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Density functional theory (DFT) calculations have been performed to study
the adsorption of di—, tri—, and polyatomic gases on the anatase (001) and (101),
rutile (001) and (110) surfaces of TiO,. The calculations employing model clusters
and periodic boundary conditions to detailed study the adsorption energies and
adsorption geometries. It was found that the most remarkable geometry
corresponds to the adsorption of gases directly onto the Tisc site of these surfaces.
The interaction between adsorbate and substrate for the anatase surface resulted
weaker than that for the rutile. The hole—assisted conversion of CO to CO,, the
adsorption and conversion of N,O to N, on anatase TiO, (101) surface have been
studied using first—principles calculations. The presence of the positive charge on
the anatase (101) surface increases the adsorption energy of CO, allowing the it
conversion of CO to CO, and leaving an oxygen vacancy behind. CO is found to
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reduced to N, under photo—excitation. Therefore, the results indicate that the
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efficient photocatalytic process. The investigation was extended to study the role
of TiO,—supported Pt of the anatase (101) surface (Pt/TiO,) on the adsorption of
CO, Nz, CO; and NO. It was found that the strong interaction between Pt atom
and anatase (101) surface could be responsible for the enhanced adsorption of CO
and COa.
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CHAPTER |
INTRODCTION

Titanium dioxide (TiO,) is one of the most investigated metal oxide materials
that are widely used in many applications such as heterogeneous catalysis [1],
photocatalysis [2—6], white pigment [3], gas sensors [7-11], dye—sensitized solar cells
[12-15] and catalyst support [16]. It is the most appropriate material for industrial
use, not only for today’s industrial applications but also for future applications as
well. TiO; is inexpensive, biologically and chemically stable and considered to be
nontoxic and safe to both humans and the environment. TiO; is white color,
therefore, no absorption in the visible region. In fact the absorption in the visible
range is able to improve by doping such as nitrogen [17]. However, it is active under
UV irradiation (A < 400 nm) as a photocatalysis. There are three types of TiO,,
anatase, rutile and brookite. All of these crystalline forms of TiO, occur in nature as
mineral. But brookite is extremely difficult to synthesize in the laboratory, only rutile
and anatase has been successfully synthesized in pure form at low temperature [18].
Both anatase and rutile forms are commonly used both experimental and theoretical
studies; their structures and surfaces have been extensively investigated [19-21].
They are frequently used as a gas sensor and as a photocatalyst for various organic
reactions. In order to elucidate of the molecular gases adsorbed on various surface
planes of different TiO, forms as well as redox reactions of their molecules has been
extremely studied over many years. Especially, the adsorption of transition metal
atoms on TiO; have received a great deal of interest on TiO,—supported catalysts due
to their good catalytic performance in many important processes [22—24]. Therefore,
anatase and rutile surfaces become the rational goal of this work.

Understanding of adsorption of molecular gases on anatase and rutile TiO,
surfaces were performed using the first—principles calculations based on the density
functional theory. The cluster models and periodic boundary conditions (PBCs) of
both surfaces were used as a case study. The calculations were used to develop the
new catalyst for the selective catalytic reaction in the present of various small
pollutant gases, the adsorption abilities of these small molecules can be utilized to

discover new catalysts.



The thesis contents, based on the publications, submission and preparations,
are as follows:

Chapter I1I: the adsorption of di—, tri— and polyatomic gases on anatase TiO,
(101) and (001) surface based on the cluster models approach.

Chapter 111 the adsorption of CO, H,, N,O, NH3; and CH,4 on the anatase TiO,
(101) and (001) surfaces and their competitive co—adsorption based on periodic
approach.

Chapter IV: the adsorption of CO, H,, N2O, NH3 and CH,4 on the rutile TiO;
(110) and (001) surfaces based on periodic approach.

Chapter V: the adsorption of CO and the hole-assisted conversion of CO to
CO; on the anatase TiO; (101) surface as a photocatalytic oxidation process based on
periodic approach.

Chapter VI: the adsorption of N,O and conversion of N,O to N, by CO on the
anatase TiO; (101) surface based on periodic approach.

Chapter VII: the role of the Pt atom supported on anatase TiO, (101) surface
(Pt/TiO,) and adsorption with CO, N,, CO, and N,O based on periodic approach.

The representation of the six chapters (1I-VI11), in which detailed calculations,
results and discussion are given in terms of research articles [25-27] in chapters I1, 111
and V, submitted manuscript [28] in chapter IV, and preparation for publication in
chapters VI, and VII. All articles are part of this dissertation in partial fulfillment of
the requirements for the degree of Doctor of Philosophy in Chemistry at

Chulalongkorn University.

1.1 RESEARCH BACKGROUND AND RESEARCH RATIONALE

1.1.1 Crystal structures

Both anatase and rutile have tetragonal crystal structures, in which can be
described in terms of chain of TiOg octahedra. The two crystal structures differ by the
distortion of each octahedron and by the assembly pattern of the octrahedron chains.
Usually, the octahedron of anatase is somewhat more distorted than that of rutile.
Each Tiatom (formally in a +4 oxidation state) is surrounded by an octahedron of six

O atoms (formally in a —2 oxidation state), and the O atoms are linked to three Ti



atoms [21]. Figure 1.1 shows the crystal structures of anatase (left) and rutile (right).
In the anatase structure each octahedron is in contact with eight neighbors (four
sharing an edge and four sharing a corner) while in rutile structure each octahedron is
in contact with 10 neighbor octahedrons (two sharing edge oxygen pairs and eight
sharing corner oxygen atoms) [30]. The structural parameters of anatase and rutile
TiO, are shown in Table 1.1. Rutile is the most stable for large particles, but anatase
becomes more stable than rutile only when the particle size decreases below ca. 14
nm [34]. These differences in lattice structures cause different mass densities and
electronic structures between the two forms of TiO,. Mass density of the anatase
phase is lower than rutile and the band gap of anatase is somewhat wider, which
affects on the activity of photocatalytic process [21]. However, there are many studies
have reported the structure and reactivity of the different low—index anatase and rutile
surfaces. The TiO, nanoparticles have predominantly anatase (101) and rutile (110)
[21] majority surfaces, together with minority anatase (001) [35] and rutile (001)

surfaces [36].

Figure 1.1 Structures of (a) anatase and (b) rutile TiO; [29].



Table 1.1 Structural parameters of anatase and rutile TiOs.

Anatase Rutile

Bravias lattice Body-centered tetragonal Primitive tetragonal
Space group No. 141 No. 136

14,/amd P4,/mnm
Lattice parameters [A] ®
a 3.782 4.586
b 3.782 4.586
c 9.502 2.954
Energy gap [eV] 3.2° 3.0°
Density [g/cm®] 3.894 4.250
*Ref.[31]
®Ref. [32]
°Ref. [33]
 Ref. [30]

1.1.2 Surface structures of anatase and rutile

The structures of the anatase (001) and (101), rutile (001) and (110) surfaces
are shown in Figure 1.2. All surfaces consist of two-fold coordinated O atoms,
marked as (Oyc), these O,c atoms are called bridging O atoms, and three—fold
coordinated O atoms, marked as (Osc), these atoms are called in—plane oxygen atoms.
Above the plane of the surface contain of five—fold coordinated Ti atoms, marked as
(Tisc), and six—fold coordinated Ti atoms are located in the surface, marked as (Tiec).

The low surface energy of anatase is (101), the rutile is (110) surface [21], in
which the most stable phases. Anatase also exposed potentially more reactive (001)
surface [37]. Recently less stable surface rutile (001) has been also explored to find
new physicochemical properties [20] and found to induce unique reactions [38]. The
structural and electronic interactions between TiO, substrates and adsorbates are of
particular interest because of their importance in the photocatalysis process. Stable
adsorption configurations of several small molecules on anatase and rutile surface
were found in many studies. Thus, the adsorption sites and the reactive dynamics on

different surfaces are considered.



Figure 1.2 Structures of (a) anatase (001), (b) anatase (101), (c) rutile (001) and (d)

rutile (110) surfaces.

1.1.3 Photocatalytic process of TiO,

The TiO,—based photocatalysis has been received a great consideration in the
fact that it allows the degradation of the organic compound to simple molecules, e.g.
H,0 and CO,. This approach is based on the photocatalytic reactions occurring at the
surface of a catalyst after an initial photoexcitation with a suitable wavelength. Due to
the band gap of semiconductors is located within the top of the filled valence band
(VB) and the bottom of the vacant conduction band (CB). The VB is located at energy
level E, and is fully occupied and the CB with higher energy E. is empty. Electronic
states between VB and CB are forbidden. The energy of the band gap Eq4 is the
difference between the CB and VB energies, Eq = E.—E,. However, the TiO; can be a
good semiconductor photocatalyst since its valence—band hole is sufficiently positive
for the hole to act as an acceptor and conductance—band electron is sufficiently

negative for the electron to act as a donor. The band—gap of TiO, is rather large 3.0-



3.2 eV, corresponding to the UV region. The photocatalysis over the TiO; is initiated
by the absorption of a photon with energy equal to or greater than the band gap of the
TiO, and then producing electron-hole (e/h*) pairs. The band—gap excitation leads to
the formation of conduction band electrons and valance band holes, which serve as
the sites for photoreduction and photooxidation, respectively. The generation of
electron—hole pairs and its reverse process could be represented by the following

equations:

TiO, +hv — TiO, (h*+€") (1.1)
h"+ e  — heat (1.2)

where hv is the photo energy, e  represents a conduction band electron and h*
represents a hole in the valence band. Conduction band electrons can be trapped in
Ti*" ions in the bulk or at the surface which is represented by Eq. (1.3).

Ti*"+e TP (1.3)

The separated electron and hole could follow several possible pathways. Migration of
electrons and holes to TiO; surface is followed by transfer of photoinduced electrons

to adsorbed molecules or solvents [30].

1.1.4 Research rationale

Adsorption energies of the small molecules such di—, tri- and tetraatomic
gases are very useful information for reaction prediction on the TiO, surfaces due to
their co—adsorptions [39]. There have been numerous experimental and theoretical
studies on adsorptions of small molecules on various surface planes of different TiO,
phases. Therefore, to develop new solid—state gas sensors, the adsorption abilities of
various gases on the solid surface lead to the discovery of gas sensors. The application
of gas sensor at high temperatures for the detection of H,, Oy, [7] CH4 and CO [11] is
explored.

Nevertheless, both anatase and rutile have been widely used as a photocatalyst
and catalytic support in heterogeneous catalysis. Many experimental studies have

been investigated the role of rutile TiO, surface. Interestingly, anatase is known to



exhibit higher photocatalytic efficiency compared with rutile [40]. As the
photocatalytic activity of TiO; is mainly due to the oxidation power of photo-
generated holes in its valence band, hole transfer to a molecule adsorbed on the TiO;
surface initiates the oxidation reaction and the oxidized molecule changes into a final
product through sequential chemical events [41]. The photoinduced electrons was
trapped in the bulk or scavenged at the surface, e.g., by oxygen molecules.
Consequently, it is desirable to better define behavior of photocatalytic reaction of
electron acceptor molecule by donor molecule and the roles of electron and hole
during photocatalysis [42]. The majority of studies concern either calculations on
small cluster models or calculations with periodic boundary conditions. Due to the
interaction between TiO, and the adsorbed molecule plays a very important role to
remove a pollutant from the environment. Therefore, there are several researches have
been extensively studied the adsorption of molecular gases on different of TiO,
surfaces such as CO, CO,, H; and H,0 [45], N2, O,, and CO [44], NH3 [45-46], NO
[47-48], NO, [49] and N,O [50]. To our knowledge, the adsorption of gases on the
electron—excited of neutral, negatively or positively charged surfaces of the TiO,
modeled as the photocatalyst has never been studied. The model as a photocatalytic
reaction is the interaction between photo—inducted electrons and holes on the TiO,
surface with molecular gases. To better understand the photocatalytic reaction on the
TiO, photocatalyst, the adsorption of gases on different charged surfaces of the TiO;
should be investigated using spin—polarized calculations.

Furthermore, transition metals deposited on TiO, surface are known to act as
promoters of catalytic reactions. The addition of platinum (Pt) to a TiO, (Pt/TiO,)
system can modify its chemical reactivity and therefore enhance its catalytic
performance in the photodecomposition rate of organic compounds such as
trichloroethylene [49]. The interaction of molecular gases with Pt/TiO, as well as
clean TiO; surface has also been investigated.

The main purpose of this thesis is to emphasize the important differences in
the surface behavior of anatase (001) and (101), rutile (001) and (110) as a gas sensor
application. While anatase, in the course of photocatalytic reactions is advantage over
rutile [40]. Therefore, we studied only photocatalytic reactions of anatase as a

photocatalysis application.



1.2 OBJECTIVES

In this study, several computational methods based on DFT calculations were
used to investigate the adsorption of molecular gases on the anatase (001) and (101),
rutile (001) and (110) surfaces and TiO,—supported Pt of anatase (101) surface
(Pt/TiO,). The aims of these calculations were;

1. To study and provide detailed information about the adsorption abilities
and adsorption energies of di—, tri- and polyatomic gases on cluster
models of anatase TiO, (001) and (101) surfaces.

2. To study the adsorption of CO, H,, N,O, NH3; and CH,4 gases including
their competitive co-adsorption on the anatase TiO, (001) and (101)
surfaces.

3. To study the adsorption of CO, H,, N,O, NH3; and CH,4 gases on the rutile
TiO; (001) and (110) surfaces.

4. To investigate the adsorption of CO and predict the efficiency of
photocatalytic oxidation of CO into CO, on anatase TiO, (101) surface.

5. To investigate the adsorption of N,O and predict the photocatalytic
reduction of N,O into N, by CO on anatase TiO, (101) surface.

6. To study the Pt atom supported on anatase (101) surface (Pt/TiO;) and its
adsorption with CO, N, CO,, and N,O.

1.3 SCOPE OF THE DISSERTATION

This dissertation was carried out in order to investigate the adsorption of
molecular gases on anatase— and rutile-TiO, surfaces by using computational
approach. The attention is focused both on the optimized geometries of the molecules
and the surfaces, and on the energies involved in the adsorption. The scope of this
study is one—by—one corresponding to the research objectives:

1. The adsorption abilities and adsorption energies of diatomic (O2, Ny, Hy,

CO and NO), triatomic (H.O, H.S, N,O, CO;, NO;, and SO,) and
polyatomic (NHs, C;H,, C,H4 and CH,) gases on cluster models of
anatase TiO; (001) and (101) surfaces were studied using the B3LYP/6—



31G(d). All calculations were performed with the GAUSSIAN 03
program.
2. The adsorption of CO, H,, N,O, NH; and CH, gases including their

competitive co—adsorption on the anatase TiO;, (001) and (101) surfaces

were studied using periodic boundary condition. All DFT calculations of
two—dimensionally periodic slab model have been carried out using the
CRYSTALO6 computational code, based on the expansion of the
crystalline orbitals as a linear combination of a basis set consisting of
atom centered Gaussian orbitals.

3. The adsorption of CO, H,, N,O, NH; and CH,4 gases on the rutile TiO;
(001) and (110) surfaces were studied using two—dimensionally periodic
slab model with CRYSTALO06 computational code.

4. The adsorption of CO and the efficiency of photocatalytic oxidation of
CO into CO; on anatase TiO; (101) surface were calculated using spin—
polarization and standard plane wave expansions within the generalized
gradient approximation (GGA) with the Vienna ab initio simulation
package (VASP). The dissociation of CO, was performed by using
molecular dynamics (MD) calculations.

5. The adsorption of N,O and photocatalytic reduction of N,O to N, by CO

on anatase TiO; (101) surface were calculated using spin—polarization and

standard plane wave expansions within the GGA with VASP code.

