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Abstract

Density functional theory (DFT) calculations performed at B3LYP/6-31G™ level are employed to study water and ammonia adsorp-
tion and dissociation on (101) and (001) TiO, anatase surfaces both represented by totally fixed and partially relaxed Ti,OgHq cluster
models. PM3 semiempirical calculations were also conducted both on Ti;O9H ;¢ and TigO33H3( clusters in order to assess the effect of
cluster size. Following dissociation, the adsorption of H,O and NH; by H-bonding on previously H,O and NHj; dissociated systems,
respectively are also considered. It is found that the adsorption energies and geometries of water and ammonia molecules on (101)
and (001) anatase cluster models depend on surface relaxation. The vibration frequency values are also calculated for the optimized
geometries. The adsorption energies and vibration frequency values computed are compared with the available theoretical and experi-

mental literature.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Titanium oxides are used in a wide variety of technolog-
ical applications where surface properties play a role. Tita-
nium oxide is used in heterogeneous catalysis and in
various other applications as in solar cells for the produc-
tion of hydrogen and electrical energy, as a gas sensor, as
a white pigment (e.g. in paints and cosmetic products), as
a corrosion protective coating, as an optical coating, and
in electric devices such as varistors. It is important in earth
sciences; plays a role in the biocompatibility of bone im-
plants; is being discussed as a gate insulator for the new
generation of MOSFETSs and as a spacer material in mag-
netic systems, and it finds application in nanostructured
form in Li-based batteries and electrochromic devices. It
is hoped that insight into surface properties on the funda-
mental level will help to improve understanding these tech-
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nological materials [1]. In the experimental study of
Hengerer et al. [2] on (101) and (001) surfaces carried
out by secondary-electron imaging and low energy electron
diffraction (LEED) the stability of anatase surfaces is dem-
onstrated and the feasibility of preparing and investigating
clean surfaces of this important form of TiO, is illustrated.

There are some experimental studies with regard to the
surface properties and the adsorption reactions of titanium
dioxide-anatase surface. Lin and Bai [3] reported by using
in situ diffuse reflectance infrared Fourier transform spec-
troscopy (DRIFTS) that anatase surface is Lewis acidic
since V,0s based catalysts and pure TiO, powder yield
almost the same intensity of Lewis acidity. In addition they
indicated that the formation of Brensted acidity may be re-
lated to the existence of water vapor. Bredzona et al. [4]
carried out IR analysis of H-bonded water on pure TiO,
surface. In the same publication, it is indicated that water
adsorption on TiO, occurs by several mechanisms as the
surface is filled. As a first step, there occurs the dissociative
adsorption of water which includes the destruction and for-
mation of identical Ti—-O and O-H bonds. Preferable sites
for molecular water adsorption are Ti*" ions. Adsorbed


mailto:ional@metu.edu.tr

2458 L Onal et al. | Surface Science 600 (2006) 2457-2469

water molecules form additional H bonds with surface OH
groups. Primet et al. [5] indicate that molecular water
adsorption takes place on anatase but Morterra et al. [6]
suggest a mixed type of adsorption. In the study of Srnak
et al. [7], desorption activation energies for water and
ammonia adsorption reactions are estimated from vacuum
TPD studies as 11 and 18 kcal/mol and 14 and 27 kcal/mol,
respectively. A heat of desorption value of 50 kJ/mol for
water adsorption was reported by Munuera et al. [8].
Sprinceana et al. [9] carried out a calorimetric study of
the acidity and interface effects of tin dioxide layers depos-
ited on another metal oxide and reported a differential heat
of 130-150 kJ/mol for ammonia adsorption on anatase.
Topsee et al. [10,11] indicated that ammonia adsorbs on
the titania surface mainly as coordinated ammonia reflect-
ing that predominantly Lewis acid sites are present on pure
titania. On the other hand, Ramis et al. and Busca et al.
[12-14] reported that ammonia is activated by coordination
over Lewis acidic sites on TiO, and this activated ammonia
is easily transformed to amide NH, species by the hydro-
gen abstraction.

There are few theoretical studies about the adsorption
reactions and surface properties of anatase (101) and
(001) surfaces. Vittadini et al. [15] studied the structure
and the energetics of water adsorption on the (101) and
(001) surfaces at various coverages by use of density func-
tional theory calculations. They have found that on the
(101) surface of TiO, nondissociative molecular water
adsorption is favored; however, on the (001) surface at
low coverages, H,O is adsorbed dissociatively while at
high coverages, molecular water adsorption takes place,
but with a state with half of the H,O is adsorbed dissocia-
tively and the other half H bonded in a second layer.
Previously, Bredow and Jug [16] investigated water
adsorption on rutile (110) and anatase (001) surfaces
theoretically by means of the semiempirical MO method
SINDOI. Kachurovskaya et al. [17] reported a molecular
adsorption energy value on (001) anatase surface and did
not study a dissociation case. Fahmi and Minot [18] stud-
ied water adsorption on various crystallographic faces of
TiO, anatase by using a periodic Hartree-Fock method.
It is reported that titanium oxide is an amphoteric com-
pound. Water adsorbs on the acidic site (the titanium
atom), and afterwards it dissociates to give hydroxyl
groups. In both of these studies it is reported that disso-
ciative water adsorption is favored on (001) anatase. On
the other hand, Selloni et al. [19] pointed out through
molecular dynamics calculations that molecular adsorp-
tion of water is more favorable on (101) surface of ana-
tase. Redfern et al. [20] also agreed with this finding by
using ab initio molecular orbital theory and density func-
tional theory.

