-
ation: the two surface Ti (5c) atoms bound te &e pushed n N “ ! ’ .
up by 0.07 A from the surface due to the formation of new & % % - 20e3
Ti—O bonds. Furthermore, £ran also adsorb over a single | %« z ' .J
surface Ti (5¢c) atom. The surface Ti (5¢) extrudes even more% ﬁ, ﬁf 'I? TP 4
(0.28 A) from the surface. The adsorption energy of this : #o #o %
geometry with an OH group nearby is 0.6 eV, which is only

slightly lower than the most stable one (Figure la, 0.8 eV). _ ) L i )
L Figure 2. Electronic density difference contour plots showing the electronic
These results clearly show that the OH group can facilitate O redistribution on the plane perpendicular to the surface, cutting along Ti
adsorption on TiQ(110), which is important for the Ssupply. (5¢) atoms. The electronic density difference is defined in the text. A long
3.3.2. Long-Range Effect of OH on Q Adsorption. We unit cell, p(1x8), is used in the calculation and only half unit cell is shown
have showed in the last section thai €n adsorb on Ti@ in the figurhe. The fir(s)t Ti (5¢) atom on the left is the nearest to the OH
(110) if there is a OH group nearby. If the,Qupply indeed group on the TIQ10).

originates from the @ adsorption on TiQ(110), then the To understand the origin of OH group effect opaisorption,
following two questlons must be an;wered: (i) Is the OH effect |0 calculated the electronic density differenggH/TiO,) —
on O adsorptlon Ionge-rgnged? (i) Hoyv dqes d)ff.use on p(H) — p(TiO,), where p(H/TIO,), p(H) and p(TiO,) are the
TiO2? The first question is addressed in this section and the y,5| electronic densities of H/TiQisolated H atom, and a clean
second one in section 3_'4' TiO, surface, respectively. Figure 2 shows a plane of electronic
The reason to consider whether the OH effect on O gensity difference cutting perpendicularly to the surface along
adsorption is long-ranged is the following. If the OH effectis  1j 5¢) atoms. It can be seen that the excess electrons as a result
short-ranged (i.e., £xan only adsorb near the OH group) and ¢ requction by H are not localized but spread over all the

the OH coverage is low, Dwould readily desorb to the gas-  grface Ti (5¢) atoms. It is obvious that the excess electrons on
phase once thefaliffuses away from the OH group. Thiswould ¢ Tj (5¢) atoms decrease slowly from the left (the nearest to
result in a very limited @ supply for CO oxidation. On the o Ol group) to the right. The main changes occurs between
other hand, the @diffusion to the reaction site (interface e position of the nearest to the OH group and the next nearest.
regions) on TiQ(110) in the presence of OH may be possible gy, analyses of density of states (DOS), we found that the excess
if the OH effect is long-ranged. electrons occupy the bottom of the original conduction band of

To further examine the effect of the OH group, we investi- ¢jean Tig surface. Our calculations also show that upon O
gated how far the OH group can stabilize thegadsorption on adsorption on the Ti (5c) atoms of Ti110), the excess

Ti (5¢) atoms of TiQ(110). We employed a rather long unit  g|acirons will be transferred from the Ti (5¢) atoms to the O
cell, p(1 x 8), and Q was placed on several sites with different g 15 0, 27 orbitals and resulting in an ionic bonding
distances from the OH group. Table 1 shows calculated porveen the @and the Ti (5¢) atoms. These results are
adsorption energies of Lon all the sites.'lt is intriguing that  .gnsistent with recent experimefifswhich show that the

all the surfacg Ti (5¢) atoms become acpveg dan adsorb on electrons associated with OH groups are delocalized across the
the surface Ti (5¢) atoms even with a distance over 10 A; the 1io, syrface, and @can reversibly abstract such electrons from
adsorption energy of Owith an O,~OH distance of 10.22 A 0 "spajiow trapping states. These results will be further
is on]y 0.2_eV lower than that with apzeOH distance of 3.32 supported by Mulliken population analyses, which will be
A. It is obvious that the change of distance between thar@l discussed later.

the OH does not significantly aﬁe.Ct the adsorption energy of 3.3.4. Coverage Effect of OHIt is obvious that the coverage
Oz. The major change of £adsorption energy occurs actually of OH group is strongly related to the water concentration in

ILOT ttrr:e _d|stance OI t’c’.HSZdAtto 4'95’ f‘ belntg OéZtEV.OAgter the reaction system. Experimentally, it has been found that the
at, the ncrease ot the distance between B@ € water concentration can dramatically affect the reactivity of Au/
has little effect on the adsorption energies. This result clearly TiOK(110)55 It is, therefore, crucial to further investigate whether
demonstrates that the OH group on 3{01L0) possesses a long- and how the coverage of OH group influences&adsorption.