The adsorption CO, CO,, N,O, N, gases on Pt/TiO, of anatase (101)

surface were calculated using GGA calculations with VASP code.

o

1.4 EXPECTED RESULTS

TiO, has important surface—related applications in the field of gas sensors and
photocatalysis due to its high ability to adsorb and wide band—gap energy. Therefore,
the study of molecular gases adsorption on the TiO, surfaces to basic knowledge is a
useful technology. TiO,—based photocatalysis for destruction of organic compounds
in polluted air and waste water has been improved. Anatase and rutil forms of TiO,
usually exhibit different surface structure arrangements thus different surface

reactivity. However, the different surface is reflected in the adsorption and desorption



10

behavior of adsorbates, and their adsorption behavior on these surfaces is well
understood as a gas sensor and photocatalysis applications. This work is intended to
be the starting point of a comprehensive theoretical investigation of the differences
between anatase and rutile surfaces. We believe that a detailed study of the surface
properties of anatase— and rutile—TiO, will serve as a good starting point for more
specific investigations. Especially, knowledge of the efficient photocatalytic reaction
of toxic gases is one of the most desirable in the research of the development of

environmentally friendly catalysts.
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2.1 ABSTRACT

The adsorption energies AE,qs of diatomic (O, N2, H,, CO and NO), triatomic
(H20, H3S, N,O, CO,, NO; and SO,) and polyatomic (NH3, C,H,, C,H4 and CHy)
gases on the anatase TiO, (001) and (101) surfaces were obtained by density
functional method. The strongest adsorption energies, computed using the B3LYP/6-
31G(d) with BSSE correction, of diatomic, triatomic and polyatomic gases on the
anatase TiO; are AE,gs (CO) = —-8.69, AEqgs (H20) = -9.77 and AEags (NH3) = -21.19
kcal/mol for (001) surface and AEags (O2) = —=99.71, AEags (S,0) = —27.59 and AEags
(NH3) = -30.78 kcal/mol for (101) surface, respectively. All the adsorptions of
studied gases on the anatase TiO, (001) and (101) surfaces compared with
experiments and other methods are reported.

2.2 INTRODUCTION

Titanium dioxide was most widely used for various applications such as
photocatalysis [2, 50, 51], heterogeneous catalysis [1], gas sensors [7-10, 52-57],
dye—sensitized solar cells [58-60, 15, 61, 62] and electro—chromic devices [63-66].
Adsorption energies of the small molecules such di—, tri- and tetraatomic gases are
very useful information for reaction prediction on the TiO, surfaces due to their co-
adsorption [40, 67]. In the environmental field, in order to develop the new catalyst
for the selective catalytic reduction (SCR) of NOy [45] in present of various small
pollutant gases, the adsorption abilities of these small molecules can be utilized to
success of new catalyst discovery. Nevertheless, developing new solid—state gas
sensors, the adsorption abilities of various gases on the solid surface lead to the
discovery of gas sensors.

There have been many experimental and theoretical researches for the
adsorption of small molecules on various surface planes of different TiO, phases.
Theoretical researches of the adsorption of H,O and NH; on the anatase TiO; (101)
and (001) surfaces as cluster models using density functional theory (DFT) [68], the
CO oxidation on stoichiometric anatase TiO, (001) surface by ab initio calculations
[69], H20 and O, on the anatase TiO; (100) [70] and H,O on the anatase TiO, (100),
(010) and (001) surfaces using semiempirical MSINDO method [71] were studied.
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The adsorption of H,O on the anatase TiO, (101) surface using many cluster models
was investigated using ab initio molecular orbital theory and DFT [72] and CO; on
the anatase TiO, (010), (001), and (101) surfaces using small TiO, clusters was
studied by DFT calculations [73]. The structural, electronic and vibrational properties
of intermediates of the O, photoreduction [74] at the anatase TiO, (101) surface and
water molecules in contact with the anatase TiO, (101) surface [75] were investigated
by performing DFT calculations and ab initio molecular dynamics (AIMD)
simulations. Theoretical simulations of the adsorption behaviors of thin water
overlayers on the anatase TiO, (101) surface using Car—Parrinello molecular
dynamics (CPMD) simulations [76] and molecular dynamics simulations [77] were
carried out. The experiments of the adsorption of water on the anatase TiO, (001)
surface using synchrotron radiation—excited core level photoelectron spectroscopy
[78], adsorption of NH3 and ND3 on the anatase phase of TiO, using laser Raman
spectroscopy [79], adsorption of CO, and NH3; on anatase and rutile TiO;, using
infrared spectrometry [80] and the interaction of water and methanol with the anatase
TiO, (101) surface using low—energy electron diffraction (LEED), temperature—
programmed desorption (TPD) and X-ray photoelectron spectroscopy (XPS) [81]
were carried out. Although, there are many theoretical studies of adsorptions of these
small gases on the anatase TiO,, several interesting gases adsorbed on the various
surface planes of the anatase TiO, have been studied using different methods. In this
paper, adsorptions of diatomic (O,, N2, Hz, CO and NO), triatomic (H,0, H,S, N0,
CO,, NO; and SO,) and polyatomic (NHs, C,H,, C,H4 and CH,) gases on the anatase
TiO; (001) and (101) surfaces which are the most common surfaces for anatase TiO,
[3] have been comprehensively studied using density functional calculations.
Adsorption abilities, in terms of adsorption energy of all studied gases have been

analyzed.

2.3 COMPUTATIONAL METHODS

All structures of adsorbate gases, modeled clusters for the anatase TiO, (001)
and (101) surfaces and their adsorption complexes were optimized using density
functional theory (DFT) method. DFT calculations have been performed with the
Becke’s three parameter hybrid functional [82] with the non-local correlation
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functional of Lee-Yang-Parr [83], B3LYP method [84] with 6-31G(d) basis set
[85,86]. All studied structures were computed with the restricted B3LYP except the
triplet—state structure for of oxygen adsorbed on TiO, (001) and (101) surfaces, the
spin—unrestricted B3LYP/6-31G(d) being employed. All calculations were performed
with the GAUSSIAN 03 program [87].

The anatase TiO, (001) and (101) surfaces were modeled as TigO3s3H30 and
TigO3z3H42 clusters, respectively. Structures of the TigOs3H3o and TigO3z3H4, clusters
were obtained from the partial optimization of the molecular geometry of hydrogen—
terminated structures of clusters modified from the X-ray crystallographic structures
of anatase TiO, [88]. The dangling bonds of the hydrogen—terminated structures were
restrained based on the orientation of their bonds. The B3LYP/6-31G(d) optimized
structures of the TigOs3H30 and TigOs3H4, clusters are shown in Figure 2.1 Partial
optimizations of adsorption complex between adsorbate gas and adsorbent surface
whose structure was treated as rigid cluster were carried out.

The adsorption energy AE,qs of adsorbate gases on the TiO, surface which is
modeled as the rigid cluster were computed from the total energies of the cluster—
adsorbate complex Egjuster-adsorbates the cluster Eciusier and isolated adsorbate Eagsorbate aS
shown in the following equation:

AE = Ecluster—adsorbate - (Ecluster + Eadsorbate) (21)

The adsorption energies of oxygen molecule adsorbed on TiO; (001) and (101)
surfaces were computed from the following equation:
AE=E - (Ecluster + EOZ(tripIet)) (22)

cluster—O, (triplet)

To estimate the basis set superposition error (BSSE) for the energies of adsorption

complexes at the B3LYP/6-31G(d) level, counterpoise (CP) calculations were

performed using the Boys—Bernardi’s CP scheme [89]; AE2* has been referred for

ads
the B3LYP/6-31G(d) calculation with BSSE corrections. The adsorption energies of
adsorbate gases computed at the B3LYP/6-31G(d) level have been reported
throughout the paper, unless otherwise specified.
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Figure 2.1 The anatase TiO, (a) (001) and (b) (101) surfaces modeled as TigOs3H30

and TigOs3H4; clusters, respectively.

2.4 RESULTS AND DISCUSSION

The structures of the TigO33H3p and TigOs3Ha2 clusters, representing for the
anatase TiO, (001) and (101) surfaces, obtained from the partial optimization at the
B3LYP/6-31G(d) level are shown in Figure 2.1 The coordinate of anatase TiO;
surface atoms are composed of 2—coordinate oxygen atom (O,c) and Tisc atoms for
the (001) plane and Oyc, Osc, Tisc and Tigc atoms as shown in Figure 2.1(a) and (b),
respectively. The adsorption energies of the di—, tri—, and polyatomic gases adsorbed
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on the anatase TiO, (001) and (101) surfaces are listed in Table 2.1. The optimized
structures of all adsorption complexes are shown in Figures 2.2-2.4. Adsorption of
the adsorbate gases on the TigOs3H3p and TigO33H4, modeled clusters are separately

described depending on their sizes.

Table 2.1 The adsorption energies of the di—, tri- and polyatomic gases adsorbed on
the anatase TiO, (001) and (101) surfaces.

(001) TigOs5H3o " (101) TigOs3Hs,"
Adsorbate gases - - y -
AE,.° AE,** AES™ AE,.." AE,, " PO
Diatomic
0, (triplet) ~9.19 -3.10 —2.44 ~107.27  -111.97  -99.71
N, -8.15 _3.44 _3.77 21197  -12.09 _6.66
H, ~3.49 _3.17 —2.15 _3.18 —8.44 ~1.63
co¢ ~1480  -10.03 -8.69 ~19.75  -2070  -12.73
co" 20 315 248 ~1005  -10.77  —455
NO -11.09 -8.20 - -103.66 —77.41 -
Triatomic
—16.39k __2%59876h
-35.63 | _1730 p,d,
H,0 -1868° 1303 977 2710, —37.00  —2350
-23.46 n, _27 44 t
H,S 1249 -8.42 ~8.10 TO88, 01 1324
N,O ~11.97 -8.58 _7.42 ~13.69  -15.42 —9.03
Cco, ~11.27 -8.09 ~6.05 ~12.79  -12.89 -6.63
NO, —8.24 5.61 i _12556  —129.03 i
SO ~7.39 —4.97 ~1.36 3479  -41.08  -2759
Polyatomic
~29.19 -33.03
C.H, ~11.26 —8.13 ~6.80 1712 -1919  -14.09
C.H, ~10.11 —8.11 —2.40 ~16.06  -18.06 ~9.77
CH, -5.52 —4.68 ~1.16 —4.31 -8.68 —2.21

% Its total energies at the B3LYP/6-31G(d) and B3LYP/6-311G(d,p)//B3LYP/6-31G(d) levels are
—10146.37479510 a.u. and —10147.6820240 a.u., respectively.
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® Its total energies at the B3LYP/6-31G(d) and B3LYP/6-311G(d,p)//B3LYP/6-31G(d) levels are
—10152.68020140 a.u. and —10154.048498100 a.u., respectively.

¢ In kcal/mol.

¢ Computed at the B3LYP/6-31G(d) level.

¢ Computed at the B3LYP/6-311G(d,p)//B3LYP/6-31G(d) level.

f Computed at the B3LYP/6-31G(d) level with BSSE corrections.

9 Configuration of the adsorbed CO by pointing its carbon atom towards titanium atom of TiO..

" Configuration of the adsorbed CO by pointing its oxygen atom towards titanium atom of TiO,.
"The (001) slab, computed with the VASP-GGA method, taken from ref. [69]

J No BSSE calculation carried out.

K The (001) 2x2x3 cluster, computed with, taken from ref. [90]

' Computed with MD simulation, taken from ref. [94]

™ The TigO19H1 cluster, computed with the DFT/VWN(BP86) method, taken from ref. [95]

" The TiO,0gH1, cluster, computed with the B3LYP/6-31G(d,p) method, taken from ref. [68]

° The Ti,1OsgH3, cluster, computed with the MSINDO method, taken from ref. [71]

P Computed with MD simulation, taken from ref. [96]

9 XPS method, taken from ref. [81]

" The TigO,Hy cluster, computed with the B3LYP/6-31G(d)//HF/6-31G(d) method, taken from ref.
[72]

* The (101) slab, computed with the DFT-GGA(PW91) VASP method, taken from ref. [97]

" The TigO,gH,4 cluster, computed with the DFT/GGA(RPBE)DZVP method, taken from ref. [98]
Y Computed with the DFT/GGA method, taken from ref. [99]

¥ Computed with MD simulation, taken from ref. [96]

2.4.1 Adsorption of diatomic gases on the anatase TiO,

Configurational structures of the adsorption complexes of diatomic gases on
the anatase TiO, (001) and (101) surfaces are shown in Figure. 2.2. Table 1 shows
that the CO can be adsorbed either on the TiO, (001) or (101) surfaces as two
configurations and the stronger one is the configuration of CO-carbon atom pointing
towards the Ti atom of the surface. The CO adsorbed on the (001) surface is the
strongest adsorption which is stronger than the O, adsorption by 5.61 kcal/mol; all
energies presented in the paper were computed at the B3LYP/6-31G(d) level unless
otherwise specified. The adsorption abilities of diatomic gases on the anatase TiO;
(001) and (101) surfaces are in the orders: CO > NO > O, > N, > H, and O, > NO >>

CO > N3 > Hy, respectively. The first and second strongest adsorption gases (CO and
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NO) on the TiO, (001) surface, computed at either the B3LYP/6-31G(d) or
B3LYP/6-311G(d,p)//B3LYP/6-31G(d) level are in the same sequence. Adsorption
energies of O,, N, and H; on the anatase TiO, (001) surface computed at the
B3LYP/6-31G(d) level are reasonably different but their B3LYP/6-
311G(d,p)//B3LYP/6-31G(d) and BSSE corrected B3LYP/6-31G(d) values are very
low and in the same order. This may be caused by (i) using polarized basis set as 6—
311G(d,p) for low polar diatomic gases adsorbed on low polar TiO, (001) surface and
(if) underestimation of BSSE calculations on interaction between low polar diatomic
gas and low polar TiO, (001) atoms. Therefore, the B3LYP/ 6-311G(d,p)//B3LYP/6-
31G(d) and BSSE corrected B3LYP/6-31G(d) methods are inaccurate method for
calculation of interaction of low polar diatomic gas and low polar TiO, (001) surface
atoms. Nevertheless, sizes of clusters as TigO33Hso and TigO33H42 should not be the
main cause of these inaccurate results.

The adsorption on the TiO, (101) surface, the adsorption sequences obtained
from either the B3LYP/6-31G(d) or B3LYP/6-311G(d,p)//B3LYP/6-31G(d) or BSSE
corrected B3LYP/6-31G(d) calculations are in the same sequence except the BSSE
corrected B3LYP/6-31G(d) adsorption energy of NO which could not be obtained
because no convergence of its calculation is found.

Two types of adsorption configurations of CO on the TiO, (001) and (101)
surfaces were found. The fist type is the configuration of CO pointing its carbon atom
towards titanium atom of TiO, and the second type is the configuration of CO
pointing its oxygen atom towards titanium atom of TiO,. The adsorption energies of
the first configuration type of CO adsorbed on the TiO, (001) and (101) surfaces are
higher than those of the second type. The adsorption energies of the most favorable
configuration (the first type) for CO adsorbed on the TiO, (001) and (101) surfaces
are —14.80 and -109.75 kcal/mol, respectively, and more stable than that of the
second configuration type by 8.03 and 9.70 kcal/mol, respectively.
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Figure 2.2 The adsorption structures of diatomic gases (a) O, (triplet state), (b) No,
(c) Ha, (d, ) CO and (f) NO, adsorbed on the anatase TiO, (001) (left) and (101)

(right) surfaces. Hydrogen bond distances are in A.

