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ABSTRACT. A molecular orbital analvsis based on the extended | liickel calculations has been carried out to study
the Ol bond activation of walter on the TIO-(110) surlace. 1120 binds with its axis perpendicular to the surface on lop
of the five-coordinate Ti'' atom via its 3a, orbital. In this bonding situation. the two-coordinated bridging OF atom (O,
basic site) on TIO-(110) 1s too distant from an H atom of water to form hvdrogen-bonding interactions with water that
facihtate O-H bond cleavage. It has been clueidated that the O-H bond is appreciably weakened when the water molecule
is hlted to give a hvdrogen bond with the Oy, atom. This mechanism includes mutual transter of clectron density trom the
3a, orbital of the water molceule to the Ti'" 3dz2 arbital and trom the O, p orbitals to the LUMO 2b, of the adsorbed water
molceule. This should result in lengthening of the O-H bond in the surface complex and the subsequent dissociation 1nto
the fragments OIT and 11.
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mental work on the adsorption of H-0 on TiO«(110).4*
although not all of it has given clear conclusions. The

INTRODUCTION

Titanium dioxide 1s an important matenal with a wide experimental mdications are that water can be adsorbed

range of applications in catalysis. photocatalysis.'” and both molecularly and dissociatively on the (110) surface.

sensor technology. ! The discovery of the photocatalytic A umtving aspeet of all these studies 15 that dissociation

splitling of water on rutile TiO- surfaces” has slimulated does oceur only at low coverages. In contrast. theoreti-

much elforl to understand water adsorption on its sur-

faces. There has been a considerable amount of experi-

ciang are unanimous in predicting dissociation at all cov-

0n-17 ~ - .
erages.'"!7 Most of theoretical studies have been devoted
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1o determine w hether the adsorption of water on the 110-
(110} surface is molecular or dhssociative. Nothing 1s known
about the electronic factors respousible for the water
aclivation by the surlace. despite a great deal of invest-
gation.

The purpose of the present work is to explore orbital
interactions associated with the transition trom moleeu-
lar to dissociative adserption of water on the rutile TiO-
(110) surface. The propertics examined in this study
include: (1) the molecular erbital cnergy level spec-
frum of the adsorption complex. (2) the analysis of
charge transter associated with the adsorbate-substrale
bond. and (3) the identification of those slales which
are most ikely 10 lead 1o the O-I1 bond weakening. (ol-
lowed by dissociation of 11-0. lior these purposes we
will make use of exlended |liickel molecular orbital
(EHMO) calculations and the two-dimensional charac-
ter of the system wvia tight-binding approximation.
implemented wath the CAESAR and YAcHMOP suites
of programs.’®

The conceptual tools we vse are density of states (DOS).
crystal orbital overlap populations (COOD). clectron
densities. and overlap populations (OP)."™ The fragment
molecular orbilal analvsis and simple perturbation the-
oy are used Lo frace the adsorbale~substrale interaction
which is enticallv affected by the energy levels of the
interacting fragments. 1t allows us to understand the
change of electronic struciures belween the bare surface.
the adsorbate. and the composite chemisorbed system.
Extended Hiickel parameters vsed m the caleulations are
listed in Table 1.

Table 1. Atomic parameters used in the calculations®

Atom Orbital H,(eV) & e
Ti Js -8.97 1.500
dp 5 1500
3d 1081 4530(0.4391)  1.60000.7397)
0 25 -32.30 2273
2p -14.80 2273
H s -13.60 1.300

"From ref 22.
"Exponents and coofficients (in parentheses) in a double-{,
expansion of the metal d orbntal.

RUTILE TI10O,(110) SURFACE AND H,0
MOLECULE

The rutile form of 1104 1s a tetragonal svstem that can
be deseribed by two lattice parameters (a=4.394A. ¢~
2935841 Fig. | shows a (Tis05)"  cluster of the
ideal (110) surtace to be considered tor the MO caleula-
tions. The x. v and z axes correspond respectively to the
[T10]. [0O1]. and [110] crystallographic direetions. The
surtace 1s terminated with an outermost planc of oxveen
(Oy,) atoms which appear as rows in the [001] direction
and occupy bridging positions between the second laver
sixfold-coordinated titanium ('Ti(6)) atoms. The equato-
rial planes of the oclahedra of oxvgen atoms around the
Ti(6) atoms are perpendicular to the surface. Rows of
threeflold-coordinated oxygen (Op) atoms lie in the plane
of the Ti atoms conneeting the chains of Ti6) and five-
told-coordinated titanium (Ti(3)) atoms. As a model tor
the band structure caleulations we use a slab containing
two O-Ti,O--O planc units. The unit cell Ti,Og is
repeated along  the [T10] and [001] dircctions. The
dimensions of this surtace unit cell arc ./5 a ¢ {along
[T10] and [001]. respectively). No geometry relaxation
ol the surlace was considered throughout our LIl caleu-
lations.