The objective of this study is to investigate theoreti-
cally the adsorption of small molecules H,O and NH;
on TiO, cluster models representing (101) and (001)
anatase surfaces by use of density functional theory
(DFT).

2. Surface model and calculation method

Quantum chemical calculations employing DFT [21] are
conducted to investigate the energetics of water and ammo-
nia adsorption on (101) and (001) anatase surfaces. (101)
face represents the most probable anatase surface [15] and
(001) surface is considered to be the most stable surface of
TiO, anatase [22]. In addition Kryukova et al. [23] showed
by use of high resolution electron microscopy that there is a
good geometric complementary between (010) V,05 and
(001) TiO»-anatase for SCR reaction.

In this research (101) and (001) surfaces of TiO, are
represented by finite neutral cluster models of Ti,O9Hg
and studied for the adsorption of small molecules such as
water and ammonia. This cluster approach is a well known
and successful approach applied in quantum chemical cal-
culations [24,25]. However, since there may be limitations
to the use of small cluster models to represent oxide sur-
faces where the peripheral oxygen atoms are saturated with
hydrogens, the effect of cluster size is also tested by use of
semiempirical PM3 calculations for ammonia adsorption
on both Ti,O9H oy and TigO33H3q clusters. DFT calcula-
tions were conducted using Becke’s [26,27] three-parameter
hybrid method involving the Lee et al. [28] correlation
functional (B3LYP) formalism. The basis set employed in
the DFT calculations was 6-31G™ provided in SPAR-
TAN’04 (Wavefunction Inc.). SPARTAN’04 was used
for all the semiempirical and DFT calculations reported.

Wyckoff parameters [29] are employed to obtain the
unit cell of bulk TiO, (Ti,O4). Neutral cluster models of
Ti,O9H( representing (101) and (001) titanium dioxide
anatase surfaces are obtained from this unit cell by saturat-
ing the peripheral oxygen atoms with hydrogen atoms.
These cluster model geometries are then energetically opti-
mized. Computations are carried out for two types of cluster
representations: 1. All of the atoms are fixed and 2. Partial
relaxation is practiced where some of the atoms are relaxed.

The following general computational procedure was fol-
lowed in the calculations of this research: Initially, both the
cluster and the adsorbing molecules are optimized geomet-
rically by means of the equilibrium geometry calculations.
The energies of the fixed clusters are obtained by single
point geometry calculations. Then, the adsorbing molecule
is located over the active site of the cluster at a selected dis-
tance and a coordinate driving calculation is performed by
selecting a reaction coordinate in order to obtain the vari-
ation of the relative energy with a decreasing reaction coor-
dinate to get an energy profile as a function of the selected
reaction coordinate distance. Single point equilibrium
geometry calculations were also performed where necessary
by locating the adsorbing molecule in the vicinity of the
catalytic cluster. All of the adsorption calculations are car-
ried out by considering the system as neutral with singlet
spin multiplicity.

The relative energy is defined as:

AE = ESystem - (Ecluster + EAdsorbate)
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where Egysiem 1S the calculated energy of the given geometry
containing the cluster and the adsorbing molecule at any
interatomic distance, Ecpuger 1S the energy of the cluster
itself and Eagsorbate 18 that of the adsorbing molecule.

After having obtained the energy profile for the desired
reaction, the geometry with the minimum energy on the
energy profile is re-optimized by means of the equilib-
rium geometry calculations to obtain the final geometry
for the reaction. For the calculated final geometry, vibra-
tion frequencies are computed by single point energy calcu-
lations. Furthermore, from the energy profile, the geometry
with the highest energy is taken as the input geometry for
the transition state geometry calculations. Starting from
these geometries, the transition state structures with only
one negative eigenvalue in Hessian matrix are obtained.
If a successful transition state geometry can not be
achieved, the geometry with the maximum energy in the
energy profile is reported as the approximate transition
geometry.

3. Results and discussion
3.1. An example test of cluster size effect

In order to assess the effect of cluster size, semi-empir-
ical PM3 calculations are conducted for ammonia adsorp-
tion on both small Ti,OgH;y and large TiyO33H;, fixed
clusters which represent (001) TiO, anatase surface. For
these calculations, ammonia molecule is located at a cho-
sen distance from the cluster and a reaction coordinate is
selected as the distance between the nitrogen atom of the
ammonia molecule (N1) and the titanium atom (Til) of
the cluster surface. The corresponding adsorption equilib-
rium geometries are illustrated in Figs. 1 and 2. Ammonia
molecule is adsorbed in a similar formation on both of
the clusters, the small cluster having a N1-Til distance
of 2.149 A while on the large cluster this distance comes

. Titanium
. Oxygen

L, Hydrogen
@ Nitrogen

Distances (N1-H) =1.005A

Fig. 1. Equilibrium geometry for NH; adsorption by use of semiempirical
(PM3) calculation method on fixed (001) Ti,O9H;( (small) cluster.
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. Oxygen

L,- Hydrogen
L Nitrogen

(a)

(b) . Titanium
. Oxygen

. Hydrogen
@ nNitrogen

Distance (Til-N1) = 2.211 A

Fig. 2. Equilibrium geometry for NH; adsorption by use of semiempirical
(PM3) calculation method on fixed (001) TigO33H3o (large) cluster,
(a) top view (b) side view.

out to be 2.211 A. N-H bond lengths are 1.005 A and
1.003 A for the small and large clusters respectively. The
resultant energy profile calculations given in Fig. 3 show
that on both small and large clusters NH; molecule is ad-
sorbed exhibiting a non-activated mode with adsorption
energies of —92.64 and —84.35kcal/mol respectively.
Although the adsorption energies for both clusters are
exaggerated values indicating the typical weakness of
semi-empirical methods in general, the energy profiles fol-
low very closely for both clusters. These results indicate
that the adsorption of small molecules such as NHj3 is a
relatively local phenomenon and a small metal oxide clus-
ter such as Ti,O9H;( can sufficiently represent larger clus-
ter surfaces in this case.