The bond distances between CO-carbon atom and surface-Ti atom for the
adsorptions of CO on the TiO, (001) surface as C---Ti = 2.32 A and (101) surface as
C---Ti = 2.24 A are shorter than those between CO-oxygen atom and surface—Ti atom
for the TiO, (001) and (101) surfaces by 0.27 and 0.09 A, respectively.

The O, adsorbed on the TiO, (101) surface is the strongest adsorption of
which adsorption energy is —107.27 kcal/mol and much stronger than the adsorption
on the (001) surface by 98.08 kcal/mol. As many experiments and theoretical
calculations have shown that O, cannot bind to perfect TiO, (110) surface [91-93],
the TiO; (101) is the most favorable surface for the O, adsorption. The bond distances
between O,—oxygen atom and surface-Ti atom for the adsorptions of O, on the TiO,
(0 0 1) surface as O---Ti = 2.74 A and (101) surface as O---Ti = 1.97 A correspond to
their adsorption energies as mentioned above.

The adsorption of the NO on the TiO, (101) surface is stronger than that on
the (001) surface by 92.57 kcal/mol at the B3LYP/6-31G(d) level and 69.21 kcal/mol
at the B3LYP/6-311G(d,p)//B3LYP/6-31G(d) level. The bond distances between
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NO-nitrogenatom and surface—Ti atom for the adsorptions of NO on the TiO, (001)
surface as N---Ti = 2.21 A and TiO, (101) surface as N---Ti = 2.00 A were found.

The adsorption energies of N2 adsorbed on the TiO, (001) and (101) surfaces
are —8.15 and —11.97 kcal/mol, respectively. The adsorption of H, on the TiO, (001)
and (101) surfaces are very weak of which the adsorption energies are —3.49 and

-3.18 kcal/mol, respectively.

2.4.2 Adsorption of triatomic gases on the anatase TiO;

Configurational structures of the adsorption complexes of triatomic gases on
the anatase TiO, (001) and (101) surfaces are shown in Figure 2.3. Due to the
B3LYP/6-31G(d) adsorption energies, the adsorption abilities for triatomic gases
adsorbed on the TiO, (001) and (101) surfaces are in orders: H,O > H,S =~ N,O = CO,
> NO;, = SO, and NO; = H,0 = SO, > H,S > N,O = CO,, respectively. Nevertheless,
the adsorption energies of these gases on the TiO, (001) and (101) surfaces obtained
from the B3LYP/6-311G(d,p)//B3LYP/6-31G(d) or BSSE corrected B3LYP/6-
31G(d) calculations result reasonable orders of adsorption abilities compared with the
order obtained from the B3LYP/6-31G(d) computations. The H,O adsorbed on the
TiO, (001) surface is the strongest adsorption and its adsorption energy (AEags iS
-16.39 kcal/mol) is the reasonable value compared with the values obtained from the
other works [68, 71, 93-95]. The adsorption energy of H,O adsorbed on the TiO,
(101) surface (AEqgs i1s —35.86 kcal/mol) is stronger than the adsorption on the TiO,
(001) by 17.47 kcal/mol. The B3LYP/6-31G(d) adsorption energy of the H,O

adsorbed on the TiO, (001) surface is overestimate value but the BSSE corrected

B3LYP/6-31G(d) adsorption energy (AESF = —23.50 kcal/mol) is more reasonable

ads

as compared with the values taken from the other works [68, 72, 82, 96-99].

The adsorption energies of H,S, N,O and CO, adsorbed on the TiO, (001) and
(101) surfaces are not much different except the H,S adsorbed on the TiO, (101)
being stronger than on the (001) surface by 6.84 kcal/mol. The NO, and SO, adsorbed
on the TiO; (001) surface is weak but on the TiO, (101) surface are very strong. The
NO, adsorption on the TiO, (101) surface (AEags IS —125.56 kcal/mol) is the most
stable adsorption on the TiO, (101) surface and much stronger than on the (001)

surface by 117.32 kcal/mol. The bond distances between NO,—nitrogen atom and
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surface—Ti atom, the N---Ti bond distance for the TiO, (001) surface is long (N---Ti =
2.62 A) and longer than for the (101) surface (N---Ti = 2.14 A) by 0.68 A. The NO;
adsorption on either the TiO, (001) or (101) surface, the NO, molecule points its
nitrogen atom towards the surface—Ti atom, see and Figure 2.3(e). The SO, adsorption
on the TiO, (101) surface (AEags is —34.79 kcal/mol) is pretty strong and much
stronger than on the (001) surface by 27.40 kcal/mol. The SO, molecule adsorbed on
the TiO, (001) surface points its sulfur atom towards the surface-Ti atom but point its
oxygen atom towards the surface—Ti atom, see Figure 2.3().

Figure 2.3 The adsorption structures of triatomic gases (a) H,O, (b) H,S, (c) N0, (d)
CO,, (e) NO; and (f) SO,, adsorbed on the anatase TiO, (001) (left) and (101) (right)

surfaces. Hydrogen bond distances are in A.

2.4. 3. Adsorption of polyatomic gases on the anatase TiO,

Structures of the adsorption complexes of polyatomic gases on the anatase
TiO, (001) and (101) surfaces are shown in Figure 2.4. The adsorption abilities for
polyatomic gases on either the TiO, (001) or (101) surface computed at either the
B3LYP/6-31G(d) or B3LYP/6-311G(d,p)//B3LYP/6-31G(d) or BSSE corrected
B3LYP/6-31G(d) level, are in the same order: NH3; >> C,H;, > C,H, >> CHa.
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Figure 2.4 The adsorption structures of polyatomic gases (a) NHs, (b) C,Hy, (¢) CoHy
and (d) CHy, adsorbed on the anatase TiO, (001) (left) and (101) (right) surfaces.

Hydrogen bond distances are in A.

Adsorptions of NH3 on either the TiO, (001) or (101) surface are very strong
and stronger than others (C,H,, C,H; and CH,) by more than 10 kcal/mol. The
adsorption energy of NH3 on the TiO, (001) (AEags = —29.91 kcal/mol) and (101)
(AEags = —39.25 kcal/mol) surfaces are close to the values reported in Ref. [68]. The
bond distances between NHs—-nitrogen atom and surface-Ti atom, the N---Ti bond
distance for the TiO, (001) surface (N---Ti = 2.24 A) and the (101) surface (N---Ti =
2.23 A) are hardly different. For the adsorption of NH3 on either the TiO, (001) or
(101) surface, the NH3; molecule pointing its nitrogen atom towards the surface—Ti
atom was found as shown in Figure 2.4(a).

The adsorption energies of C,H, and C,H,4 adsorbed on the TiO, (001) and
(101) surfaces are —8.15 and —11.97 kcal/mol, respectively. Plot for comparison of the
adsorption energies of C,H,, C,H4 and CH,4 adsorbed on the anatase TiO, (001) and
(101) surfaces is shown in Figure 2.5. It shows small different adsorption energies of
CH, adsorbed on the TiO; (001) and (101) surfaces but the adsorption of C,H,, CoH,4
on the TiO, (101) are stronger than on the TiO, (001) by 5.86 and 5.95 kcal/mol,

respectively.
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Figure 2.5 Plot for comparisons of the adsorption energies of small hydrocarbon

molecules on the anatase TiO, (001) and (101) surfaces.

2.5 CONCLUSIONS

The adsorption energies of di—, tri— and polyatomic gases adsorbed on anatase
TiO, (001) and (101) surfaces which are modeled as the TigO33H3p and TigO3s3H42
clusters were obtained using the B3LYP/6-31G(d), B3LYP/6-311G(d,p)//B3LYP/6—
31G(d) and BSSE corrected B3LYP/6-31G(d) calculations. The adsorption abilities
for all the studied gases on the anatase TiO, (001) and (101) surfaces are in the orders:
NH3 >> H,0 > CO > H,S = N,O > CO; = C,H; = NO = C;Hy > O, > NO, = N, > SO;
> CH4 > H; and NO; > O, = NO = H,0 > SO; > NH3 >> CO = H,S > C,H; > CoHy >
N,O > CO;, > N, > CH,4 > Hy, respectively.

The adsorptions of all studied gases on the anatase TiO, can be summarized
that the TiO, (001) surface greatly prefers to adsorb NH3 and H,0, and the TiO, (101)
surface prefers to adsorb NO and O,. The TiO, (101) surface may probably be

expected to be a catalyst for NO conversion reaction.
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3.1 ABSTRACT

The adsorption of CO, H;, N>O, NH3 and CH,4 gases on the anatase TiO, (001)
and (101) surfaces were investigated by two—dimensionally periodic slab model DFT
calculation. The most energetically favorable positions of these gases on the anatase
TiO; surface computed using two different optimization models were obtained. The
relative adsorption energies of these gases on the anatase TiO, (001) and (101)
surfaces are in orders: NH3 (AEags = —26.6 kcal/mol) >> CO (AEaq <= —9.7 kcal/mol)
>> H, ~ CH4 = N,O and NH3 (AEags = —24.3 kcal/mol) >> CO (AE,gs = —6.8 kcal/mol)
~ N,O > CHpa, respectively. The N,O energetically likes better to adsorb on the TiO;
(101) than the (001) surface. The H, dislike to adsorb on the TiO, (101) but weakly
adsorb on the TiO, (001) surface. The CH4 weakly adsorbs on the TiO, (001) surface
but very weakly adsorbs on the TiO, (101). Two configurations for co—adsorption of
N,O and CO as [O=N=N---CO] and [CO---O=N=N] were found.

3.2 INTRODUCTION

As the titanium dioxide (TiO,) has been widely employed in many industrial
fields, such as photocatalysis [2,3], heterogeneous catalysis [1] and gas—sensor
applications [7, 101], its structures and surfaces have been widely studied [19, 20].
Adsorption energies of the small molecules such di-, tri- and tetraatomic gases are
very useful information for reaction prediction on the TiO, surfaces due to their co-
adsorption [40, 39, 67]. For example, in the environmental field, in order to develop
the new catalyst for the selective catalytic reduction (SCR) of NOy [45] in the
presence of various small pollutant gases, the adsorption abilities of these small
molecules can be utilized to success of new catalyst discovery. Nevertheless,
developing new solid-state gas sensors, the adsorption abilities of various gases on
the solid surface lead to the discovery of gas sensors.

There have been many experimental and theoretical studies on adsorptions of
small molecules on various surface planes of different TiO, phases. Theoretical
researches of the adsorption of H,O and NH3 on the anatase TiO, (101) and (001)
surfaces as cluster models using density functional theory (DFT) [68], the CO
oxidation on stoichiometric anatase TiO, (001) surface by ab initio calculations [69],
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H,0 and O, on the anatase TiO; (100) [70] and H,0 on the anatase TiO; (100), (010)
and (001) surfaces using semiempirical MSINDO method [71] were studied. The
adsorption of H,O on the anatase TiO, (101) surface using many cluster models was
investigated using ab initio molecular orbital theory and DFT [72] and CO, on the
anatase TiO, (010), (001), and (101) surfaces using small TiO, clusters was studied
by DFT calculations [73]. The structural, electronic, and vibrational properties of
intermediates of the O, photoreduction [74] at the anatase TiO, (101) surface and
water molecules in contact with the anatase TiO, (101) surface [75] were investigated
by performing DFT calculations and ab initio molecular dynamics (AIMD)
simulations. Theoretical simulations of the adsorption behaviors of thin water
overlayers on the anatase TiO, (101) surface using Car—Parrinello molecular
dynamics (CPMD) simulations [76] and molecular dynamics simulations [77] were
carried out.

The experiments of the adsorption of water on the anatase TiO, (001) surface
using synchrotron radiation—excited core level photoelectron spectroscopy [78],
adsorption of NH3; and ND; on the anatase phase of TiO, using laser Raman
spectroscopy [79], adsorption of CO, and NHj3; on anatase and rutile TiO, using
infrared spectrometry [80] and the interaction of water and methanol with the
anatase-TiO, (101) surface using low—energy electron diffraction (LEED),
temperature—programmed desorption (TPD), and X-ray photoelectron spectroscopy
(XPS) [81] were carried out.

Even though, there are many theoretical studies of adsorptions of the small
gases on the various surface planes of anatase TiO,, several interesting gases adsorbed
on the various plane surfaces of the anatase TiO, have not been extensively and
comparatively studied using the same or similar methods. The purpose of this work is
an examination of the adsorption of CO, H,, N,O, NH3 and CH,4 gases including their
competitive co—adsorption on the most stable surfaces of the anatase TiO, (001) and
(101). The anatase (001) and (101) which are the most common surfaces for anatase
[3] have been investigated using density functional theory (DFT) and two-
dimensionally periodic slab model [101-103]. Adsorption abilities, in terms of

binding and interaction energies of the studied gases have been analyzed and reported.
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3.3 COMPUTATIONAL METHODS

All DFT calculations of two—dimensionally periodic slab model have been
carried out using the CRYSTALOQ6 computational code [104], based on the expansion
of the crystalline orbitals as a linear combination of a basis set consisting of atom
centred Gaussian orbitals. The Kohn-Sham orbitals as Gaussian—type—orbital basis
sets of doublezeta quality as an 86-51G(3d) and an 8-411G contraction scheme have
been respectively employed for the titanium and oxygen atoms on TiO, (001) [105]
and (101) surfaces [106]. Basis set for carbon, oxygen, hydrogen and nitrogen atoms

of adsorbates employed in this calculations are a 631d1G [107], an 8411dG [108],
31p1G [109] and a 631dG [109], respectively except for carbon atom of methane
adsorbed on the TiO, (001) surface, the 6311d11G [108] being used. The hybrid
functional, B3LYP including Becke’s three parameter exchange [83] and Lee—Yang—
Parr correlation [84], has been employed.

The TiO, (001) and (101) slabs created using the lattice parameters taken from
the X-ray (a = 3.793, ¢ = 9.510 and u = 0.208) [110] (strategy I), and the full
geometry optimization (a = 3.7365, ¢ = 9.9811 and u = 0.202) (strategy Il) are given
in Table 3.1 The Monkhorst—Pack scheme for 8x8x8 k—point mesh in the Brillouin
zone was applied for anatase TiO, crystal. In geometry optimizations of two—
dimensionally periodic slab, the lattice constants were fixed at these values while the
positions of all Ti and O atoms were allowed to vary.

The anatase TiO, (001) and (101) surfaces are respectively modeled as (1x1)
with two Ti layers and (1x1) with four Ti layers as shown in Figure 3.1 The
tolerances for geometry optimization convergence have been set to the default values
[104] and the Coulomb-exchange screening tolerances were set to (7, 7, 7, 7, 12) and
(7,7, 7,7, 14) for TiO, (001) and (101) surfaces, respectively. All slab calculations
have been performed with a Monkhorst-Pack [111] k—point grid with shrinking
factors (8, 8).

There are two adsorption sites for the TiO, (001) surface: twofold—coordinate
O atom (Oyc) and fivefold—coordinate Ti atom (Tisc) and four adsorption sites for the
TiO; (101) surface: twofold—coordinate O atom (Oyc), threefold—coordinate O atom

(Osc), fivefold—coordinate Ti atom (Tisc), and sixfold—coordinate Ti atom (Tigc).
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The adsorption energy (Eags) is computed for adsorbate on the clean surface as

follows:

AEads = Eadsorbat/surface - (Eadsorbat + Esurface) (3-1)

where Eagsorbatisurface 1S the energy of adsorbate on the TiO, surface, Eagsorbat aNd Esyrface
are an isolated molecule of adsorbate and a clean TiO, surface, respectively.