lior a free 1.0 molecule the bond angle and the O]
bond lengths are taken as 1045 and 0957 A respec-
tively = lior adsorbed 11.0 we set the bond angle and the

OH bond lengths cqual to those reported for tice H-O.

Fig. 1. The (Ti;s0)"* cluster used to study the H-0 adsarption
on TiO4(110). O, represents the bridging oxvaens. O, the in-

plane oxvaens. 1i(5) the livefold-coordinated titaniums. and
Ti(6) the sixtold-coardinated titaniums.
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excepl when one Ol bond is stretched. The four molec-
ular orbitals of H-Q. those which arc belicved to be
important in bondimg with the surtace. are presented in 1.
These MO's are labeled 1 a way that is consistent with
the coordmate svstem used in this work in which the
z-axis is the C. axis of the water molecule. and the xz
plane 1s the molecular plane.

RESULTS AND DISCUSSION

Electronic properties of the bare TiO,(110) surface

As shown infig. 1. there are two diflerent 11 aloms on
the ideal rutile (110} surface. One is surrounded by a
slightly distorted octahedron of oxygen atoms and the
other becomes fivefold-coordinated by the removal of an
oxygen atom from an axial position of the octahedron.
Ouwr caleulations indicate that the clectronie structure of
this surtace is quite comparable to the one™ of bulk
TiO-. Reduction of the coordination of Ti(3) atoms is not
in itsel suflicient Lo alter surface electronic structure.

The total DOS and the projected density of states (P1OS)
on bridaing oxveen (O,) caleulaled {or the slab svstem
are shown in f+ig. 2. In addition o the expected O 25, O 2p.
and ‘17 d bands (the low=lving O 25 band 15 not shown), we
note particularlv the appearance of a sharp peak at the
top of the O 2p band wiieh is associated with the contri-
bution of O, states to the total DOS. These Oy, states are
higher than the in-plane O, states and are closer to the
Fernm level (Ep). The ongim of this comes trom a differ-

ent comdination of the oxygen atoms. The coordmation

2002, ol 46, No. 2

50.00 [ T =
w
2 - ]
!
@
- Ti 3d
o
> 25.00 1 _
.§

0.00 k¢ h n n

-18.00 -14.00 -10.00 -6.00
Energy (eV)

Fig. 2. Density of states ot TiO-(110). The dotted and dashed
lines represent the PDOS on the Ti and Oy, atoms. respectively:
The vertical dashed line refers to the Fermi level.

ot Oy and O, atoms at the (110} surtace is two and three.
respeetively. The levels of O, are shitted to lower ener-
gics duc to more oxygen-titanium bonding states: this is
related to its reduced basic propertics. The presence of
the Oy, 2p states just below Epalso contributes to explain-
ing the greater reactivity of O. which 1s at the same time
more basic. This means that acidic species such as a pro-
ton will interact with O rather than Oy, Thus the protona-
tion of Oy, leading (o dissociative adsorption of water seems
10 be lavorable. Both Ti(3) and Ti(6) atoms cary slightly
different charges. -2.05 and 1 181 respectively. The charges
of the oxvgen atoms are between —(0.90 and —1.20).

Chemisorption of H;O

The coordinatively unsaturated surtace Ti(3) 1ons pro-
vide strong Lewis acid (electron aceeptor) sites tor H-O
adsorption. We have considered only the case in which
the water molecule bonds by its oxveen to the Ti(3) ca-
ion with the two hydrogens pointing upwards and sym-
metrically located. because first-principles caleulations'™ !
show (hat this is the prefemred orientation mode. The
aloms of the waler molecule are in the (001) plane. viz..
the x7 plane of /g, 1. A Ti-Ot L distance of 207 A was
taken from literature values'™ and held constant in our
adsorplion models.