range effect on @adsorption. As we will show in the next o . .

section, the adsorbed,@n the surface in the presence of OH To addrgss this issue, we calculated the adsorption energies

can diffuse along the Ti (5¢) atoms on B@10). of O, gt dlfferen.t coverages @r 1 ML) of OH group. The
3.3.3. Physical Origin of G Adsorption in the Presence re§ult 'S plotted in Flgurg 3. At low coverages (1./8 1/4 ML),

of OH. O, adsorption on the Au/Tigl110) interface has been it is evident ffom the f|gure that the z()ac_isorpnon energy

the topics in several recent studies. Liu e¥dound that TiQ- _changes considerably with the concentration of OH group: It

(110) support enhances electron transfer from gold to the Increases almost by a factor of 2 from the 1/8 ML tp 1/4 ML.

adsorbed @ which results in the ionic bonding between the Intere-stlngly, at thg coverage of 1./8 ML the magnetic moment

of Oz is 1.0ug, and it completely disappears at the coverage of

O, and the metal cation (Ti, Au). Molina, Rasmussen, and .
Hammer®3 suggested that the existence of excess charge at thell4 ML. Above the coverage of 1/4 ML, the adsorption energy

AUITIO5(110) interface is essential for the, @dsorption. The still increases but quite slowly. These results suggest that the

qEJeS“O” iS_Z what is the physical Origin of the mjsorption on (69) Szczepankiewicz, S. H.; John, A. M.; Hoffmann M. R.Phys. Chem.
TiO2(110) in the presence of OH? 2002 106, 7654.
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Figure 3. Calculated @ adsorption energies with respect to the OH
coverages. For comparison, the &lsorption energies on the perfect surface
and in the vicinity of the O vacancy are also showed.
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Figure 4. Calculated adsorption energies with respect to the charge on
O,. The charge is calculated by the difference of Mulliken population
between the adsorbed,@nd the gas-phase one. At OH coverage of 1/8
ML, the data for different sites are shown in Table 1.

0.65

coverage of OH greatly affects the, @dsorption on Ti@
(110): With the increase of the OH coverage, thea@sorption
energy on TiQ(110) is considerably enhanced. It is interesting
to compare @ adsorption on different Tig§110) surfaces at
this stage. As mentioned before, @annot chemisorb on the
perfect TiQ(110), but it can adsorb on T 10) in the vicinity

of an oxygen vacancy with the chemisorption energy of 2.33
eV. However, the @is more likely to diffuse to the oxygen
vacancy to bind on the defect, while OH groups will block
oxygen vacancies but allow@dsorption on Tig(110).

3.3.5. Physical Origin of Long Range and Coverage Effect.

Ts1/% o /N
0.19 0.19
0.46 0.49

1
B C

—

A B C A

(b)
Figure 5. (a) A top view of of the TiQ(110) surface in the presence of an
OH group. (b) The energy profiles and geometries efd@fusion along
the Ti (5¢) atoms from the side-AB to B—C side. The red circles represent
oxygen atoms and the gray surface Ti (5c) atom and the white H atom.

The charge difference is only 0.07 ever the whole distance
range. The largest change of charge on th€0X4 €) occurs
when the Q is on the sites of the nearest and next nearest to
OH group. The small charge differences on all the sites at 1/8
ML are consistent with the fact that the adsorption energies
changes little with the distance between the OH apdWhen

the OH coverage increases from 1/8 ML to 1/4 ML, the charge
on the Q is considerably enhanced, which corresponds to a
significant increase of adsorption energy. Beyond the coverage
of 1/4 ML, the charge on the £changes much slowly. For
example, the charge difference between the 3/4 and 1 ML is
only 0.02 €. Perhaps most importantly, Figure 3 reveals a
striking correlation between the charge on the adsorbeah©

the adsorption energy, irrespective of the distance of-Qkl

and the OH coverage. It shows that the magnitude of electronic
transfer from the surface Ti (5c) atoms to the @etermines

the & adsorption energy.

3.4. O, Diffusion and Supply in the Presence of OHlt is
clear from the above results that the presence of OH on-TiO
(110) can significantly increase,@dsorption. Now we address
the OH effect on the @adsorption in the context to CO
oxidation. As mentioned above, CO oxidation reaction occurs
at the interface of Au/Ti@ It is crucial to have enough Cat
the interface, which may be supplied by direct &lsorption
from the gas phase at the interface. However, the possibility of
this event is not high as stated in the Introduction. One may
suggest that the adsorbed i© the presence of OH may diffuse

To reveal the physical origin of the long range and the coverage to the interface. To investigate this possibility, we thoroughly

effects of OH, Mulliken population analyses have been carried
out on the adsorbed ©OThe charge on the adsorbed 3
calculated by the difference of Mulliken population between
the adsorbed ©and the free one. All results are showed in
Figure 4.