As the competitive adsorption between two adsorbates and the TiO, (001)
surface, the Eley—Rideal type has been proposed in this work. Therefore, the first

1
ads

2
ads

adsorption energy (AE_, ) and the second adsorption energy (AEZ, ) are defined as the

stepwise adsorption energies for adsorption of the adsorbing gas and non—adsorbing

gas, respectively and their energies are written as the Egs. (3.2) and (3.3).

ads

AE,, = Eamio, — (Ea+t Erio, ) (3.2)

AE;, = Es/amio, — (Eg+ Eamio, ) (3.3)

ads

Where A and B are adsorbing and non-adsorbing gases, respectively. The overall

adsorption energy (AE2*™") is therefore defined in Eq. (3.4).

ads

+ AE?

ads

AE overall - AEl

ads ads (34)
Coverage of adsorbate on the TiO, surfaces in terms of the coverage fraction (#) can
be computed as the ratio between the numbers of adsorbate molecules and titanium
active atoms in the two—dimensionally periodic slab model. The coverage fraction of
adsorbate on the TiO, surfaces modeled as (1x1) primitive and (1x1) supercell

structures using in the computations are # =0.25 and 6 = 1 for, respectively.
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Figure 3.1 The TiO, (001) (left) and (101) (right) surface slabs of the full optimized

crystal.

3.4 RESULTS AND DISCUSSION

3.4.1 Adsorptions of CO, H;, N,O, NH3 and CH,4 gases on the anatase
TiO;

The adsorption structures of the CO, H,, N,O, NH3; and CH,4 gases on the
anatase TiO, (001) and (101) surfaces are shown in Figures 3.2 and 3.3, respectively.
Bulk parameters of anatase TiO, compared with X-ray crystallographic data and

other computational works are shown in Table 3.1. In this work, the TiO, (001) and

(101) surfaces of the slab of X-ray crystal structure (a = 3.793, ¢ = 9.510 and u
0.208) [110], and of the fully optimized geometry (a = 3.7365, ¢ = 9.9811 and u
0.202) were termed as the strategy | and strategy I, respectively. The X-ray bulk

parameters used in this work were used in many previous works and their results seem
to be more accurate than our optimized parameters. On the TiO, (001) surface, the
atoms O,c and Tisc, are able to interact with adsorbate. Even thought, the TiO, (101)
surface atoms are different coordinate atoms as O,c, Osc, Tisc and Tigc, only the Oyc,
Osc and Tisc atoms interact with adsorbate molecules whose interaction cause the

physical adsorption.
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Table 3.1 Observed and computed lattice parameters of the anatase TiO,, with space

group 14,/amd.

Parameter® DFT® DFT® DFTY Exp® Expf Exp? Exp" Exp' Exp’
a 3737 3741 3822 3793 3784 3782  3.7845 3872  3.783
c 9981 9964 9690 9510 9515 9502 95143 9616  9.513
uk 0.202 0202 - 0.208  0.208  0.208 02081 0208 -

a 0 3741 0 0 0 0 0 0 0

B 0 5641 0 0 0 0 0 0 0

y 90 109.4 90 90 90 90 90 90 90

® The lattice constants (a, ¢) are in A.

® This work, a full optimization at constant volume.
° Ref. [112]

9 Ref. [113]

® Ref. [110]

"Ref. [88]

9 Neutron powder diffraction, Ref. [31]

" Ref. [114]

" Nano—-crystalline Ref. [115]

I Nano-crystalline Ref. [116]

% A fraction of a lattice constant, u = dap/C, Where dgp is the apical Ti—O bond length, Ref. [117]

Selected parameters of optimized structures of adsorption CO, H,, N,O, NH3
and CHy,4 gases onto the anatase TiO, (001) and (101) surfaces are shown in Table 3.2.
The CO adsorption on TiOg, its C atom pointing toward the titanium atom of (001)
surface (C-Tisc = 2.537) is longer than the (101) surface by 0.34 A and but its
adsorption energy on the (001) surface is more stable than on the (001) surface by 3
kcal/mol. At high coverage (6 = 1) for the CO adsorbed either on the TiO, (001) or
(101) surface, the CO points its C atom down on top of the Ti atom and its C=0 bond
orientation points toward surface titanium atom with small slope, see Figures 3.2 and
3.3.



Figure 3.2 Adsorption structures of (a) CO, (b)H2, (c)N,O, (d)NH3 and (e) CHa,
adsorbed on anatase TiO, (001) surface. Bond distances are in A.

31
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Table 3.2 Selected parameters of optimized structures for CO, H,, N,O, NH; and CH,4
gases adsorbed on the anatase TiO, (001) and (101) surfaces, distances and angles

given in A and degrees, respectively.

Adsorbate/TiO, TiO, (001)*®  Adsorbate/TiO, TiO,2 (101)°°
parameters parameters

CO adsorbate

C-Tisc 2.568 C-Tisc 2.443
C-O4c 2.683 C-O4c 2.862
O-C-Tisc 170.0 O-C-Tisc 175.0

H, adsorbate

H-Tisc 3.418 H-Tisc -
H-H-Tisc 2.830 H-H-Tisc -
H-H-Tisc 143.0 H-H-Tisc -
N,O adsorbate

O-Tisc 3.079 O-Tisc 2.506
0-04¢ 3.016 0-04¢ 2.842
N1-O,c 3.187 N1-O,c 2.900
N1-O-Tisc 111.9 N1-O-Tisc 113.3

NH; adsorbate

N-Tisc 2.336 N-Tisc 2.384
H1-O,¢ 2.383 H1-O,¢ 2.250
H1-N-Tisc 925 H1-N-Tisc 96.9
CH, adsorbate

C-Tisc 3.741 C-Tisc 3.494
H1-O,c ¢ 2.860 H1-O,¢ 2.698
H2-0,c ¢ 3.155 H2-0,¢ 3.717
H1-C-Tisc 49.7 H1-C-Tisc 50.83

% (1x1) with two Ti layers.
® Based on the strategy I1.
¢ (1x1) with four Ti layers.

 They are not the same atom.



33

Table 3.3 Adsorption energies (in kcal/mol) for the CO, H,, N,O, NH3; and CH,4
adsorbed on the anatase TiO, (001) and (101) surfaces.

Adsorbate TiO, (001)? TiO, (101)°
AEellds (I)C AEeijs ‘ AE;ds i AE:ds ‘

co 973  -849  -530° 678  -312 570
H, 315 -1.77 o o
N0 241 221 500 544

h

NH 2658 2411  -2372" 2434 2441 0J8,
CH, 2903 -121 065  -037

% (1x1) with two Ti layers.

® (1x1) with four Ti layers.

¢ Based on the strategy .

¢ Based on the strategy 1.

® The (001) surface, computed with the VASP-GGA method, Ref. [69]

"The (2x2) slab, computed with the periodic DFT method, Ref. [111]

9 No adsorption was found.

" The TiOgH,, cluster, computed with the B3LYP/6-31G(d,p) method, Ref. [68]
" The (001) surface, computed with the VASP-GGA method, Ref. [118]

The N,O adsorption on TiO,, its O atom pointing toward the titanium atom of
(001) surface (O-Tisc = 2.948) is longer than the (101) surface by 0.45 A and but its
adsorption energy on the (001) surface is less stable than on the (001) surface by 2.6
kcal/mol. The adsorption energies of these gases adsorbed on the anatase TiO, (001)
and (101) surfaces are listed in Table 3.3. It shows that both of the TiO, (001) and
(101) surfaces can strongly adsorb NH3 and fairly adsorb CO. The H, can weakly be
adsorbed on the TiO, (001) surface but not adsorbed on the TiO, (001) surface. Plot
of their adsorption energies derived from computation of the strategy | are shown in

Figure 3.4.
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Selected atomic charges (in €) of all the optimized structures for CO, Hy,
N,O, NH3; and CH,4 gases adsorbed on the anatase TiO, (001) and (101) surfaces are
shown in Table 3.4. It shows change of partial charge of atoms of adsorbate and
surface TiO, as isolation and adsorption state. Physically, the TiO, (001) surface seem
to be smoother than the (001) surface as demonstrated in Figure 3.1 and number of

active titanium atom per area of the (001) surface are larger than of the (101) surface.

Figure 3.3 Adsorption structures of (a) CO, (b) N,O, (c) NH3; and (d) CH,, adsorbed

on the anatase TiO, (101) surface. Bond distances are in A.
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Table 3.4 Selected atomic charges (in e) of optimized structures for CO, H,, N2O,
NH3; and CH, gases adsorbed on the anatase TiO, (001) and (101) surfaces.

Adsorption TiO, (001) *° TiO, (101) °°
system
COITIO;
TiO, Tisc = 2.543, Oyc = —1.315, Tisc = 2.452, Oyc = —1.274,
O3c=-1.182 O3c =—1.058
CO C=0.053 C=0.093
CO 0 =-0.106 0=-0.142
H,/TiO, -
T|02 Ti5c = 2524, Ozc = _1317, -
O3c =-1.198
H, H=0.000 -
H, H=-0.010
N,O/TiO,
T|02 Ti5c = 2533, 02c = _1321, Tisc = 2446, Ozc = _1283,
O3C =-1.201 03c =-1.079
N.O N=-0.212 N=-0.177
N.O N=0.432 N=0.481
N.O 0=-232 O=-0.177
NH3/TiO,
TiO; T Tisc = 2.551, Oyc = —1.322, Tisc = 2.462, Oyc = —1.333,
O3c =-1.246 Ogc =-1.094
NH; N=-0.806 N=-0.835
NH; H=0.341 H=0.338
NH; H=0.246 H=0.299
NH3 H=0.230 H=0.233
CHJ/TIO,
T|02 Ti5c = 2529, 02c = _1314, Tisc = 2452, Ozc = _1338,
03(; =-1.193 Ogc =-1.033
CH, C=-0.648 C=-0.507
CH, H=0.163 H=0.129
CH, H=0.154 H=0.123
CH, H=0.155 H=0.119
CH, H=0.152 H=0.123
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Figure 3.4 Adsorption structures of (a) CO, (b) N,O, (c) NH3 and (d) CH,, adsorbed
on the anatase TiO, (101) surface. Bond distances are in A.

3.4.2 Co-adsorption on the anatase TiO;

Co-adsorption configurations of three possible pairs, CO/N,O, CO/H;, and
H2/N,O were studied using the partial optimization model of which the coordinates
based on the TiO, (1x1) supercell with three Ti layers (12 Ti atoms and 24 O atoms)
were frozen. It was found that the co—adsorption of these three pairs cannot take place
on the anatase TiO, (101) surface. This may be caused by the corrugated character of
the anatase TiO, (101) surface. Convergences of the structure optimizations of co—
adsorption configuration of CO/H, and H,/N,O on the anatase TiO, (001) surface
have been not achieved but departures of these co—adsorption CO/H; and H,/N,O

from the TiO, (001) surface were found. It can be remarked that co—adsorption of H,
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and N,O should not exist because the repulsion between atoms of H, and N,O
overcomes their adsorption whose energies are -3.15 and -2.41 kcal/mol,
respectively. Desorption of H, and N,O on the TiO, (001) surface is suggested by

divergence of their co—adsorption.

TiO,(001)
04 ® ®
>'<-

= .5 / .
2 N /. TiO,(101)
= -104 W
=
[
=2 154
2
E 20-

254

N
-30 T T T v LJ

CO H, N,O NH, CH,

Figure 3.5 Adsorption energies of CO, N,O, NH3 and CH, on the anatase TiO, (001)
and (101) surfaces, based on the strategy 1.

There are two configurations for co-adsorption of N,O and CO as the
[CO--O=N=N] and [O=N=N:-CO] which are called as configuration | and
configuration 11, respectively (see Figure 3. 6(a) and (b)). These two configurations
were obtained from the structure optimizations using the initial configurations based
on the possible adsorption structures. Only the configuration of [CO:-O=N=N]
(configuration 1) leads to the production of CO, and N». The conversion of the N,O
and CO to the CO; and N is likely to follow the Eley—Rideal type mechanism. Two
possible stepwise reactions of the adsorption of N,O and CO on the (001) surface are
shown in the Egs. (3.5) and (3.6).

Tio,—"2 5 N,0-Ti0,—% 5 CO/N,0-TiO, (3.5)

where as AE., = -9.10, AE2, =-2.59 and AE2*™" =-11.69 kcal/mol,
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Tio,—< CO-Tio,—"2 5 N,0/CO - TiO, (3.6)

where as AE!

ads

=-12.03, AE2_ = -5.05 and AEC°*™" = _-17.08 kcal/mol. It was found

ads ads

that the stepwise reactions of Eg. (3.5) corresponds with the configuration | (Figure
3.5(a)) and the Eley—Rideal type mechanism. Namely, CO secondly adsorbs on top of
N0 as the firstly adsorbed species; this can be confirmed with the bond distances of

their interactions, see Figure 3.6.

Figure 3.6 Adsorption configurations of CO and N,O co-adsorbed on the anatase—
TiO, (001) surface as (a) [CO--*O=N=N], configuration I and (b) [N=N=0O/CQO],
configuration I1. Bond distances are in A.

As two configurations for co—adsorption of N,O and CO as [CO--O=N=N]
and [N=N=0/CO] were found. Only the configuration I, [CO---O=N=N] leads to the
production of CO; and N,. The conversion of N,O and CO to products CO, and N is
likely to follow the Eley-Rideal type mechanism. To forward this conversion
reaction, the reactants N,O and CO adsorbed on the anatase-TiO, (001) surface have
to form transition—state whose the proposed structure can be given as shown in Figure

3.7. The co—existing gases CO, and N, dislike to be adsorbed but rather desorbed on
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the (001) surface. This trend was indicated by divergence of the structure optimization

of co—adsorption of CO; and N, on the (001) surface.

N [N #
N A N, P
\\O_.-" s 2= C

I
I
)
'
]

et |ttt

(a) (b)

Figure 3.7 Co-adsorption configurations of (a) CO and N,O on the anatase TiO;

(001) surface and (b) its proposed transition—state structure.

2.5 CONCLUSIONS

The adsorption of CO, H;, N,O, NH3 and CH4 gases on the anatase TiO, (001)
and (101) surfaces were investigated using the B3LYP calculations. The relative
adsorption energies of these gases on the TiO, (001) and (101) surfaces are in orders:
NH3 >> CO >> H, » CH4 ~ N,O and NH3; >> CO =~ N,O > CHy, respectively. Two
configurations for co—adsorption of N,O and CO on the TiO; (001) were found but on
the (101) does not exist. It has been suggested that the configuration I of the co-
adsorption of N,O and CO on the anatase-TiO, (001) surface can be converted to

form products CO, and N via the transition—state.
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4.1 ABSTRACT

The adsorption energies of CO, H,, N,O, NH3; and CH, gases on the rutile
TiO, (001) and (110) surfaces were obtained using periodic slab models density—
functional method. The relative adsorption energies of these gases on the rutile TiO,
(001) and (110) surfaces are in orders: NH; > N,O > CO >> H, > CH4 and NH3 >
N20O ~ CO >> H,, respectively.