We tirst consider the adsorption propertics of one H-O
moleeule adsorbed on a Ti(3) center of the (TisOy)'”
model cluster. The adsorption energy 15 caleulated to be
1.63 ¢ V. indicating a rather strong interaction. The bond-
ing ot HO to Ti'*" sites is largely dominated by the -donor
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interaction of the H.O 3a; orbital with the empty 3d 2
and dp, titanium ion orbitals (see 2 for a schematic illus-
tration). The waler molecule donates (.32 electron 1o the
surlace: i1 can be expected thal the positive charge on
this surface 1" site will decrease accordingly. As shown
in Fable 2_charge on the Ti** site was decreased by 0.25.

The 1308 curves lor 11-0 at 1i(3) are displaved in {ig.
3a. The H-O 3a; ordntal interacts strongly to be stabilized by

Table 2. Electon densities and overlap populations lor the
bare 1104110} surface and the TIO,(110) H,O surface

TOLHORIHOY  TiOS(110¥T1,0

Electron density

Ti(3)
ds 0.257 0.291
4pe 0.162 0.162
4y 0.169 0.172
4p, 0.098 0.181
3d,” 0275 0.367
3d,, 0.191 0.197
3d,, 0.209 0238
O (11,0
2p. 1330 1322
2py 2.000 1.950
2p, 1.852 1.358
11,0
1b, 2.000 1.984
3a, 2.000 1771
1b: 2.000 1.930
2b, 0.000 0.001
Ja, 0.000 0.006
Net charge
Ti(3) 205 1.80
H-O 0.00 0.32
Overlap population
Ti(5)OH, 0.37
O-H (H:0) 0.63 0.63

"Separated bare TiOH(110) surtace and a 11,0 molecule.
j’Ti(S)—Ti cation that s directly bonded to T1;0.
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Fig. 3.(a) DOS of TI-O at Ti(3). (b) DOS of the tsolated 1.0
monolaver. The vertical dashed line reters to the Fermi level.

about 0.8 eV, while the 1b; and 1b- orbitals are only
slightly stabilized. This relative shitt is caused by the tact
that the 3a; orbital overlaps much better with the adsorp-
tion site than the others. The overall bonding stabiliza-
tion comes from the 3a; orbital of H O which strongly
interacts with the 3dz2 and 4p, orbitals of the utamum
cation. As a result of the two-clectron bonding interac-
tion, the electron density shifts from the adsorbed water
molecule (o the surface. which results in a depopulation
of 3a; by 0.22 electron. This can be confimed from the
electron densities of the Ti{3) and O (from [1-Q) atomic
orbitals caleulated for the bare TiQ-(110) and the TiQ-
(110) H-O surfaces listed in Tabfe 2. The most signifi-
cant change 1 the clectron density of the oxvgen atom
from H~O upon H-O adsorpnion ¢lcarly comes from its
2p, orbital which pomnts toward the Ti(3) sitc above
which the water molecule sits: a loss of (.29 ¢lectron 1s
computed. Another (0,06 clectron loss is trom the oxy-

Jowrnad of the Korean Chemicdd Society



HOL(110) 3E2) F20%] ¥E2ke] 23 Badell) Tek MO YT 183

gen 2p, and 2p, w orbitals. Much of this electron loss
resulls 11 a gain of 0.17 electron to the 3d.2 and dp,
orbitals of 1i{3). One should be aware. however. that the
111 caleulations tend to exaggerate electron llows. An
overlap population of (1.37 is obtained between the Ti(3)
and the oxyvegen atom from H-O. indicating a rather
strong surtace-adsorbate bonding.

Dissociation of H;O on TiO,(110}

Let us now examine O-H bond breaking in water
adsorbed to the (110) surtace. Assuming that water is
adsorbed dissociatively. the proton goes on a brdging
oxvgen () sticking out of the surface. whereas the
remaining hyvdroxy! group binds perpendicularly o the
livelold-coordinated T1(3) atom. It is also assumed (hat
the protons are adsorbed on top of OOy atoms at a dis-
tance 0.957 A, characteristic of the OI1 interatomic dis-
tance in OH and H-O. The Ti(5)-OH bond length is sct
to 1.78 A" The adsorption cnergy. 2.36 ¢V, is much
larger than that tor the molecular adsorption. Dissocia-
tive adsorption of the H-O molecule is theretore energet-
ically tavored relative to molecular adsorption.