3.2. H,0 adsorption

3.2.1. H,0 adsorption on (101) TiO, surface

For molecular water adsorption, a reaction coordinate is
selected as the distance between the oxygen atom of the
water molecule and the titanium atom of the cluster for
both fixed and relaxed clusters which are represented by
Ti,O9H;o. Five-coordinated Til atom and the bridge
oxygen atom (O1) are relaxed in the relaxed cluster as given
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Fig. 3. Comparison of energy profiles for ammonia adsorption by use of
semiempirical (PM3) calculation method on fixed (00 1) Ti,O9H; (small)
cluster and on fixed (001) TigO33H;¢ (large) cluster (E.G.1 and E.G.2
represent equilibrium geometries for fixed (001) large and small clusters,
respectively).

in Fig. 4. The rest of the atoms are kept fixed in both clus-
ters. Molecular water adsorption occurs on partially re-
laxed cluster with an exothermic relative energy difference
of —25.08 kcal/mol through a non-activated process. On
totally fixed (101) cluster the adsorption energy of molec-
ular water adsorption comes out to be —28.97 kcal/mol.
The energy profiles obtained are shown in Fig. 5. The
energy values of the points of the energy profile obtained
for molecular water adsorption on fixed cluster are lower

0.969A
(0.985A)

. Titanium
. Oxygen
L Hydrogen

distance (02-H2) = 1.005A
(0.971A)

2.237A
(2.2224)

Fig. 4. Equilibrium geometry of molecular H,O adsorption on partially
relaxed and fixed (101) Ti;O9H;q clusters (bond lengths without paren-
theses belong to the partially relaxed (10 1) cluster, while the values given
in parentheses are for the fixed cluster).
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Fig. 5. Energy profile for molecular H,O adsorption on partially relaxed
and fixed (101) Ti,O9H;q clusters (E.G.1 and E.G.2 represents equilib-
rium geometries for relaxed and fixed clusters, respectively).

than those on relaxed cluster. The equilibrium geometries
of this interaction are also given in Fig. 4. In this figure
the bond lengths are for optimized geometries of the re-
laxed clusters while the values given in parentheses belong
to the totally fixed cluster models. As seen in the figure
water is molecularly adsorbed on the clusters with Til-
02 distance of 2.237 A in the case of relaxed cluster and
with Til-O2 distance of 2.222 A on fixed cluster.
Dissociative water adsorption is also considered on
(101) anatase clusters starting from the optimized geome-
tries of molecular water adsorption. For this purpose, for
both clusters, a reaction coordinate is selected as the dis-
tance between the oxygen atom of the water molecule
(H1) and the bridge oxygen (O1) of the cluster. As it is evi-
dent from the energy profiles obtained (see Fig. 6), water
dissociatively adsorbs on relaxed (101) cluster by an acti-
vation barrier of 18.76 kcal/mol with an endothermic rela-
tive energy difference of 5.87 kcal/mol, while on the fixed
(101) cluster water dissociates with an activation barrier

Reaction Coordinate (O1-H1 distance), A
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Fig. 6. Energy profiles for dissociative H,O adsorption for partially
relaxed and fixed (101) Ti;O9H; clusters. (E.G.1 and E.G.2 represent
equilibrium geometries; T.S.1 and T.S.2 stands for the transition state
geometries calculated on relaxed and fixed (101) clusters, respectively).
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of 5.22 kcal/mol with an exothermic relative energy of
5.81 kcal/mol. It is seen that the activation barrier and
adsorption energy for water dissociation on fixed cluster
are both much lower than the values obtained on relaxed
cluster. The transition state and equilibrium geometries
of this interaction are illustrated in Fig. 7. It is found by
DFT calculations that molecular water adsorption is more
favorable than dissociative adsorption (—25.08 kcal/mol
vs —19.26 kcal/mol) for relaxed (101) Ti,OoH,o cluster
while dissociative water adsorption is more favorable
(—34.78 kcal/mol vs —28.97 kcal/mol) on fixed (101)
Ti,O9H g cluster. The water adsorption energies calculated
on relaxed and fixed (101) surfaces are compared with the
available theoretical information in Table 1. All of the the-
oretical literature agrees that molecular water adsorption is
more favorable on (101) anatase. However, by the calcula-
tions carried out on fixed (101) cluster the situation is the

0.967A
(0.968A 4

. Titanium
1.299A
R\ (12234 . Oxygen

1
1.149A  Hydrogen

(1.207A

distance (02-H2) = 0.967A
(0.968A)
2.054A

(2.0724

(@)

0.968A
(0.9684)

2.730A
(2.5584)

1.838A
(1.8734)

0.965A
19834
(1.966A)

2.014A
(1.937A)

2.089A
(1.937A4)

(b)

Fig. 7. (a) Transition state and (b) Equilibrium geometries of dissociative
H,O adsorption on partially relaxed and fixed (101) Ti,O9H;( clusters
(bond lengths without parentheses belong to the partially relaxed (101)
cluster, while the values given in parentheses are for the fixed cluster).