4.2 INTRODUCTION

Many applications of titanium oxide (TiO,) as photocatalysis, [1-3, 5]
heterogeneous catalysis [1] and gas—sensor, [7, 100] have been successful and TiO,
surfaces have been widely studied over many years [19-20]. As these applications of
the TiO, caused by its adsorption abilities on gases or small molecules, there have
been numerous experimental and theoretical studies on adsorptions of small
molecules such di-, tri- and tetraatomic gases, and also co—adsorptions [39, 67, 26] on
various surface planes of different TiO, phases. As in nature TiO, exists in four
polymorphs, i.e. anatase, rutile, brookite and TiO, (B) core [119]. Both rutile and
anatase polymorphs have been extremely investigated in experimental and theoretical
studies. Nevertheless, rutile is the most stable for large particles [33], but anatase
becomes more stable than rutile only when the particle size decreases below ca. 14
nm [34]. It has been extensively studied the adsorption of di—, tri- and tetraatomic
gases on different of TiO, surfaces such as CO, CO,, H, and H,0 [120], N2, O, and
CO [42], NH3 [121-122], N2O, [49]. In previous works, we have investigated the
adsorption of small gases on the anatase TiO;, (101) and (001) surfaces [25, 26] and
compared all our results with all other works. We have found that the most stable
configuration takes place when the adsorbed molecular gases toward Tisc on the
surface except H..

Nevertheless, sequences of adsorptions of the small gases on the various
surface planes of rutile TiO, have hardly been found. In this letter we have therefore
studied adsorptions of the small gases series i.e. CO, H,, N,O, H,O, NH3 and CH,4 on
the rutile TiO, (001) and (110) surfaces using periodic slab models density—functional
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method. The adsorption abilities of the rutile TiO, (001) and (110) surfaces on these

small gases compared with all other works have been reported.

4.3 COMPUTATIONAL METHODS

All DFT calculations of two—dimensionally periodic slab model have been
carried out using the CRYSTALO6 computational code [104], based on the expansion
of the crystalline orbitals as a linear combination of a basis set consisting of atom
centered Gaussian orbitals. The Kohn-Sham orbitals as Gaussian-type—orbital basis
sets of double zeta quality as an 86-51G(3d) and an 8-411G contraction scheme have
been respectively employed for the titanium and oxygen atoms on TiO, (001) [105]
and (110) surfaces [106]. Basis set for carbon, oxygen, hydrogen and nitrogen atoms
of adsorbates employed in this calculations are a 631d1G [107], an 8411dG [108],
31p1G [109], and a 631dG [109], respectively, except for carbon atom of methane
adsorbed on the TiO, (001) surface, the 6311d11G [108] being used. The hybrid
functional, B3LYP including Becke’s three—parameter exchange [83] and Lee-Yang-
Parr correlation [84], has been employed.

The optimized bulk lattice parameters, are a = 4.572 A, and ¢ = 2.992 A, to be
compared to the experimental results of 4.586 and 2.954 A, respectively [31] as listed
in Table 4.1. The Monkhorst—Pack scheme for 8x8x8 k—point mesh in the Brillouin
zone was applied for rutile TiO, crystal. In geometry optimizations of two-
dimensionally periodic slab, the lattice constants were fixed at these values while the
positions of all Ti and O atoms were allowed to relax. The rutile TiO, (001) and (110)
surfaces are, respectively modeled as (1x1) with three Ti layers and (1x1) with two Ti
layers as shown in Figute 4.1. The tolerances for geometry optimization convergence
have been set to the default values [104] and the coulomb-exchange screening
tolerances were set to (7, 7, 7, 7, 12). All slab calculations have been performed with
a Monkhorst—Pack [111] k—point grid with shrinking factors (8, 8). There are two
adsorption sites for the rutile TiO, (001) surface: twofold—coordinate O atom (Oyc)
and fivefold—coordinate Ti atom (Tisc) and three adsorption sites for the rutile TiO;
(110) surface: twofold—coordinate O atom (Oxc), threefold—coordinate O atom (Osc)
and fivefold—coordinate Ti atom (Tisc) as shown in Figure 4.1. The adsorption energy

(AE,qgs) is computed for adsorbate on the clean surface as follow:
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AEads = Eadsorbate/slab - (Eadsorbate + Eslab) (4-1)

where Eagsorbatersiab 1S the energy of adsorbate adsorbed on the TiO, surface, Eagsorbate

and Egap are an isolated molecule of adsorbate and a clean TiO, surface, respectively.

Figure 4.1 The rutile TiO, (a) (001) and (b) (110) surface slabs of the full optimized

crystal.

Table 4.1 Computed and experimental lattice parameters of the rutile TiO,, with

space group P4,/mnm.

h

Parameter® DFT® DFT® DFTY DFT® DFT" Exp? Exp Exp
a 4572 4568 4.594 46350 4.614 45929 45937 4.586
c 2.992 2926 2.959 2.9594 2979 29591 25987 2.954

ul - - 0.03059 - - 0.03056 - -

® The lattice constants (a, c) are in A.
® This work.
° Ref. [123]
? Ref. [124]
°Ref. [125]
"Ref. [126]
9 Ref. [128]
" Ref. [129]
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'Ref. [31]

I fraction of a lattice constant, u = dap/C, Where d, is the apical Ti—O bond length.

4.4 RESULTS AND DISCUSSION

The adsorption structures of the CO, H,, N,O, NH3; and CH,4 gases on the
rutile TiO, (001) and (110) surfaces are shown in Figure 4.2. Bulk and surface
parameters of the rutile TiO, compared with x—ray crystallographic data and other
computational works are shown in Table 4.1. The x—ray bulk parameters used in this
work were used in many previous works and their results seem to be more accurate
than our optimized parameters. On the TiO, (001) surface, the atoms O,c and Ti, are
able to interact with adsorbate. Even though, the TiO, (110) surface atoms are
different coordinate atoms as Oc, Osc and Tisc, only the O,c and Tisc atoms interact
with adsorbate molecules whose interaction cause the physical adsorption.

Selected parameters of optimized structures for CO, H, N,O, NH3 and CH,4
gases adsorbed on the rutile TiO, (001) and (110) surfaces are shown in Table 4.2.
The CO adsorption on TiOg, its C atom pointing toward the titanium atom of (001)
surface (C-Tisc = 2.505 A) is shorter than the (110) surface by 0.035 A. The
adsorption of CO on the TiO, (001) surface is more stable than the (110) surface by
1.16 kcal/mol. The CO adsorption on the (001) surface, the CO points its C atom
down on top of the Ti atom and its C=0 bond orientation points toward surface
titanium atom with tilt angle (see Figure 4.2) but on the (110) surface, the CO points
its C atom down on top of the Ti atom with a nearly straight line (see Figure 4.3).

The H; adsorption either on the TiO, (001) or the (110) surface are very low
with energies of —2.24 and — 0.66 kcal/mol, respectively. The H, points one of its
atom toward the Oyc of the (001) surface with distance of 2.351 A and its orientation
is nearly perpendicular to the surface. The H, adsorption on the (110) surface, the H,
point one of its atoms toward the O,¢ of the (110) surface with the nearly straight line
and pointing orientation is nearly perpendicular to the surface but the projection of its
molecule on the (110) surface plane is located between O,c and Tisc atoms.

The N,O adsorptions on the (001) and (110) are very similar configurations by
pointing its N—end atom toward the Tisc atom of the surface with angles of 156.7° for
the (001) and 152.9° for the (110).
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Figure 4.2 Adsorption structures of (a) CO, (b) Hz, (c) N,O, (d) NH; and (e) CHy,
adsorbed on the rutile TiO, (001) surface. Bond distances are in A.
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Table 4.2 Selected parameters of optimized structures for CO, H,, N,O, NH; and CH,4

gases adsorbed on the rutile TiO, (001) and (110) surfaces, distances and angles given

in A and degrees, respectively.

Adsorbate/TiO, TiO, (001) Adsorbate/TiO, TiO, (110)
parameters parameters
CO adsorbate:
C-Tisc 2.504 C-Tisc 2.539
C-Oyc 2.461 C-Oyc 3.348
O-C-Tisc 172.2 O-C-Tisc 179.7
H, adsorbate:
H-Tisc 2.710 H-Tisc 3.789
H-O,c 2.351 H-O,c 2.778
H-H-Oyc 157.9 H-H-Oyc 175.8
H-H-Tisc 87.5 H-H-Tisc 112.0
N,O adsorbate:
N1-Tisc 2.261 N1-Tisc 2.347
N1-O,c 2.937 N1-Oc 3.050
N2-N1-Tisc 156.7 N2-N1-Tisc 152.9
NH5 adsorbate:
N-Tisc 2.204 N-Tisc 2.402
H1-O,c 2.383 H1-O,c 2.385
H1-N-Tisc 103.7 H1-N-Tisc 112.7
CH, adsorbate:
C-Tisc 3.637 C-Tisc -8
H1-O,c 3.348 H1-O,c -8
H1-C-Tisc 81.8 H1-C-Tisc -2

# No adsorption is found.

The adsorption of NHj either on the (001) or (110) plane is the strongest

compared with all other studied gases and the NH3 adsorption on the (001) is more
stable than on the (110) by 18.27 kcal/mol. For the NH3 adsorption on the (001) and
or (110) surfaces, the ammonia molecule points its N atom toward the Tisc atom with
distances of 2.204 A and 2.402 A, respectively.
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The methane can adsorb on the rutile TiO, (001) surface with very weak
adsorption (AEags = —1.04 kcal/mol) but not adsorb on the (110) surface.

The relative adsorption energies of these gases on the rutile TiO, (001) and
(110) surfaces are in orders: NH; > N,O > CO >> H, > CH, and NH3 > N,O = CO >>
H,, respectively. The adsorption energies of CO, H,, N,O, H,O, NH3 and CH,4 on the
rutile TiO, (001) and (110) surfaces are shown in Table 4.3 and comparison of their
plots is shown in Figure 4.4.

Figure 4.3 Adsorption structures of (a) CO, (b) Ha, (c) N.O and (d) NH3 adsorbed on
the rutile TiO, (110) surface. Bond distances are in A.



48

Table 4.3 Adsorption energies for the CO, H,, N,O, NH3 and CH,4 adsorbed on the
rutile TiO, (001) and (110) surfaces.

AEads
Adsorbate i i s
T|02 (001)a T|02 (110)
co® -14.77 -13.61,-18.269 —6.44°¢
H, —2.24 -0.66
N,O -18.06 -13.71,-4.2°
NH; —42.73 —24.46
CH, -1.04 -9

& (1x1) slab surface with 12 Ti atoms and 24 O atoms.

® (1x1) slab surface with 16 Ti atoms and 32 O atoms.

¢ Pointing the C—atom toward the titanium atom of surface.
¢ No adsorption was found.

® Ref. [129]

" Ref. [130]

9 No adsorption was found.

TiO, (110)

~100 =

AFE,,. (kcal/mol)
.'Is

TiO, (001)
CO H; N;O NH; CH,

Figure 4.4 Adsorption energies of CO, H,, N,O, NH; and CH,4 on the rutile TiO;
(001) and (110) surfaces.
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4.5 CONCLUSIONS

The adsorption energies of CO, H,, N,O, NH3; and CH, gases on the rutile
TiO, (001) and (110) surfaces were obtained using periodic slab models density—
functional method. All the studied gases can adsorb on the rutile TiO, (001) and (110)
surfaces, except methane cannot adsorb on the (110) surface. Adsorptions of each
adsorbed gases on the (001) surface are stronger than on the (110) surface. The
relative adsorption energies of these gases on the rutile TiO, (001) and (110) surfaces
are in orders: NHz > N,O > CO >> H; > CH4 and NH3; > N,O = CO >> Hy,
respectively.
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5.1 ABSTRACT

First principles density functional theory calculations were carried out to
investigate the adsorption and oxidation of CO on the positively charged (101) surface
of anatase, as well as the desorption of CO, from it. We find that the energy gain on
adsorption covers the activation energy required for the oxidation, while the energy
gain on the latter is sufficient for the desorption of CO,, leaving an oxygen vacancy
behind. Molecular dynamics simulations indicate that the process can be spontaneous
at room temperature. The oxidation process described here happens only in the
presence of the hole. The possibility of a photocatalytic cycle is discussed assuming

electron scavenging by oxygen.

5.2 INTRODUCTION

As titanium dioxide (TiO,) is being employed in numerous applications, such
as photocatalysis [2-5], heterogeneous catalysis [1] and gas-sensors [7, 100], its
structures and surfaces have been widely studied [19, 20]. Knowledge about the
adsorption energies of small molecules, such as those of di—, tri- and tetraatomic
gases, are very useful to predict reactions between co—adsorbed molecules [39, 40,
67]. Among the most common polymorphs [119] of TiO,, anatase is considered the
most photoactive phase [131, 132, 134].

The adsorption characteristics of CO, CO,, H, and H,O was determined by
temperature—programmed desorption (TPD) from unspecified rutile surfaces with
varying oxidation state between Ti*" and Ti?* [43].These experiments indicated that
CO is weakly adsorbed with low saturation coverage on the oxidized (TiO,) surface,
while the adsorption strength and the coverage slightly increase with reduction of the
surface. Adsorption of CO was also studied by TPD specifically on the oxidized (non—
defective) (110) surface of rutile, and compared to the case of the reduced (defective)
surface [133]. The adsorption energy of CO on the non—defective surface was found
to be 0.43 eV in the zero coverage limit (positive values indicate an exothermic
reaction), but higher for the defective surface, when CO adsorbs in the vicinity of an
oxygen vacancy (Vo). Neither CO, production nor oxygen exchange was observed

when CO desorbed from the defective (110) rutile surface. More recent experiments
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on the (110) surface of oxidized crystals resulted in 0.36 eV adsorption energy for
isolated CO, diminishing to 0.20 eV at full coverage [134]. Photochemical formation
of CO, from CO on the rutile (110) surface was found to occur, but only if O, was
adsorbed at a Vo site [135]. The CO, photoproduction occurred only for above band
gap light, and was correlated with the negative charging of the adsorbed oxygen. In a
recent experiment it was concluded that the photocatalytic production of CO, is an
electron—assisted process, because it is retarded by the upward band bending caused
by co—adsorption of acceptor molecules [136]. Theoretical studies on the rutile (110)
surface find that CO, formation from co—adsorbed CO and O; occurs if O, is adsorbed
at a Vo site of the surface [140, 137,138]. The energy barrier for formation was found
to be 0.4 eV, and after CO, desorption no defect was left on the surface [137]. It was
also shown theoretically that the CO molecule interacts with the (110) surface mainly
via its 5o state (with C atom toward a surface Ti), and significant charge transfer is
involved in the adsorption process [139].

Anatase is advantageous over rutile for photocatalysis [40]. The most stable
surface of anatase is the (101) surface, which is largely free of vacancies [140]. Based
on theoretical calculations it was reported that on a perfect anatase (101) surface, CO
is preferentially adsorbed on the undercoordinated surface Ti atoms (Tisc), with the C
atom toward the Tisc [112]. Note, that on the (001) surface this is only true for high
surface coverage. When the smallest surface coverage was considered, CO could
interact with both titanium and bridging oxygen (O,c) atoms on the surface [141].
However, it was found that CO, formation on the perfect (001) anatase surface occurs
only at singly coordinated terminal (O;c) oxygen atoms [69]. In previous works, we
have investigated the adsorption of CO on anatase TiO, (101) and (001) surfaces [25,
26]. In the high coverage limit we have found that the most stable configuration is
when the C atom of the CO molecule interacts with Tisc on both surfaces.