After the molecular adsorption to the Ti(S) cation. the
study of dissociation process starls by tilting the waler
molecule lowards & nearby surface O, atlom. Aller one
OI1 bond ol the water molecule is broken. the proton
binds to the (O, alom and the OI1 group tilts back until O
alom is again perpendicular above the Ti(3) atom. BBredow
and Jug' caleulated a somewhat high barrier (1.0 eV)
for this process and the barner drastically decrcased as
hydrogen bonding and local surface relaxation were
included. A tilting of the water molecule as a precursor
to dissociation might be accompamed by a weak interac-
tion of the OH bond with the Oy, atom. In order to sce the
change in the clectrome propertics of water as the mole-
cule is lilted. the overlap populations are caleulated as a
funetion of till angle of the TI-O-Ti(5) bond with respect
{o the surface normal. Throughout lting, the Ti(5)-O114
bond distance is kept at 2.07 A_ The overlap populations
at difTerent tilt angles are shown in g, 4. The decrease
in the O-IT overlap population during tilling is accompa-
nicd by anmercase  the overlap population between an
H atom of water and its necarcst-neighbor Oy, atom. As a
result of tilting the water molecule at 33" to have the OH
bond nearly parallel to the surface. the hydrogen atom 1s

located very close to the Oy, atom. allowing rather strong
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Fig. 4. The overlap populations ot O-I1( < yand O-11( @ )
as a tunction of tilt angle of the H,O-Ti(5) bond tiom the
surface normal for HyO chemisorption at the Ti(3) site on
TiOL(110).

H-bond formation {(OH-- O,—1.20A. see 3). This new
OH--O,, bonding (OP—0.17) 1s accomplished at the
expense of the O-H bonding within the water molecule.
Such a weakening of the OH bond can be closely related
to a relatively low barrier to water dissociation.

Important electron densities and overlap populations
are compared in Table 3 for the bare TiO(110) and the
TIOL(1 10 TIOKL) surtaces. where T1.0(1) is a label tor
the water molecule tilted 35% towards a O, atom rom the
surlace normal. As expecled. the [1-0 3a, orbital inter-
acls strongly with the Ti(3) 3d,2. 3d,,. and 4p, stales. A
loss of 0.22 clectron from the 3a; orbital is computed
due to the interactions.

The 2b, ortutal of HAO 15 the lowest unoceupied molecular
arbital (LUMO) and antnbonding between the 2p, orbital
of oxyvgen and the 1s orbitals of two hvdrogen atoms.
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Tabie 3. Electron densities and overlap populations tor the bare
T10-(110) surface and the 110-(110) H,O(t) surface

TIO(110)-H-0  T1O-{110)H,0(ty’
Electron density
11(3)
ds 0.257 0.278
Ip, 0.162 0.162
4p. 0.164 0.169
ap, 0.098 0.149
3d,° 0275 0329
3d,, 0.191 0.238
3d,, 0.209 0217
O
2p, 1 852 1.787
2p, 1 843 1 805
O (11,0)
2p. 1.330 1.595
2p, 2.000 1973
2p, 1.852 1 496
1-O(t)
1b, 2.000 1971
34 2.000 1.777
1b: 2.000 1.973
2b, 0.000 0.126
Ja, 0.000 0.049
Net charge
Ti(3) 2.05 1.86
O -1.20 -1.07
H-O 0.00 0.13
Overlap population
HOH--- O, 0.17
O-H (H.O) 0.63 0.33

NLOH-TLO titled to Oy at 33" with respeet to the surtace
nomal.

Tlus orbital allows the mteraction with the 2p,—2p,
orbital of the surface O, atom resulting in a gain ot 0.13
electron o the 2b; orbilal when the waler molecule is
tilted 35" of the normal to the surlace. The o-backdona-
tion interaction of the Oy, orbital into the empty H.O 2b,
is indicated schemalically in 4. First we mix 1b; with O
P Py orbitals. The b, orbital is lower in energy than the
O, p orbilals. The bonding component ol the interaction
will be composed manly ot 1by with some Oy, p charac-
ter mixed into if. We could trace its mvolvement via
PDOS and COOP curves in Fig. 3. It is tound at -17.3 ¢V,
The antibonding counterpart will consist ot Oy, p orbitals
with 1b mmxed w1 out-ot-phase. We now mix 2b, mto the
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Fig. 5. I'DOS. and O-H (solid line) and Oy-H (datted line)
COOP curves lor the H-O adsorbed in a tilted contonmation
{3-33"). The dashed line refers to the Fenni level.