Table 1
Comparison of the calculated H,O adsorption energies on (10 1) surface
with the theoretical values in the literature

Theoretical ~ Method Surface Adsorption energy
values (kcal/mol)
Molecular Dissociative
This work DFT 101 Anatase —25.08 -19.26
B3LYP/ relaxed
6-31G™* Ti,O9H o
cluster
101 Anatase —28.97 —34.78
fixed TizOngO
cluster
Vittadini DFT 101 Anatase —16.60 —10.15
et al. [15] slab @=0n* (©O\=17*
Redrefn B3LYP/6-31G*// 101 Anatase —29.5 -11.7
etal. [20] B3LYP/6-31G* TiOsHg cluster (—31.1)> (=11.5)°
Selloni Molecular 101 Anatase —17.30 —6.92,
et al. [19] dynamics surface —8.76

# 6 is the coverage of the H,O molecules on (101) anatase surface.
® Values in parentheses are calculated by MP2/6-31G*//MP2/6-31G*
method.

opposite case. The trend in the theoretical literature is met
by the results obtained on the relaxed cluster.

In the experimental literature it is indicated that after
water dissociates on titanium dioxide surface water mole-
cules could form hydrogen bonds with the surface hydroxyl
groups [4]. This case is also simulated on relaxed and fixed
(101) clusters by single point equilibrium geometry calcu-
lations. Water molecule forms hydrogen bonding with
pre-water dissociated system on fixed and relaxed (101)
Ti,O9Hg clusters (see Fig. 8) with exothermic relative

0.968A 0.989A . Titanium
(1.968A) (0.996A)
» S . Oxygen
s
L, Hydrogen

1.697A

(1.682A)

distance (02'-H1') = 0.967A
(0.966A)

Fig. 8. Optimized geometries of H-bonded H,O adsorption on partially
relaxed and fixed (101) Ti;O9H;( clusters (bond lengths without paren-
theses belong to the partially relaxed (101) cluster, while the values given
in parentheses are for the fixed cluster).
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Table 2
Comparison of the calculated adsorption energy of H,O by H-bonding on
(101) and (001) surfaces with the experimental values in the literature

Theoretical Method Surface Adsorption
values energy
(kcal/mol)
This work DFT B3LYP/ 101 Anatase —18.12
6-31G** relaxed Ti,O9Hyg
cluster
101 Anatase —18.72
fixed TizOngU
cluster
001 Anatase —11.47
relaxed Ti,O9H
cluster
Experimental
values
Srnak et al. [7] TPD TiO, Anatase —11, —18
Munuera et al. [8] TPD TiO, Anatase -12

energy differences of 18.12 and 18.72 kcal/mol, respec-
tively. As seen in Table 2, these adsorption energies of H-
bonded water molecule on relaxed and fixed cluster models
(18.12 and 18.72 kcal/mol) agree well with the experimental
estimate of —18 kcal/mol [7]. Therefore, our results indi-
cate that the experimentally obtained value of 18 kcal/
mol may belong to the H-bonded water molecule on
(101) surface. The fact that (101) face is exposed in ana-
tase samples in majority might have played a role in this
result.

3.2.2. H,0 adsorption on (001) TiO, surface

Firstly, molecular water adsorption is aimed to be stud-
ied on a partially relaxed Ti,O9H;q cluster (Til, Ti2, and
Ol are relaxed) representing (001) surface (see Fig. 9).
As previously described, a coordinate driving calculation
is performed by selecting the reaction coordinate as the dis-
tance between the oxygen of the water molecule and one of
the Ti atoms of the cluster. As a result of energy profile cal-
culations it is found that water molecule is dissociated on

. Titanium
. Oxygen
L Hydrogen

Fig. 9. Equilibrium geometry for dissociative H,O adsorption on relaxed
(001) TiyO¢H | cluster.

the cluster surface by a non-activated process with an exo-
thermic relative energy difference of 54.12 kcal/mol. The
equilibrium geometry of this interaction including the bond
lengths is shown in Fig. 9. The water molecule is dissoci-
ated on this surface by destroying the oxygen bridge struc-
ture of the cluster geometry. The sudden energy decrease is
thought to arise from this change. By this interaction, two
inequivalent hydroxyls terminally bound to adjacent Ti
sites along (100) direction are formed. The equilibrium
geometry obtained (Fig. 9) is similar to what Vittadini
et al. [15] previously reported by DFT method on (001)
anatase slab.

An additional water molecule adsorption by hydrogen
bonding on the system obtained in Fig. 9 is also studied
by a single point equilibrium geometry calculation. Water
adsorption by hydrogen bonding occurs with an exother-
mic relative energy difference of 11.47 kcal/mol. The opti-
mized geometry of this event is illustrated in Fig. 10. The
adsorption energy calculated for H-bonded water on
(001) anatase cluster is compared with the experimental
values in Table 2. As it is evident from this table the com-
puted value provides agreement with the experimental
data. It can be conjectured by this finding that the experi-
mentally reported second TPD site (—11 and —12 kcal/
mol) can be represented by (00 1) surface.

By dissociative adsorption of water on (001) relaxed
cluster surface two OH groups, Til-O2H2 and Ti2-
O1HI1, are formed (Fig. 9). Therefore, according to DFT
computations it is shown that if only one water molecule
is present on the cluster it dissociates. Then, the situation
when two H>O molecules are approaching to the cluster
simultaneously is also investigated. For this purpose, two
separate reaction coordinates are selected: the distances be-
tween the titanium atoms and the oxygen atoms of the two
H,O molecules. The resultant energy profile shows that
both water molecules are adsorbed molecularly (similar
to the result of Vittadini et al. [15]) on the cluster with an
exothermic relative energy of 49.85 kcal per two moles of
H>0 or —24.93 kcal/mol. The equilibrium geometry of this
interaction is illustrated in Fig. 11.