Even though anatase was shown to be more reactive in photocatalysis than
rutile [139], CO adsorption on it was hardly investigated experimentally, because of
the lack of well defined single crystals (anatase becomes more stable than rutile only
when the particle size decreases below ca. 14 nm) [34], and because it can be
activated as a photocatalyst only by UV radiation [142]. It was shown, however, that
photocatalytic oxidation of alcohols on anatase proceeds with the assistance of photo—
generated holes [143].
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Apparently, oxidation of CO to CO, on the TiO, surface is a photocatalytic
process, which requires on the rutile (110) surface also the presence of surface oxygen
vacancies. Since the most stable (101) surface of anatase is known to be free of such
defects, the question arises, how a photocatalytic process can convert CO to CO,.
While the theoretical study of the charge transfer processes occurring in surface
reactions upon photo—generation of electron-hole pairs is extremely difficult, one
may decouple the problem and study only the effect of the hole on the reaction
assuming that the electron was trapped in the bulk or scavenged at the surface, e.g., by
oxygen. We have carried out CO adsorption and oxidation studies on both the neutral
and the positively charged anatase (101) surface. We find that the adsorption energy is
higher (-0.45 eV) on the positive surface, than on the neutral one (-0.26 eV). We will
show that, in the presence of a hole, adsorption of CO on the perfect anatase surface
can be followed by spontaneous oxidation to and desorption of CO,, leaving a

reduced, positively charged surface behind.

5.3 COMPUTATIONAL METHODS

Total energies and equilibrium geometries have been calculated within the
first principles, generalized gradient approximation (GGA) of density functional
theory (DFT), using the Perdew—Burke-Emzerhof (PBE) exchange—correlation
functional [144]. Calculations have been carried out with the Vienna ab initio
simulation package, VASP 5.2.2, using the projector augmented wave (PAW) method
[145-147]. The 3p shell was excluded from the Ti core and the plane wave cut—off
was 420 eV. Charged supercells were calculated assuming a jellium charge of
opposite sign, as it is customary in modeling charged defects in semiconductors [148].
(At a thickness of 15 A for the vacuum layer this introduces an error of ~0.01 eV in
the adsorption energies.) Energy barriers have been determined by the nudged elastic
band method (NEB) [149] of the VASP package. Molecular dynamics (MD)
calculations were performed by heating the system from 0 K to 300 K in 500 steps at
constant volume, and keeping it there for another 500 steps, with a time step of 2 fs.

The anatase TiO, (101) surface was modeled by a (1x2) slab of six TiO,
layers, containing altogether 24 Ti and 48 O atoms, and a 15 A thick vacuum layer
above the slab (Figure 7.1). Periodic boundary conditions were applied in all three
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dimensions, and the Brillouin—zone was sampled by a (2x2x1) Monkhorst—Pack k-
point set [111], including the zone center (/—point). A maximum force criterion of
0.02 eV/A was used for structural relaxation. Our optimized bulk lattice parameters
for anatase are a = 3.789 A and ¢ = 9.607 A, to be compared to the experimental
results [31] of 3.782 A and 9.502 A, respectively. The structural optimization of the
slab (without and with adsorbents) was carried out by keeping the two lowest TiO,
layers fixed at their bulk positions. There are four types of atoms on the free anatase
TiO, (101) surface (as shown in Fig.1): two— and threefold coordinated O atoms (Oxc,
and Ogsc), and five— and sixfold coordinated Ti atoms (Tisc, Tiec). Based on previous
work [25, 26, 112], we have investigated CO adsorption at a Tisc Site in various

configurations, but also at an O, site.

Figure 5.1 The optimized structure of the (1x2) slab model for the anatase TiO, (101)
surface. Five— and sixfold coordinated titanium, and two- and threefold coordinated

oxygen surface atoms are labeled as Tisc, Tigc, Ozc, and Osc, respectively.

The adsorption energy of CO on the surface with charge q was

computed from total energies as

AE]

ads

= Ech/s|ab - (Es(:ab + Eco) (5-1)
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where Ecosiap and Esjqp are the energies of the slab with and without adsorbed CO, and
Eco is the energy of a CO molecule, isolated in a 3D—periodic cubic unit cell of 10A x
10A x 10A. (The desorption energy of CO, was calculated in a similar manner.)
Finally, we note that the self-interaction error in the GGA underestimates the
localization and deepness of the hole states in bulk anatase [150], and such effects
could influence our results. This error of GGA is often corrected by applying on-site
Coulomb interaction terms (U) for the Tizq and Oy, states [151]. Such a GGA + U
approach, however, may introduce uncontrolled changes in the electronic structure of
the host. In the method of Lany and Zunger [152], in conjunction with a +U term, a
nonlocal external potential (NLEP) ensures that the correction only affects the hole
state. (Additional NLEPs are used to correct the band gap which is also
underestimated in GGA.) We have checked the energy of CO adsorption on the
neutral and on the positive surface with pure GGA, GGA + U (parameters of Ref.
151), and GGA + U + NLEP (parameters courtesy of S. Lany) and obtained a
difference of 0.2, 0.2, and 0.3 eV, respectively, in favor of the positive charge state.
This shows that the plain GGA calculation is sufficient in our case. The reason is that
the surface has a localizing effect on the hole even in the GGA calculation. One also
has to consider that in underestimating the energy difference between the energy of
the band edge and of the hole state, GGA makes a bigger error in the position of the
former than of the latter [153]. Therefore, the energy difference between the hole state
and the HOMO of the CO molecule is reasonably well approximated in GGA.
Therefore, the energy difference between the hole state and the HOMO of the CO

molecule is reasonably well approximated in GGA.

5.4 RESULTS AND DISCUSSION

To our knowledge, the adsorption of CO on the anatase TiO, (101) surface
under photoexcitation has never been studied. The consequences of the
photogeneration of electron—hole pairs by UV light can be represented by the diagram
shown in Figure 5.2. Since a CO molecule contains 10 electrons, it can be assumed
that, in interaction with the TiO, surface, the total energy can be diminished if the
molecule acts as a donor. In other words, adsorption could be promoted by the

photoinduced holes, assuming that the photoinduced electrons are scavenged by
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acceptor molecules in the ambient (e.g., O,). We have modeled only the photo-
oxidation process, i.e., the effect of holes on the adsorption and oxidation of CO, by

investigation of its interaction with a positively charged surface.

A
N
_ A~
=<

hv

POP

VB
=L,
D/D

Figure 5.2 Scheme of photo—oxidation/reduction processes (POP/PRP) upon UV
excitation of a TiO, crystal in the presence of acceptor (A) and donor (D) molecules

in the vicinity of the surface.

5.4.1 Adsorption of CO on the anatase TiO, (101) surface

The adsorption of CO at a Tisc site on the perfect neutral and positively
charged anatase (101) surfaces have been investigated for the molecule approaching
the surface with the carbon or the oxygen end (Figure 5.3). The optimized bond
lengths and angles, and the adsorption energies are shown in Table 5.1. CO adsorbs in
a slightly tilted configuration and clearly prefers the OC.--Ti orientation in both
charge states in agreement with the results of previous theoretical studies [112, 25,
26]. In the positive charge state of the surface the hole is localized on the surface, and

significantly increases the adsorption energy:
E{[CO/TiO,]°} - E{[TiO,]"} - E{CO} = -0.26 eV (5.2)

E{[CO/TiO,]'} - E{[TiO2]'} - E{CO} = -0.45 eV (5.3)
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Figure 5.3 Adsorption of CO on the anatase TiO (101) surface with the C (a) and the
O atom (b) towards the surface. The geometry data for the neutral and the positive

case are given in Table 5.1.

Table 5.1 Adsorption energies and geometry parameters for CO adsorption at a Tisc
site on the anatase TiO, (101) surface. For comparison, results of periodic B3LYP
calculations with localized basis sets on the same (1x2) (a) [112] and on a (1x1) slab

(b) [26] are given in parentheses.

configuration AE,4s (V) distance (A) angle (degree)
OC...Ti -0.26 (-0.14%, C-Ti=2531 (2.463% Ti-C-0 =175.74
(neutral surface) -0.29" 2.439°

C-0=1.139
OC...Ti -0.45 C-Ti=2493 Ti-C-0 = 176.62
(positive surface) C-0=1.136
CO..Ti ~0.06 (-0.14" O-Ti=2.748 Ti-O-C = 169.51
(neutral surface) C-0=1.143
CO...Ti -0.20 O-Ti=2581 Ti-O-C =172.98
(positive surface) C-0=1.148

5.4.2 Oxidation of CO on the anatase TiO, (101) surface.

Next we have investigated the adsorption of CO at the O, site. While in the
neutral charge state we were not able to find an exothermic configuration, on the
positively charged anatase (101) surface the one shown in Figure 5.4 was found. The
bond of O,c to its Tigc neighbor is broken, the length of its bond to the Tisc neighbor
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increases from 1.836 to 2.281 A, and an 0,c—CO bond is formed with a bond length
of 1.161 A. In other words, a CO, molecule, adsorbed on a Tisc site is formed, at the
price of reducing a Tigc atom to Tisc (i.e., creating a surface vacancy, Vo). The energy
of this [CO./TiO,+Vo]" configuration with respect to the bare (positive) surface and

an isolated CO molecule is

E{[CO/TiO; + Vo '} — E{[TiO,]'} - E{CO} = -2.01 eV (5.4)

Figure 5.4 The [CO./TiO, + Vo] configuration, arising upon interaction of the

adsorbed CO molecule with a nearby O site. Bond distances are in A.

i.e., 1.56 eV lower than the [CO/TiO,]" configuration after adsorption at the Tis. site
(see Eq. 3). We emphasize, that similar [CO,/TiO.+Vo]° configurations on the neutral
surface are endothermic with respect to CO and [TiO2]°. Even in the positive charge
state, the [CO./TiO.+Vo]* configuration cannot be reached by a straight adsorption of
CO at the Oyc site, without surmounting an energy barrier of about 0.7 eV, as shown
by our NEB calculation in Figure 5.5. We find, however, that transforming the
[CO/TiO,]" configuration of Fig. 3a to the [CO./TiOx+Vo]" configuration of Figure
5.4 requires an energy barrier of only 0.4 eV (Figure 5.6). This is smaller than the
energy gain on the adsorption at the Tisc site (c.f. Fig.7).
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5.4.3 Dissociation of CO, from the anatase TiO, (101) surface.

We have calculated the energy of a dissociated CO, molecule above the
surface with the positive oxygen vacancy, with respect to that of CO above the bare

positive surface to be

(E{CO,} + E{[TiO, + Vo'}) - (E{CO} + E{[TiO.]'}) =-1.59eV  (5.5)

1.0
3
0.5 ¢ N
AN
nn A 0O (g ®
20 . _ _ |
0 1 2 3 4 5

Configuration coordinate (A)

Figure 5.5 Total energy profile for CO adsorption at the Oyc site of the positive
anatase (101) surface. The insets show the starting and final configurations and the
barrier state. At the starting position the carbon end of CO is 2.5 A above the Oy site,
while the last configuration is the one shown in Figure 5.4. The configuration
coordinate expresses approximately the motion of the C atom. (In fact, it is the length
of a supervector between two consecutive configurations which is built of the relative
positions of the C and O atoms of CO, the surface atoms to which C is bonded along
the path, and the first neighbors of the latter). The curve is a cubic spline fitted to the
barrier region to guide the eye. The zero of the energy scale is taken to be the energy
of CO + [TiO]".
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So the dissociation energy of CO, from [CO,/TiO,+V(] is only -1.59 — (-
2.01) = 0.42 eV, and we have found no energy barrier to the dissociation in a NEB
calculation. We have carried out an MD simulation at 300K for 1 ps (after a heating
ramp of 1 ps), starting from the configuration of Figure 5.4. We have found that, even
in this short time, the OCO-Ti distance increases from its equilibrium value (2.28 A)
to above 2.8 A several times. Therefore, it is safe to assume, that the CO, molecule
can spontaneously dissociate at room temperature. The dissociation leaves [TiO, +
Vo]" behind.

0.0

- [CO/TIO,]" [CO,/TiOx+Vo]'
o 1 2 3 4 5 6 7

Configuration coordinate (A)

-2.

Figure 5.6 Total energy profile along the [CO/TiO,]" to [CO/TiO+VO]" diffusion
pathway. The configuration coordinate and the energy scaale is defined as in Figure

5.5. The insets show the starting and final configurations and the barrier state.

Considering the energy balance of the three—step process (A-C) for the CO to
CO;, conversion in Figure 5.7, we see that — if there was no energy dissipation — the
whole process could be completed spontaneously. The energy gain (0.45 eV) on the
first step, CO + [TiO,]" — [CO/TiO,]", i.e., the adsorption of CO, covers the
activation energy needed in the second step for the [CO/TiO,]" — CO./[TiO+Vo]*
transformation (0.4 eV). The energy gain on the latter (1.56 eV) profusely covers the
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energy (0.42 eV) needed for the third, dissociation step [CO,/TiO+Vo]" — CO, +
[TiO2+Vo]" (which does not have an energy barrier). In reality, the adsorption energy
can be dissipated before the second step of the process starts but, considering that our
MD simulation has shown that an energy difference of 0.42 eV (needed for
dissociation of CO;) can be surmounted at room temperature, it is safe to assume, that
our three—step process can be spontaneous under realistic conditions, too.

F 3
COHTIOI"  papier state
0.00 /~0.05",
— \
-0.45
< [COTIO,)
% [TiO,+V,]+CO,
-1.59
‘_,
-2.01
[CO,/TIO+V,]*
Step 1 2 3

Figure 5.7 Total energy diagram for the oxidation of CO on the positive anatase
TiO2(101) surface. All energies are given in eV, with respect to the energy of free CO
above the positive surface. The zero of the energy scale is taken to be the energy of
CO + [TiO,]".

Unlike in the process postulated for the rutile (110) surface [135-137], neither
a priori generation of Vo defects, nor excess oxygen is required in the proposed
mechanism. Although or oxidation step does not require excess negative charge
either, co—adsorption of acceptor molecules (e.g. O, or Cl,) would still impair the
process: note because of the band bending, [136] but because a negatively charged
surface would impair the CO adsorption. In principle a hole—assisted process, similar
to the one we propose here for the anatase (101) surface, could also be envisaged for
the (110) surface of rutile as well. However, that surface either has donor-type Vo
defects which would trap the photogenerated holes, or excess oxygen (O, adsorbed at

Vo), leading to the known route of electron driven conversion of CO.
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Finally we note, that we find the same critical barrier energy as the one found
for the CO — CO, conversion on the defective rutile (101) surface [137]. Unlike that,
however, there is a good chance that the proposed conversion of CO to CO, on the
perfect anatase (101) surface could be cyclic. It is known that oxygen molecules can
act as electron scavengers in photochemical reactions on the TiO, surface [133]. Both
experimental studies [154] and first principles molecular dynamics simulations [155]
have shown that oxygen molecules can buffer electrons even without getting
chemisorbed. Therefore, it is straightforward to assume that negatively charged
oxygen molecules could, at the end, annihilate the positively charged oxygen
vacancies created in the hole—assisted oxidation of CO. It was shown experimentally,
that such an annihilation process has an important role in the interaction of oxygen
with the reduced rutile (110) surface [120]. While further studies are required to clear
the details in case of the anatase (101) surface, assuming electron scavenging by
oxygen molecules on the one hand, and annihilation of positive oxygen vacancies in
the presence of negatively charged excess oxygen on the other, appears rather
plausible. That means that real photocatalytic oxidation of CO might be possible on
the (101) anatase surface.