antibonding combmation. The phase wath which 2b; mixes
n will be controlled by the p(O)-2b, interaction. because
the Oy, pytp, orhitals arc the major contnbutors to the
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orbital in question. The Oy, p orbitals are located lower in
energy than 2b;: hence 2b; will mix in an O-H bonding
wav: the phase is as shown in & (A is an MO mixing
cocthicient). The net result is drawn at the fop lett of 4.
Note that the primarily Oy, p-tvpe orbital is rendered nearly
nonbonding by the participation of the higher-lving 2b,
orbital in it. with the result that the 1s contribution cen-
tered on the prolon is nearly canceled. In #ig. 3 the DOS
lor this orbital is projected oul in the Iermi level region.
But in this region. the extent of the 2b, orbital mixing is
nol enough 1o caneel out any s orbital contribution from
the water hydrogens. because the mixing is small due to
its poor encrgy match. It does pick up densitv in the
range of interest at the Fermi level. About 0.13 clectron
1s donated trom the surtace (primanly Oy) to 2b;. As a
consequence of population of the 2b . the O-H bond ot
water becomes weakened.

Retuming to fable 3. we see that the electron density
of 2p, of the oxyvgen atom from 110 increases from 1.330)
in a free waler molecule 1o 1.595 in the surlace com-
plex. whereas (hal of 2p, (2p,) of (he O, atom decreases
Irom 1.832 (1.843) in the bare surlace o 1.787 (1 805} in
the surface complex. This is altributed (o the transler off
clectrons fiom the Oy, into the empty H-O 2b,. These
changes m clectron distiibution are favorable for the dis-
sociation of water moleeules into tragments OH and H
followed by the formation of monodentate and bidentate
hydroxy]l groups adsorbed on the TiO~(110) surtace.
Table 3 shows that the net charge transter trom H-O
molecule o the surface is small. only 0.13. Despite a
small charge iransfer. a signilicant redistribution ol the
electron density belween the water molecule and the sur-
lace oceurs. The transfer of the electron density (rom the
3a, Lo the Ti(5) 3d,>. 3d,, and dp, orbitals is in parl com-
pensated by the reverse transier of the electron density
trom the Oy, 2p,—2p, orbitals to the LUMO 2b, of the
water molecule. The latter process 18 accompamed by the
weakemng ot the O-H bonds 11 an adsorbed water mole-
cule due to an inerease m the population of the antibond-

ing moelecular orbital. Tlus s the key tactor m the
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ot one QI bond. (a) 0957 and (b 1.157 AL tor the 11O molecule
adsorbed in a tilted contormation ($-25%). The dashed hine
reters to the Fermi level.

dissociative adsorption of water on rutile TiO-(110). As
the 2b; beeomes occupied by clectrons. the O-H bond 1s
stretched towards Gy, Simultancously. the 2by level comes
down in energy. resulting in better energy match and
interactions with O, bands.

#ig. 6 shows the cvolution of the 2b; orbitals at o
selected O-1 distances of one OFH bond. 0957 and 1.157 A
for the 110 adsorption geometry tilted 25% off the nor-
mal (o the surface. The 2b, peaks at 1.157 A are broader
than those at 0.957 A_ an indication of more interaction
wilh the surface. The electron density of the 2b, orbitals
is compared here in the O-IT bond stretching trom (0.937
to 1.137 A: 0.03 and (.12, respectively. There are more
clectrons occupyving the 2ty at the nercased O-H separa-
tion. This 1s caused by the tact that the bigger DOS peak
at the Fermu level results trom more nuximg of 2b; into
the band (sec Fig. 6).
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CONCLUSION

In this study. we presented the MO explanation for
binding of water 1o the T1O-(110) and hvdrogen transter
to surtace oxvgen atom. The TiO-(110) surtace can be
made active tor water dissociation by tilting an adsorbed
water melecule towards a two-coordinated brideing O
site. The close proximity of an H atom trom the water
meleeule and the Oy, site sheuld facilitate the OH bond
cleavage. This might be a result of occupation of the
1.UMO 2b, through the mixing of 2by in an Oy-11 bond-
ing wav info the antibonding combination between the
1by and Oy, p orbitals as discussed above. The filling of
the 2b, orbital is responsible lor most. but not all. of the
waler bond activation. 1'he rest is mainly due o depopu-
lation of 3a, orbital (slightly bonding between oxvgen
and hydrogen) upon adsorption.
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