0.966A ! . Titanium
0.807A_~ 0.974 @ Oxeen

0.983A 1.691A © sydrogen
e g0 0.987A \2.027A

\1.818A

Fig. 10. Equilibrium geometry for H-bonded water adsorption on relaxed
(001) Ti,O¢H | cluster.
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distance (02-H2) = 0.966A
distance (02'-H2') = 0.967A

. Titanium
. Oxygen

I.OZOAL Hydrogen
1

4/
1.854A 1.857A

Fig. 11. Equilibrium geometry for molecular adsorption of two H,O
molecules on relaxed (001) Ti,O9H( cluster.

If molecular water adsorption is simulated on a fixed
Ti,O9H g cluster by choosing a reaction coordinate as the
distance between the oxygen of the water molecule (02)
and one of the Ti atoms of the cluster (Til), it can be con-
cluded from the energy profile obtained that water mole-
cule is adsorbed on the cluster surface by a non-activated
process with an exothermic relative energy difference of
23.46 kcal/mol with Til-O2 distance of 2.230 A. Starting
from the molecularly adsorbed water, water dissociation
is further studied by a coordinate driving calculation select-
ing the distance between O1-HI atoms as the reaction
coordinate. The resulting energy profile shows that water
dissociates on the fixed Ti,OoH( cluster with an endother-
mic relative energy difference of 12.25 kcal/mol and an
activation barrier of 12.92 kcal/mol. Transition state and
equilibrium geometries of water dissociation on (00 1) fixed
cluster are given in Fig. 12.

A comparison of the water adsorption energetics on
(001) surface with the available theoretical literature is
given in Table 3. It is found that when partial relaxation
is applied on the cluster, dissociative water adsorption is
more favorable than molecular adsorption (—54.12 kcal/
mol vs —24.93 kcal/mol). However, the calculations carried
out on the fixed cluster showed the reverse situation. An
agreement with the theoretical literature in terms of the
favorable adsorption mode of water is satisfied by the re-
laxed (001) cluster model.

The vibration frequencies for water adsorption on (101)
and (00 1) cluster surfaces are calculated by single point en-
ergy calculations. The results are compared with the rele-
vant experimental information in Table 4. As seen in the
table O-H stretching vibration data of 3666, 3713 cm™
and 3657, 3711 cm™ ' computed for dissociative water
adsorption on relaxed and fixed (10 1) surfaces respectively
agree very well with the experimental values of 3665,
3715 cm~'. However, the same frequencies calculated on
(001) anatase clusters for dissociative water adsorption
shows some discrepancies with the experimental data.

(@ 0.967A

1.679A

(b) Titanium

\ 1.947A

1.59L2A/,
1.001A ze‘

Fig. 12. (a) Transition state and (b) Equilibrium geometry for dissociative
H,O adsorption on fixed (001) Ti,O9H,( cluster.

Stretching frequencies of 3331 and 3035 cm ™! for relaxed
and fixed (001) surfaces are out of the experimentally pre-
dicted range (3600-3800 cm™'). To sum up the findings
given in Table 4, it can be concluded that calculated vibra-
tion frequency data for dissociative water adsorption on
(101) surface agree better with the experimental data than
those on (00 1) anatase surface. This could be an expected
result since (101) surface is statistically more exposed on
TiO, than (001) surface as previously mentioned.

The vibrational frequencies (cm™~!) of H-bonded H,O
molecule adsorbed on (101) and (001) Ti,O9H;( clusters
are compared with the experimental values in Table 5.
As seen in the table, the symmetric stretching frequency
of H,O calculated on (101) relaxed cluster (3299 cm™")
is within the experimental 3200-3550 cm™' range. On
the other hand, the asymmetric stretching frequency of
3679 cm ™! is out of the experimentally estimated range of
3200-3500 cm . Deformation frequency of water mole-
cule (1666 cm™') adsorbed on Ti*" cation of relaxed
(101) cluster compares with the experimental value of
1600 cm~'. The symmetric and asymmetric stretching fre-
quencies computed for fixed (101) surface come out to
be slightly out of the experimentally reported range of
3200-3500 cm~!. Similar to relaxed (101) surface the
deformation frequency value on this surface (1672 cm™")
compares with the experimental value. For the relaxed
(001) cluster, the H-bonded water molecule has symmetric
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Table 3
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The comparison of the calculated H,O adsorption energy on (00 1) surface with the theoretical information in the literature

Theoretical values Method Surface Adsorption energy (kcal/mol)
Molecular Dissociative
This work DFT B3LYP/6-31G** 001 Anatase —24.93 —54
relaxed Ti,OygH;( cluster
001 Anatase —23.46 —11.21
fixed Ti,O9H;( cluster
Bredow and Jug [16] MO/SINDO 001 Anatase —35.61 —52.82
2X2X3 cluster
001 Anatase —32.50 —38.72
3X3X3 cluster
001 Anatase —25.33 -31.79
4X4X3 cluster
Vittadini et al. [15] DFT 001 Anatase —18.68 (0 =0.5)* —33.21 (0=0.5)*
—1891 (6 =1)* —-0=1)?
Kachurovskaya et al. [17] DFT 001 Anatase —13.6 -
Ti6019H12 cluster
Fahmi and Minot [18] Periodic 001 Anatase —14.34 —28.68

# 0 is the coverage of the molecules on (101) anatase surface.

Table 4

The comparison of the vibrational frequencies (em™!) of H,O adsorbed on (101) and (00 1) Ti,O9H | clusters with the literature values

H,0 adsorption on 101 anatase Ti,O9Hjq cluster®

H,0 adsorption on 001 anatase Ti;O9H;q cluster®

Experimental values

Relaxed cluster Fixed cluster

Relaxed cluster

Fixed cluster

Molecular Dissociative ~ Molecular Dissociative ~ Molecular Dissociative ~ Molecular Dissociative  Dissociative
3005, 3661 3666, 3713 3381, 3634 3657, 3711 2753, 3692 3331, 3656 3256, 3692 3035, 3681 3600-3800° (O—H stret.)
1605 1622 1532 1543 3665, 3715° (O-H stret.)