5.5 CONCLUSIONS

By first principles spin polarized GGA calculations we have shown that
positive charge on the anatase (101) surface increases the adsorption energy of CO,
allows its conversion to CO,, and the desorption of the latter with creation of a surface
oxygen vacancy. This hole-assisted CO — CO, conversion can be spontaneous. Our
calculations also show that a similar CO to CO, conversion process would be
endothermic without the presence of a hole. Holes in anatase can be produced by UV
excitation. Assuming oxygen near the surface scavenging the photogenerated
electrons, positively charged oxygen vacancies, produced in the conversion process,
are likely to be annihilated in the presence of excess oxygen in negative charge state.
Therefore, our calculations indicate that oxidation of CO on the anatase (101) surface
could be an efficient photocatalytic process. While further computational studies are
required to clear the details, experimental verification of the suggestion appears to be

desirable.
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6.1 ABSTRACT

First—principles spin—polarized density functional theory calculations in
generalized gradient approximation were carried out to investigate the adsorption of
N.O on the neutral and negative surfaces of the anatase TiO, (101), (denoted as
[TiO,]° [TiO2]). We have shown that the symmetric bridge configuration of adsorbed
N,O is definitively favored on both surfaces. This confirmed that the presence of
electron in the conduction band could be enhanced N,O adsorption. The highest
adsorption energy has determined of —2.24 eV for N,O adsorption on [TiO,] surface.
In addition, the following reduction reaction of N,O to N, occurs after the
photocatalytic oxidation of CO and desorption of CO,, leading to oxygen vacancy.

The oxygen atom of N,O can heals oxygen vacancy site on the surface to form to N..

6.2 INTRODUCTION

TiO, has been successfully applied in many application such as photocatalysis
[2-5], heterogeneous catalysis [1] and gas—sensors [7, 100], its structures and surfaces
have been widely studied over many years [19, 20]. The adsorptions molecular gases
on various surface planes of different TiO, phases have been extremely reported.
Among of these surfaces, anatase is considered the most stable photoreactive phase
[40]. The most stable surface of anatase is the (101) surface [140]. The adsorption and
dissociation of nitrous oxide (N2O) molecule into N, through TiO, as photocatalyst
have obtained attention due to this molecule is an air pollutant gas produced mainly
by several industrial processes. It has been extensively studied that the adsorption of
N>O molecule on numerous different types of surface such as TiO; [49, 130, 156-158]
ZnO [159], ZrO, [160], MgO [161], Cu,O [162], Ga—ZSM-5 [163], GaN [164], Si
[165], and also transition metals [166—170]. For these surfaces have shown the N,O
adsorbed both N and O atom of N,O molecule on the surfaces, but N-bonded species
show a higher photoreactivity than the O-bonded species. However, the adsorption
energies of linear O and N ends over Ti atom of TiO, surface are relatively small
when compared with bent configuration [156]. Several previous experimental and
theoretical studied have been investigated the adsorption of linear molecular structure

of N,O and also bent configurations on TiO,, especially, rutile (110) surface [49, 130,
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156, 157]. N2O is molecularly adsorbed on the reduced TiO, both the N and O end
configurations using UV irradiation in the range 2.1-5.0 eV. The adsorbed N,O is
photodepleted to produce adsorbed nitrogen at low coverages [49]. Shultz et al. [157]
reported that the N,O heals Ti** defects on defective TiO, (110), the surfaces healed
by N,O differ slightly from surfaces similarly healed by O,. The O, heals defects as
0, while N,O heals defects as O* has been postulated.

Furthermore, decomposition of adsorbed N,O to N, desorption on metal
oxides [158, 160, 162] including metals [166,167] have been reported. The
experimental study has shown the N,O molecules are exposed to TiO, (110) at 90 K
decompose to N, via either N, ejection from the surface and N,O molecules bound at
vacancies with the O—end of the molecule in the vacancy 170 K to liberate N, in the
gas phase and deposit oxygen adatoms at non-defect Ti** sites [159]. In addition,
Kudo and Nagayoshi [171] studied the photocatalytic reduction of N,O on metal-
supported TiO, powder at room temperature in the presence of H,O and CH3;OH
vapor, electrons produced by photoirradiation can site or N,O decomposes at enhance

the dissociation of NO through electron capture by reactionN,O +e~ — N, + O, .

On the other hand, CH3OH is oxidized by holes on TiO;, surfaces. The angular
distribution of desorbing N, was studied in the decomposition of N,O on Rh (100) at
60-140 K using temperature—programmed desorption. The dissociation t0 Nog + O
proceeds during the geometry optimization based on DFT-GGA calculations of the
lying form with both terminal atoms bonded to the adjacent bridge sites [167]. DFT
reported the adsorption and the dissociation of an N,Ote on Cu,O (111) surfaces. The
calculations results show the dissociation reaction of N,O molecule is N;O —N; +
O [162]. The N,O molecule was adsorbed on Pd (110) in a tilted form via the
terminal N atom attached to the surface or lies horizontally on the surface. In the
horizontal form applicable to inclined desorption, adsorbed N,O is bent with its O
atom pointing to the surface were reported with GGA calculation [166].

In addition, the reduction of N,O by CO to N, and CO, has been reported
[172-174]. The decomposition of N,O accompanied by formation of adsorbed oxygen
and N desorption. The recent study of the kinetics of the N,O-CO reaction on Pd
(110) was performed under UHV conditions. N,O dissociation is accordingly

assumed to occur via channel (N,O),; = (N,) . + O, following by Langmuir—

gas
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Hinshelwood (LH) reaction between adsorbed and oxygen to form COg:
(CO),4 +0O,, — (CO,),. [172]. The reduction of N,O with CO on Au/TiO; has been

gas
investigated. The Au/TiO, is exhibit high catalytic activity. The reduction reaction
may proceed via also a LH mechanism [174].

In previous works, we have investigated the adsorption of N,O on anatase
TiO, (101) and (001) surfaces [25, 26] and also co—adsorption between N,O and CO
[26]. We proposed that the possible configurations can lead to the production of CO,
and N.. To our knowledge, the photocatalysis of TiO, can be activated by UV
radiation. When TiO; is exposed to the light of energy corresponding to the energy
gap, the photo-induced holes in the valence band and photo-induced electrons in the
conduction band are generated to produce electron-hole (e7/h*) pairs. In our previous
work [27], we have reported the oxidation of CO to CO; on the anatase (101) surface
could be an efficient photocatalytic process due to the hole-assisted. The possibility
of a photocatalytic cycle is discussed assuming electron scavenging by oxygen as a
acceptor molecule. During the photocatalytic reaction of the adsorbed molecule
occurs due to photo—generated holes; while the majority of the electrons are trapped
by acceptor molecules in the ambient (e.g. O, as an electrons scavenger).
Consequently, it is desirable to better define behavior of photoreduction reaction of
NO (an electron acceptor, which is known to be an efficient electron scavenger [159]
by CO as reducing agent and the roles of electron and hole during photocatalysis.

In the present work, we investigated the adsorption of N,O on neutral and
negative surfaces of anatase TiO, (101) as a photocatalyst using first—principle
calculations based on spin—polarized density functional theory (DFT) and generalized
gradient approximation (GGA). The calculations were employed slab periodic
boundary conditions. The reduction of N,O to N, was also studied by performing the
oxidation of CO to produce CO; as reported in our previous work [27]. The calculated

adsorption energies and geometries are presented.
6.3 COMPUTATIONAL METHODS
Our first—principles spin—polarized calculations are based on density

functional theory as implemented in the VASP code. The generalized gradient
corrected approximation (GGA) [82, 175] within the Perdew—Burke—Emzerhof (PBE)
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exchange—correlation functional is adopted [144]. The projector augmented—wave
(PAW) methods have been used [176,145], excluding also the 3p shell of Ti from the
core. The electronic wave functions are expanded in plane waves with energy cut off
of 420 eV. The slab model was adopted to investigate the interaction between the
anatase TiO; (101) surface and N,O molecule taken from our previous work [27]. We
first checked the accuracy of the theoretical method by testing the bulk of anatase
TiO,. The optimized bulk lattice parameters, are a = 3.789 A, and ¢ = 9.607 A, to be
compared to the experimental results of 3.782 and 9.502 A, respectively [31]. The
adsorptions of N,O initiated from several starting positions over the surface were
investigated. The adsorption energy (AEags) of N2O on the TiO; (101) surface is
computed by Eq. (6.1).

AEads = ENZO/surface - (ENZO + Esurface) (61)

where E omc 1S the total energy of N,O adsorption on the TiO surface system,
Ey,0 and Esurface are an isolated NoO molecule and a clean TiO, surface, respectively.

Negative adsorption energy indicates a stable adsorption process.
6.4 RESULTS AND DISCUSSION
6.4.1 Adsorption of N,O molecule on neutral surface of anatase TiO, (101)

Since molecular and dissociative adsorption of N,O on TiO; (110) has been
examined theoretically [156]. We have identified several possible adsorption
configurations of N,O on neutral as well as on negative anatase TiO, (101) surfaces.
Based on recently reported from Rusu and Yates [49] the N,O can bound via the N-
end and O-end of the molecule to the TiO, surface. Both N— and O-bonded complex

formation are shown:
Ti—O-N=N Ti—-N=N

(1 (1

O
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Figure 6.1 Adsorption configurations of N,O on the neutral surface of anatase TiO;
(101) as the N,O pointing (a) its nitrogen atom, (b) its oxygen atom toward the

titanium atom Tisc of the surface and (c) N,O bridged structure.

We first studied adsorption of the linear N,O molecule on neutral anatase TiO,
(101) surface by pointing N and O atom over the Tisc site, namely, N-end and O-end,
are shown in Figures 6.1 (a) and (b), respectively. The optimized bond lengths and
angles, and the adsorption energies are shown in Table 6.1. The results indicate that
the N,O molecule adsorbed on TiO, (101) in a tiled configurations for both N—end
and O-end. In the N—end the Tisc—N distance is 2.595 A, while O-end the Tisc—O
distance is 2.671 A (Figure 6.1). The adsorption energy is larger for N—end than that
O-end of 0.04 eV, indicating that N,O prefers to adsorb N—end towards the Tisc site.
Our calculated adsorption energies are found to be in agreement with the previous
theoretical study [156] of the N,O adsorption on rutile TiO;, (110) surface. However,
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N,O can weakly adsorb on the surface in both N-end and O-end, its geometry
remains linear to be within 178.90°-178.48°, respectively, which is indicative of a
physisorption.

Next, we considered the adsorption for bridge configuration of N,O on neutral
surface. This configuration takes place between O,c and Tisc atoms, see Figure 6.1(c).
The calculated adsorption energy for bridge configuration of N,O is —2.21 eV (Table
6.1). It was found that the N,O is preferentially adsorbed on anatase (101) in the

bridge configuration.

Table 6.1 Adsorption energies and geometrical parameters for N,O adsorption on the
anatase TiO; (101) surfaces.

configuration AEqgs (V) distance (A) angle (degree)
N—end (TiO,]°) -0.17 N-Ti = 2.595 N1-N2 -0 =178.90
N1-N2 =1.144
N2-O0 =1.192
O-end (TiO,]°) -0.13 O-Ti=2671 N1-N2 -0 =178.48
N1-N2 =1.205
N2-O =1.140
N-end (TiO,]) -0.01 N-Ti=2.728 N1-N2 -0 =178.24
N1-N2 =1.142
N2-O0 =1.194
O-end (TiO,]) -1.16 O-Ti=1.827 -
N1-N2 =1.148
N2-O =3.224
Symmetric bridge -2.21 O-Ti=2.243 N1-N2 -0 = 124.74
structure N2-Ti=2.110
(TiO,]°) O,c-N1=1.419
N1-N2 =1.264
N2-0 =1.300
Bridge bending structure  -0.74 O-Ti=2.159 N1-N2 -0 = 137.26
(TiOoL]) N1-Ti=2.264
N1-N2 =1.189
N2-O = 1.303
Symmetric bridge -2.24 O-Ti=2.156 N1-N2 -0 = 126.59
structure N2-Ti =2.074
(Tioz]) O,c—N1=1.260
N1-N2 =1.205

N2-0 =1.301




70

6.4.2 Adsorption of No,O molecule on negative surface of anatase TiO,
(101)

To our knowledge, the adsorption of N,O on the anatase TiO, (101) surface
under photo—electron excitation has never been studied. The electron excitation from
the valence band to the conduction band was initiated by UV light absorption and
generation of the electron-hole pairs for photocatalysis of anatase (101). We
considered the N,O adsorbs on negative surface of anatase (101) as an electron
acceptor molecule for photocatalytic reactions, assuming that direct electron transfer
from the conduction band into an antibonding molecular orbital of N,O molecule
[159] after UV irradiation. Therefore, we calculated the effect of electron excitation
on the adsorption and reduction, by comparing the adsorption energies between
neutral and negative surfaces. All the optimized structures of N,O adsorption on
negative surface of anatase (101) are shown in Figure 6.2. The optimized bond
lengths and angles, and the adsorption energies are shown in Table 6.1. As can be
seen, the equilibrium Tisc—N distance is 2.728 A versus a Tisc—N distance of 2.595 A
for the neutral surface. The adsorption energy for the N—end configuration remains
very small of —0.01 eV and the adsorption energy decreases by 0.16 eV relative to
neutral surface. In the case of O—end configuration is energetically favorable of -1.16
eV, similar to the early theoretical study by Sun et al. [162] of dissociation reaction of
N2O on Cu,O (111) surface showed O-bonded with Lewis acid CUcys site and N
desorption with energy of —1.16 eV. We have found that the presence of an electron
makes the dissociation possible and proceeds spontaneously, leading to N, desorption
and O on the surface can be bound to Tisc site of the surface in the length of 1.827 A
as shown in the Figure 6.2 (b). The photocalalytic reduction of N,O to N, desorption
is reasonably explained by considering the electron transfer from conduction band of
anatase (101) surface to N,O molecule during photocatalytic process. Our calculated
results indicate that N,O could be an efficient electron scavenger as electron acceptor

for photocatalysis of anatase (101) surface.
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Figure 6.2 Adsorption configurations of N,O on the negative surface of anatase TiO;
(101) as the N,O pointing (a) it nitrogen atom, (b) N,O dissociated structure, (c)
bridge bending structure and (d) symmetric bridge structure. Bond distances are in

angstrom.

Next, we investigated the adsorption of bent structures of N,O molecule on
negative anatase TiO, (101) surface similar to the theoretical study from Sorescu and
Yates [130] that the bent configuration occurs after N,O molecule received some
electron charge from defective rutile TiO, (110) surface. As the anatase TiO, (101) is
a corrugated structure as similar as to the rutile TiO;, (110), which is free from the
vacancies [25]. Consequently, there are two bent configurations of N,O adsorbed on
negative surface have identified. The first one takes place between two neighbor Tisc

sites as called bridge bending structure, while the second takes place between Tisc and
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O sites as called symmetric bridge structure [130]. Adsorption energies and some
selected parameters for the optimized geometries are shown in Table 6.1. As can be
seen from Figure 6.3 and the data in Table 6.2, the strongly adsorbed N,O molecule of
both bent structures on negative surface relative to the linear structure indicate that the
presence of an electron can significantly increase the adsorption energy. As in the
bridge bending structure case (Figure 6.2 (c)) we find that for the Tisc—O and Tisc—N1
distances are 2.159 and 1.189 A, respectively, with an adsorption energy of —0.74 eV.
On the other hand, however, optimized geometry of the N,O molecule is desorbed
from two neighboring Tisc atoms of the neutral surface. This configuration the N,O
molecule remains linear structure of 179.72°. The symmetric bridge structure (Figure
6.2 (d)) is more favorable than the bridge bending structure by —1.50 eV for negative
surface. It is remarkable that the most stable configuration correspond to a symmetric
bridge structure of N,O molecule with N atom bonded to Tisc, while O atom bonded

to O,c site.