It can be seen that all the points at the coverage of 1/8 ML
with different OH-0O, distances center at the left low corner.

studied whether @can diffuse on TiQ(110). Several possible
O, diffusion pathways have been tried and the pathway with
the lowest energy is illustrated in Figure 5. Figure 5, parts a
and b, shows our calculated sites, geometries and energy profiles
of O, diffusion.

For clarity, we only present howQliffuses from sites AB
to B—C. The structure with the £on sites A-B is considered
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as the initial state of the adsorbed @iffusion. If the Ti—O

bond at site A breaks, then leading to the transition state (TS1)

with a barrier of 0.46 eV. After this step, the adsorbegdsis
at site B. Then, if the right side FO bond breaks, the dangling
O atom may bond with the Ti (5¢) atom at site C. This step
possesses a barrier of 0.19 E\Repeating these two steps gives
rise to the adsorbed Qiiffusion. It is clear that the adsorbed
O3 in the presence of OH can diffuse readily along the Ti (5c)
channel, which may be considered as ap SDpply to the
interface, which we believe is very crucial to CO oxidation on
AU/TiOz.

3.5. General Discussion of the Intrinsic Effect of Water
on Different Au/oxides. Recently, Bongiorno and Landmah
studied the water effect on Au/MgO using DFT calculations

and they revealed a very interesting finding: Water molecules

can facilitate @ adsorption on the gold cluster by forming a
complex with Q. It is known that MgO is an irreducible oxide.

Experimentally, it has been found that water can improve the

TOF of CO oxidation in the systems of Au clusters supported
by both irreducible and reducible oxid&s>6 However, the Au

clusters supported by reducible oxides appears to be far superio

to the systems with irreducible oxid&s>5TiO, is one of these
irreducible oxides and hence it is worth comparing MgO and
TiO,.

As for the MgO support, the Oadsorption energy on the
Au/MgO interface is not high and the,@dsorption mainly
depends on the formation of C&D, complex at the inter-
face’273 Therefore, the rate-limiting step in the systems with
such irreducible oxides may be,@dsorption. As for the Ti@
support, on the other hand,,@an strongly bind on the Au/
oxide interface. The adsorbeg @self is rather active, and the
reaction barrier is rather low. The rate-limiting step may well
be the Q supply in the whole CO oxidation process. For such
a reducible oxide support, it is not necessary for water to
promote the @ adsorption at the Au/oxide interface and to
activate the adsorbed,@ react with CO. On the contrary, the
ability of supply Q from the capture zone of the oxide support
to the reaction center may be the most important.

(70) The convergence of number of layers of Ti@as tested: The barrier of
9 layers TiQ is 0.14 eV.

(71) Bongiorno, A.; Landman, WPhys. Re. Lett. 2005 95, 106102.

(72) Molina, L. M.; Hammer, BPhys. Re. Lett 2003 90, 206102.

(73) Molina, L. M.; Hammer, BPhys. Re. B 2004 69, 155424.
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4. Conclusions

In summary, this study represents one of the systematical
investigations on the important role of water on the Au/FiO
(110) catalyst by DFT calculations. We have provided direct
evidence that OH groups play a key role in &lsorption on
TiO2(110). A deeper understanding of water effect on CO
oxidation on Au/oxides has been obtained. The key findings
are summarized as follows:

(1) Both the perfect TigQ110) and the surface with O
vacancies cannot supply,O0O, cannot adsorb on the perfect
surface; @ cannot further adsorb on the surface oncebdds
on the O vacancies.

(2) O, can adsorb on Tig§110) in the presence of OH even
at low OH coverages. The adsorption geometry is quite
flexible: there are several {adsorption geometries and the
optimal one that @binds with two Ti (5¢) atoms is only about
0.2 eV more stable than others.

(3) OH groups possess a long-range effect era@sorption
on TiOy(110). With the increase of the distance between the
r02 and OH, the @ adsorption energy does not considerably
change. On the other hand, the &lsorption is significantly
affected by the coverage of OH.

(4) The long range and coverage effects of OH op O
adsorption have been analyzed and the physical origin of these
effects have been identified: (i) OH groups donate some
electrons to TiQ(110); (ii) the excess electrons are delocalized
among Ti (5c¢) atoms; and (iii) there is a charge transfer from
Ti (5¢) atoms to Qupon G adsorption. The magnitude of the
electronic transfer determines the @dsorption energy.

(5) We have also identified, for the first time, the Qupply
pathway for CO oxidation on Au/Ti€110), perhaps the
bottleneck in the reaction: The adsorbegldan readily diffuse
along the surface Ti (5¢) atoms in the presence of OH, which
is a large reservoir of ©for CO oxidation on the interface of
AU/TiOz.
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