& Calculated values are scaled by 0.9613 [30].
® Morterra et al. [6].
¢ Primet et al. [5].

Table 5

Comparison of the vibrational frequencies (cm™"') of H-bonded H,O molecule adsorbed on (101) and (001) Ti,O9H;, clusters with the experimental

values

H,O0 adsorption on 101 anatase Ti,OgHj, cluster®

H,0 adsorption on 001 anatase Ti,O9Hj, cluster®

Experimental values

Relaxed cluster Fixed cluster Relaxed cluster

3299, 3679 (O-H stret.) 3199, 3688 (O-H stret.)

1666, 1145 (O-H deform.) 1672 (O-H deform.)

3295-3352 (O-H stret.)

1635, 1024 (O-H deform.)

3350-3500°
3200-3550° (O-H stret.)

1640°, 1600-1630° (O-H deform.)
1048, 1137, 1222° (O-H deform.)

& Calculated values are scaled by 0.9613 [30].
® Morterra et al. [6].
¢ Bezrodna et al. [4].

and asymmetric OH stretching frequencies of 3295,
3352 cm ™' which agree well with the experimentally pre-
dicted range of 3200-3500 cm™". 1635 cm ™' of deformation
frequency also compares with the experimental values.
Moreover, another deformation mode of water at
1024 cm™" is in good agreement with what Bredzona
et al. [4] reported as 1048 cm ™! for H-bonded water mole-
cule on TiO,. In brief, experimental adsorption energy
(TPD) results are met by H-bonded water adsorption on
fixed and relaxed (101), and on relaxed (001) Ti,O9H g

clusters (Table 2). The interesting point is that the vibration
frequency calculations for these geometries also showed
agreement with the experimentally reported values as given
in Table 5.

3.3. NHj; adsorption
Ammonia adsorption is also studied on fixed and re-

laxed Ti,09H clusters for both molecular and dissociative
adsorption reactions. To the best of our knowledge there is
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no theoretical study for ammonia adsorption on (101) and
(001) anatase surfaces.

3.3.1. NH; adsorption on (101) surface

For both clusters, a reaction coordinate is selected as the
distance between the nitrogen atom of the ammonia mole-
cule (N1) and the titanium atom (Til) of the fixed and re-
laxed cluster surfaces. The resultant energy profiles given in
Fig. 13 show that NH; molecule is adsorbed on Ti*" site
exhibiting a non-activated mode with adsorption ener-
gies of —25.66 kcal/mol and —30.78 kcal/mol on relaxed
and fixed Ti,O9H( clusters, respectively. The equilibrium
geometry of this interaction is given in Fig. 14. Ammonia

Reaction Coordinate (Til-N1 distance), A

2 22 24 2.6 2.8 3 32

Dt o v e
257
_5:
7.5
-10
1254
_15.
-17.5
,20.
2251
251
275
,30.
32,5
35

—o— Energy Profile-Relaxed Cluster
—A— Energy Profile-Fixed Cluster
—a— Equilibrium Geometry

Relative Energy, kcal/mol

Fig. 13. Energy profile for NH; adsorption on relaxed and fixed (101)
Ti,O9Hjj clusters (E.G.1 and E.G.2 represent equilibrium geometries on
relaxed and fixed (101) clusters, respectively).

@ ricniom
. Oxygen

distance (N1-H2) = 1.017A

(1.016A)
i 1.0174
distance (N1-H3)(=110.(1)‘15§1)s samoal (10204) (_ Hydrogen
' (2.2574) ° Nitrogen
1.741A

(1.966A)
E—

1.993A
(1.937A)

Fig. 14. Equilibrium geometry of ammonia adsorption on relaxed and
fixed (101) Ti,O9H( clusters (bond lengths without parentheses belong to
the partially relaxed (101) cluster, while the values given in parentheses
are for the fixed cluster).

Reaction Coordinate (O1-H1 distance), A
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Fig. 15. Energy profile for ammonia dissociation on relaxed and fixed
(101) Ti,O9Hj clusters (E.G.1 and E.G.2 represent equilibrium geom-
etries; T.S.1 and T.S.2 stands for the transition state geometries calculated
on relaxed and fixed (101) clusters, respectively).

is molecularly adsorbed on the relaxed Til and Ol atoms
and fixed cluster models representing the surface of (101)
anatase.

Ammonia dissociation reaction is also studied following
molecular NH; adsorption. For this purpose the distance
between H1 and Ol (in Fig. 14) is selected as the reaction
coordinate for both clusters. According to the resulting
energy profile given in Fig. 15, it is seen that ammonia
dissociates on relaxed and fixed Ti,O¢H;( clusters with
endothermic relative energy differences of 22.02 and
13.58 kcal/mol and having activation barriers of 31.52
and 18.01 kcal/mol, respectively. Transition state and equi-
librium geometries of this reaction are illustrated in Fig. 16
which includes the distances between the atoms.

After obtaining the equilibrium geometries of dissoci-
ated ammonia given above, the adsorption of another
NH; molecule by H-bonding on this system is also studied
by single point equilibrium geometry calculations. H-
bonded ammonia on relaxed and fixed (101) Ti,O9Hq
clusters (shown in Fig. 17) has exothermic relative energy
differences of 13.22 and 14.38 kcal/mol, respectively.

3.3.2. NH; adsorption on (001) surface

For both relaxed (Til, Ol and Ti2 atoms are relaxed)
and fixed clusters, ammonia molecule is located at a chosen
distance from the cluster and a reaction coordinate is se-
lected as the distance between the nitrogen atom of the
ammonia molecule (N1) and the titanium atom (Til) of
the cluster surface. The resultant energy profile calculations
given in Fig. 18 show that NH;3 molecule is adsorbed on the
cluster exhibiting a non-activated mode with adsorption
energies of —26.57 and —23.72 kcal/mol on relaxed and
fixed clusters, respectively. The equilibrium geometry of
this reaction is illustrated in Fig. 19. Ammonia molecule
is adsorbed on the relaxed cluster having a N1-Til distance
of 2.272 A while on the fixed cluster this distance comes out
to be 2.261 A. The energy profile for the fixed cluster given
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. Titanium
. Oxygen

( Hydrogen
@ Nitrogen

(a) distance (N1-H2) = 1.015A
(1.016A)
distance (N1-H3) = 1.016A

(1.0164)  2.079A
(2.0790A),

—
| 19224
\(1.9664)

(b)

distance (N1-H2) = 1.014A
(1.015A)

distance (N1-H3) = 1.013A i 2.849A
(10144) W‘) ®
1.908A . .
(1.947A) 3 c Nitrogen

0.965A
(0.963A)

2.002A
(1.937A)

(1.966A)

Fig. 16. (a) Transition state and (b) Equilibrium geometries of dissociated
ammonia on relaxed and fixed (101) Ti,O9Hjq clusters (bond lengths
without parentheses belong to the partially relaxed (10 1) cluster, while the
values given in parentheses are for the fixed cluster).

in Fig. 18 and the equilibrium geometry in Fig. 19(b) can
also be compared with the semiempirical PM3 calculations
in Figs. 1 and 3. Although equilibrium geometries do not
deviate too much, the energy values are highly exagerrated
in the case of PM3 calculations. The overall energy profile
trends, however, are somewhat similar.

Ammonia dissociation is also studied starting from
molecularly adsorbed ammonia geometries given in
Fig. 19. Coordinate driving calculations are performed by
choosing the distance between O1 and H1 atoms as reaction
coordinates. Since the resulting energy profile obtained for
the fixed cluster shows a continuous increase with decreas-
ing reaction coordinate it is concluded that ammonia disso-
ciation on fixed (001) Ti,O9H;, cluster turns out to be an
unfavorable process.

On contrary to the fixed cluster, ammonia dissociation
occurs on relaxed Ti,OoH ¢ cluster with an exothermic rel-
ative energy difference of 9.75 kcal/mol and a small activa-
tion barrier of 3.63 kcal/mol. The resulting equilibrium
geometry of this reaction is given in Fig. 20. At the equilib-

distance (N1-H2) = 1.017A

(1.016A) . Oxygen
distance (N1-H3) = 1.017A _
(1.0I5A) L038A ( Hydrogen
2.099A  (1.030A)

Fig. 17. Equilibrium geometry of H-bonded ammonia on relaxed and
fixed (101) Ti;O9H clusters (bond lengths without parentheses belong to
the partially relaxed (101) cluster, while the values given in parentheses
are for the fixed cluster).

Reaction Coordinate (Til-N1 distance), A
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—g -5 —— Energy Profile-Fixed Cluster
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Z -101
B5-12.5
- ]
E —15:
0 -17.51
2 ]
E 201
S i
& 22.5_
25
-27.5 1
2304

Fig. 18. Energy profiles for ammonia adsorption on relaxed and fixed
(001) Ti,O¢Hj clusters (E.G.1 and E.G.2 represent equilibrium geom-
etries for relaxed and fixed (00 1) clusters, respectively).

rium geometry ammonia molecule is dissociated into NH,
and H atoms destroying the bridge structure of the cluster.
This configuration has Til-N1 and Ol-H1 distances of
1.955 A and 1.005 A, respectively.

Ammonia adsorption by H-bonding on the geometric
configuration shown in Fig. 20 is also studied by single
point equilibrium geometry calculations. It is found that
ammonia molecule is adsorbed by H-bonding (Fig. 21) with
an exothermic relative energy difference of 6.02 kcal/mol.

A comparison of the calculated NH; adsorption ener-
gies on (101) and (001) cluster surfaces with the literature
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(a) . Titanium
. Oxygen

L Hydrogen
0 Nitrogen

2.232A
1.895A
/

(b)

Fig. 19. Equilibrium geometry for NH; adsorption on (a) relaxed (001)
Ti,0O9H | cluster, (b) fixed (001) Ti;O9H;, cluster.

. Titanium
. Oxygen

L Hydrogen

° Nitrogen

Fig. 20. Equilibrium geometry of dissociated ammonia on relaxed (001)
Ti,O9Hj cluster.

values are given in Table 6. The calculated results are com-
pared only with what is available in the experimental liter-
ature since there is no theoretical study on this topic.
Molecular ammonia adsorption energies of —13.22 and
—25.66 kcal/mol obtained on relaxed (101) Ti,OoH /g clus-
ter are comparable with —14 and —27 kcal/mol of ammo-
nia desorption enthalpies reported by Srnak et al. [7].
This is again reasonable in view of the fact that (101) sur-

Fig. 21. Equilibrium geometry of H-bonded ammonia on relaxed (001)
Ti,O9H; cluster.

Table 6
The comparison of the calculated NH; adsorption energy with the
literature

Theoretical Method Surface

values

Adsorption
energy (kcal/mol)

Dissociative

This work DFT 101 Anatase —13.22% —25.66 —3.64
B3LYP relaxed
6-31G™ Ti,O9Hjq
cluster
101 Anatase —14.38% —30.78 —17.20
fixed
Ti;OoH o
cluster
001 Anatase —6.02% —26.57
relaxed
Ti,OoH o
cluster
001 Anatase —23.72 -
fixed
Ti;OoH o
cluster

Molecular

—36.32

Experimental

values
Srnak TPD TiO,

et al. [7] Anatase
Sprinceana XRD, TiO,

et al. [9] BET Anatase

—14, =27

=31, =36

# Values for molecularly adsorbed NH; molecule by H bonding on
hydroxyl groups.

face is a majority surface in anatase. The enthalpy values
obtained on fixed (101) cluster (—14.38 and —30.78 kcal/
mol) deviate slightly from the experimental values. On
the other hand, only one enthalpy value for ammonia
adsorption agrees with the experiment (—26.57 vs
—27 kcal/mol) on relaxed (001) surface. This could also
be expected since (00 1) surface is minority in anatase. Dis-
sociation of ammonia is more favorable on relaxed (001)
surface than (101) relaxed surface (—37 vs —3.64 kcal/
mol); however, there seems to be no experimental data
concerning this aspect.



2468 L Onal et al. | Surface Science 600 (2006) 2457-2469

Table 7

The comparison of the vibrational frequencies (cm ') of NH; adsorbed on (101) and (00 1) Ti,OoH,, clusters with the literature values

NH; Adsorption on 101 anatase Ti,O9Hj cluster®

NH; Adsorption on 001 anatase Ti;O9H¢ cluster®

Experimental values

Relaxed cluster Fixed cluster Relaxed cluster

Fixed cluster

Molecular Dissociative Molecular Dissociative Molecular Dissociative Molecular Dissociative Molecular Dissociative
1115 1486 1132 1485 1103 1485 1070 - 11909, 12259,1215°  1480", 15402
1618 1642 1605 1609 (sym. bend.)

3350 3338 3339 3358 15994, 16007

3478 3462 3477 3498 (asym. bend.)

1221° 1486° 1258 1490¢ 1071° 1528¢ - - 33501

1624° 1618° 1644° (sym. stret.)

3380° 3359° 3327° 3400°

3486° 3411° 3454° (asym. stret.)

# Calculated values are scaled by 0.9613 [30].

® Values for molecularly adsorbed NH3 molecule by H bonding on hydroxyl groups.
¢ Values for vibration frequency of NH, species in H-bonded NHj3 configuration.

4 Amores et al. [31].

¢ Terammura et al. [32].
! Schneider et al. [33].

¢ Lietti et al. [34].

Vibration frequencies for ammonia adsorption on these
clusters are also calculated by single point energy calcula-
tions. A comparison of these findings with experimental
data is given in Table 7. As it is evident from the table,
vibration frequency data for molecular ammonia adsorp-
tion on Ti*" sites resemble each other for all of the cluster
models. The theoretical data also agree with the experimen-
tal stretching and bending frequencies with the exception of
symmetric bending frequency. However, when vibration
frequency calculations with regard to H-bonded NH;3 mol-
ecules are considered for (101) relaxed and fixed clusters,
all of the values agree better with the experimental data
including symmetric bending frequency values. The sym-
metric bending frequency of 1070 cm™' for H-bonded
ammonia adsorption on (001) relaxed surface deviates
substantially from the experimental values of 1190, 1215
and 1225 cm ™. This is also consistent with enthalpy infor-
mation again reflecting the fact that (00 1) surface is minor-
ity in anatase. The calculated vibration frequency for
scissoring mode of NH, species on (00 1) relaxed cluster fits

with the other experimental value of 1540 cm ™.

4. Conclusions

The molecular adsorption and dissociation of H,O and
NH; on (101) and (001) TiO, anatase surfaces both repre-
sented by totally fixed and partially relaxed Ti,O9H g clus-
ter models are simulated by use of Density Functional
Theory (DFT) calculations. The results indicate that the
favorable adsorption mode of these molecules depend on
the surface relaxations. Molecular water adsorption is
more favorable on relaxed (101) Ti,O9H cluster than dis-
sociative water adsorption; however, on the fixed cluster it
is seen that the opposite situation is valid. Non-activated
dissociation of water takes place on relaxed (001)
Ti,O9H;o cluster while on fixed (001) cluster molecular
adsorption is found to be more favored. The adsorption

of water with previously H,O dissociated surfaces is also
considered. The adsorption energy and vibration frequency
of water molecule adsorbed by H-bonding on relaxed
(001) and (101) cluster, and on (101) fixed cluster com-
pare very well with the experimental estimates.

For ammonia adsorption, molecular adsorption is
found to be more favorable than dissociative adsorption
on both relaxed and fixed (101) Ti,O9H;q cluster models.
On (001) fixed Ti,O9H;q cluster, ammonia dissociation
turns out to be an energetically unfavorable process while
on (001) relaxed cluster surface dissociation occurs with
a slight activation barrier having an exothermic relative en-
ergy difference. As in the case of water adsorption, the
adsorption of ammonia with H-bonding with previously
NHj; dissociated systems is also considered. The adsorption
energy of ammonia molecule adsorbed by H-bonding on
(101) relaxed and fixed clusters agree with the experimental
data. Moreover, it is found that these geometries whose
adsorption energy compares with TPD results show agree-
ment with the experimental data for vibration frequencies
as well.
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