6.4.3 Conversion of N,O to N, by CO on anatase TiO; (101) surface

In our previous work [27], we reported the hole—assisted of conversion of CO
to CO, on the positive surface of anatase (101) as a photocatalytic oxidation reaction.
For photocatalytic reactions of anatase (101), the adsorbed molecule might be
promoted by the photo—induced holes, while the photo—induced electrons are
scavenged by acceptor molecules in the ambient (e.g. O, or N,O as an oxidizing
agent). In the present study, we investigate the reduction of N,O by CO molecule as
reducing agent therefore modeled of electron scavenger for photocatalysis of anatase
(101). The consequence of photo—oxidation and reduction processes due to UV
excitation of electron-hole pairs of anatase TiO; in the presence of N,O acceptor and
CO donor molecules in the vicinity of the surface can be represented by the diagram
shown in Figure 6.3. The optimized structure of photo—oxidation and reduction of CO
and N,O to CO; and N, respectively, are shown in Figure 6.4.
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Figure 6.3 Scheme of photo—oxidation and reduction processes due to UV excitation
of a TiO, crystal in the presence of N,O acceptor and CO donor molecules in the

vicinity of the surface.

The effect of CO molecule on the reduction of N,O was studied at the initial
configuration of CO, desorption with O atom bonded the Tisc of 2.281 A (see Figure
4 of Ref. [27]), assuming the CO molecule is oxidized by the positively charged hole
in the valence band during photocatalysis. On the other hand, an electron is excited to
the conduction band of the anatase (101) surface. It is seen in Figure 6.4 that CO
molecule interacts via C—end with O atom (from Oyc), labeled as O1, and then N,O
interacts via O—end toward the surface. This N,O addition leads to the conversion of
N, in which a N=N distance is 1.116 A, CO, with 01-C-02 angle of 178.14° and
C=0 distances are 1.17 A. The optimized structure in this Figure shows that the N,O
directly heal O atom at vacancy site of the surface to the products N, and CO,, and
also causes the anatase (101) surface with oxygen vacancy to perfect surface. These
two reactions appear to be simultaneously occurring on the anatase (101) under
photocatalysis.

The potential energy profile for conversion of CO + N,O — CO, + N, on the
anatase TiO, (101) surface as photocatalytic process are shown in Figure 6.5.
Considering the reaction pathway of the conversion, it is shown that the whole
process could be efficient for photocatalytic process. The first step, CO adsorbed on
anatase (101) surface through C atom above Tisc site (as denoted, CO/[TiO,]°) with
an adsorption energy of —0.26 eV [27]. For the second step, CO, adsorbed on the Tisc

site of the surface with creating an oxygen vacancy (Vo), (as denoted, CO,/[TIiO, +
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Vo] *) by overcoming the transition state (TS1). The N,O interacts via O-end toward
Vo site (as denoted, CO,/[TiO2] ° /N,) can be occurred by overcoming the transition
state (TS2) with the energy needed of —3.46 eV for the third step. The last step, CO,

and N,O and N are released from the surface with the energy gain of —-3.41 eV.

Figure 6.4 Structure for physisorptions of CO, and N, products adsorbed over the
same O,c atom. Top and side views are shown at above and below pictures,

respectively. Bond distances are in A.
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Figure 6.5 Potential energy profile (in eV) for conversion of CO + N,O to CO; + N,
on the anatase TiO, (101) surface. Determination of the barrier for its conversion has

been not succeeded.

The reaction steps of CO and N,O to afford CO, and N, can be proposed as
shown in Figure 6.6. It shows redox process which is composed of the oxidation
process of CO to CO; and the reduction process of N,O to N,. The CO/CO, oxidation
process occurs via TS1 and follows the Mar—van Krevelen mechanism; the CO reacts
with Oyc on the anatase (101) surface to form CO adsorption state. The N,O/ N,
reduction process occurs via TS2. The N,O points its O—end toward Tiac (Ti**) which
its oxygen is at the position of oxygen vacancy and the Tisc (Ti*") is oxidized to Tisc
(Ti*"), at the same time. Therefore, the over all reactions result the CO, and N,

adsorbed on the anatase TiO, (101) surface.
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Figure 6.6 The proposed mechanism for conversion of CO + N,O to CO, + N, on the
spin—polarized anatase TiO, (101) surface as (a) the oxidation process of CO to the
adsorption-state CO,, via the proposed barrier state 1 (TS1), (b) the reduction process
of N,O to N3 on the CO,/[TiO,+VO]+ via the proposed barrier state 2 (TS2) and (c)

the desorption step.

6.5 CONCLUSION

The adsorption of N2O molecule on the neutral and negative surfaces of the
anatase TiO, (101) modeled as the photocatalysis were investigated using spin
polarized periodic plane wave DFT with GGA-PBE functional calculations. We have
identified several possible adsorption configurations of N,O, linear and also bent
structures. Among these configurations the most stable have been found a symmetric
bridge configuration when the N atom of N,O molecule bonded to Tisc, while O atom
bonded to Oy of the surface. Nevertheless, the dissociated N,O molecule on negative
surface of anatase (101) being thermodynamically favored, remarkably, the presence
of electron implies that the adsorbed N,O is dissociated. The presence of an electron
acceptor of N,O on the anatase (101) surface causes enhanced the photo—oxidation of

CO to CO,, allows its conversion to N».
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7.1 ABSTRACT

The adsorption of CO, N,, CO, and N,O on the clean TiO, and TiO—
supported Pt (Pt/TiO,) surfaces of anatase (101) have been investigated by means of
density functional theory calculations in generalized gradient approximation. The
strong interaction between Pt and anatase TiO, (101) surface was shown to be
responsible for the enhanced reactivity of gases adsorption. We found the adsorption
of CO, CO; and bridge structure of N2O molecules adsorbed on clean TiO, (101)
surface is energetically less stable than on the Pt/TiO, (101) surface. The calculations
results clearly favor adsorption of CO in C—end configuration to the Tisc atom of both
clean TiO, (101) and Pt/TO, (101) surfaces and highest adsorption energy of —2.55
eV. The adsorption energies increase significantly in the presence of Pt atom. On the
other hand, the adsorption of N, N—end and O-end of N,O was weakly adsorbed on

the both surfaces.

7.2 INTRODUCTION

Titanium dioxide (TiO,) is an intensively studied transition metal oxide
materials that is used in photocatalysis [2], heterogeneous catalysis [1] and gas—sensor
[7] applications, its structures and surfaces have been widely studied [19, 20]. The
two most common TiO; phases, rutile and anatase are extremely investigated for their
potential applications in photocatalysis. However, anatase is advantageous over rutile
for photocatalysis [40] and the most stable surface of anatase is the (101) surface [21].
Moreover, the transition metal-support interaction in TiO, catalysts has been
investigated. The addition of transition metals to a TiO, surface can modify its
chemical reactivity and therefore enhance its catalytic performance [24, 177, 140].
The electron energy loss spectroscopy (EELS) in the scanning transmission electron
microscope studies reported evidence of a strong interaction between the Pt particles
and the support is found to be dependent on the Pt cluster size [22]. Pt grows in three-
dimensional island on the TiO, (110) surface in the temperature range between 160
and 420 K [178]. The interaction of CO molecule on clean TiO, [25, 26, 42, 120] as
well as TiO,—supported metal surfaces [16, 23] has also been investigated. The
adsorption of a single Pt adatom on perfect anatase TiO, (101) surface has been
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studied using total energy pseudopotential calculations based on density functional
theory (DFT). The most stable configuration takes place a bridge site between two
edge O,c atoms. The binding of Pt to the surface is clearly much stronger than that of
Au [179]. Molecular structures and vibrational spectra of the CO species adsorbed on
the Pt/TiO, has been investigated by cluster models and diffuse reflectance infrared
fourier transform spectroscopy (DRIFTS). The CO adsorbed on the Pt/TiO, gave two
intense peaks at 2116 and 2073 cm* and two weak peaks at 1857 and 1809 cm*
[180]. DFT results shown that the stretching vibration mode of the bridging
adsorption of CO on the Pt—Pt and Pt-Ti site of Pt/TiO,, respectively [23]. The
Pt/TiO, was active for the oxidation of CO to CO; in the dark in ambient temperature
after UV irradiation, pure TiO, was inactive [180]. In addition, the theoretical studies
have been also reported. The comparison of the adsorption energies for the three
transition metal atoms (Pt, Pd, and Au) adsorbed on anatase (101) surface indicates
that the order of the activity for these atoms is Pt > Pd > Au [24]. Periodic DFT
investigated the adsorption and dissociation of H,O on clean TiO; (110) and metal-
deposited (Pt and Au) TiO, (110) surfaces. The results indicate that metal-deposited
TiO, (110) surfaces catalytically decompose H,O with barriers much smaller than for
their clean TiO; (110) surface [181].

In this work, we examine first principle DFT calculations on the adsorption of
a Pt atom supported on anatase TiO, (101) surface and its interaction with CO, Ny,
CO, and N,O molecules. The optimized geometries and adsorption energies are

reported.

7.3 COMPUTATIONAL METHODS

The DFT calculations are performed including spin—polarization and using
standard plane wave expansions within the generalized gradient approximation
(GGA) [82, 175] parameterized with the Perdew—Burke—Emzerho (PBE) [144] for the
exchange—correlation potential. The electron—ion interactions were described by the
projector augmented-wave (PAW) method [145, 176] with the Vienna ab initio
simulation package (VASP) [146, 147, 182, 183] have been used, excluding also the
3p shell of Ti from the core. The Brillouin—zone was sampled with the (2x2x1)

Monkhorst—-Pack k—point set [111] including the 7=point and a planewave cutoff
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energy of 420 eV is used. The anatase TiO»(101) surface slab was represented by a six
TiO, layers and periodically repeated slabs are separated by about 15 A thick vacuum
layer above it as shown in Figure 7.1, which was used in our previous work [27]. By
optimizing the bulk of anatase TiO,, we obtained the lattice parameters are a = 3.789
A, and ¢ = 9.607 A, to be compared to the experimental results of 3.782 and 9.502 A,
respectively [31]. The result implies that our calculation methods are reasonable.
During structural optimization of the system with an adsorbent, the atoms in the two
lowest TiO; layers were fixed at their bulk geometry whereas the atoms of upper three
TiO,, layers altogether with adsorbate were allowed to relax. Geometry optimizations
were stopped when all the forces were smaller than 0.025 eV/A. In the case of
adsorption of single Pt adsorbed on the TiO, (101) surface (Pt/TiO,), to estimate the

adsorption energy, we used

AEads = Epysurface — (Ept + Esurface) (7.1)

where Epysurface Fepresents the total energy of the Pt/surface system, Ep; is the total
energy of the isolated Pt atom, and Esyrface IS the total energy of the clean surface.

The adsorptions of CO, N,, CO, and N,O on clean anatase (101) surface
initiated from several starting positions over the surface were investigated. The
adsorption energy (AE,qs) of adsorbates on the TiO, (101) surface was calculated
according to the expression

AEads = Eadsorbate/surface— (Eadsorbate + Esurface) (7-2)

where Eagsorbatessurface Fepresents the total energy of the adsorbate/surface system,
Eagsorbate 1S the total energy of the isolated adsorbate in the gas phase, and Egyrface 1S the
total energy of the clean surface.

In addition, the case of adsorption of an adsorbates with single Pt adsorbed on

the TiO, (101) surface, to estimate the adsorption energy, we used

AEads = Eadsorbate/Pt-surface— (Eadsorbate + EPt-surface) (7-3)
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where Eagsorbate/pt-surface Fepresents the total energy of the adsorbate/Pt—surface system
and Eagsornate 1S the total energy of the isolated adsorbate in the gas phase, and Epysurface
represents the total energy of the Pt/surface system. Closed-shell CO, N,, CO, and
N,O molecules were optimized by spin-unpolarized calculations on a 10 x 10 x 10 A®

cubic unit cell.

Figure 7.1 The optimized structure of the (1x2) slab model for the anatase TiO, (101)
surface. Five— and sixfold—coordinated titanium, and two— and threefold— coordinated

oxygen surface atoms are labeled as Tisc, Tigc, O2c, and Osc, respectively [27].

7.4 RESULTS AND DISCUSSION

We first investigated the equilibrium position of a single Pt atom adsorption
on the anatase TiO, (101) surface. The Pt atom was placed above two O,c atoms that
similar to the most stable configuration of Pt adsorption on anatase TiO, (101) surface
from the DFT study by Han et al. [179] It can be seen from Figure 7.2, we find the
most stable configuration of a Pt atom on anatase (101) directly bound to a bridging
O,c and in plane Osc atoms, two Tigc neighbor atoms at the bottom of the step, and
the two Tisc neighbor atoms of the step. This finding is in agreement with the
experimental study, which suggests that Pt atoms at low coverage adsorb
preferentially at the top of Tisc site of rutile (110) surface [184]. The adsorption
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energy is —2.78 eV, which is in agreement with previously published theoretical study
of —2.84 eV [179]. The binding of Pt to the surface is clearly stronger than that of Au
[185]. The calculated bond distance between Pt atom and an O,c atom (2.028 A) is
similar to that of a single Pt atom adsorbed on anatase TiO, (101) surface (2.03 A)
[179]. In the presence of Pt on the surface creates considerable distortions. The
distance between the Pt-Tigc and Pt—Osc neighbor atoms are 2.772 and 2.603 A,
respectively, causes significant elongation of the O,c—Tisc bond, from 1.861 A on the
clean surface to 1.985 A, O,c—Tisc bond, from 1.836 A on the clean surface to 1.959
A on the surface with Pt adsorption. Adsorption of a Pt atom between the two Ojc
atoms pushed the one O,¢c atom significantly out of the surface to the opposite site due
to strongly adsorption. Furthermore, we calculated the interaction of CO, N, CO, and
N2O molecules on the stable configuration of Pt/TiO, (101) surface by pointing these

molecules above supported Pt atom.

Figure 7.2 The optimized configuration of TiO,—supported Pt of anatase (101)
surface. Bond distances are in A.

7.4.1 Adsorption of CO

From our previous work [25-27], two configurations of CO adsorbed, namely,
C—end and O-end were studied. The calculated adsorption energies of CO molecule
with the both configurations are given in Table 7.1. As shown in Figures 7.3 (b) and

(d), the CO molecule is slightly tiled configurations adsorbed on the clean TiO, (101)
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surface for both configurations. In the C—end case the CO molecule is adsorbed at a
distance of 2.531 A above the Tisc site, while in the O—end case the distance is larger
to 2.784 A. In the first case the adsorption energy of —0.26 eV is higher than the latter
case of 0.2 eV. There is a clear preference for the C—end configuration compared to
the O—end configuration.

The interaction of CO with Pt/TiO, (101) surface was calculated by heading C
atom and O atom of CO molecule toward the supported Pt atom. The calculated
adsorption energies with the two configurations are given in Table 7.1. The adsorption
of CO molecule significantly affects the bonding geometry of the supported Pt atom.
The CO displaces Pt atom from the Oy site and causes its migration to above of the
Tisc and Tigc atoms. In the case of O atom toward the supported Pt (see Figure 7.2 (c),
the configuration after relaxation is still pointing the C atom to supported Pt atom.
The adsorption energy for this system of —2.54 eV is similar to the case of C atom, in
agreement with the experiment result of CO linearly adsorbed on Pt particles. [186]. It
is confirmed that the C—end configuration of CO preferentially adsorbed on Pt/TiO;
(101) surface.

Table 7.1 Adsorption energies and geometrical parameters for CO, N,, CO, and N,O
adsorption on the Pt/TiO, (101) and TiO, (101) surfaces.

configuration AE,qs (eV)
Pt/TiO, (101) TiO, (101)

C-end of CO -2.55 -0.26°
O-end of CO -2.54 -0.06°

N, -0.04 -0.10

CO; -2.30 -0.17

N,O with N -0.02 -0.17

N,O with O -0.03 -0.13

N,O with bend -2.64 -2.24

* Ref. [27]
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Figure 7.3 Optimized geometries of CO adsorbed on the surface of (a) Pt/TiO, (101)
and (b) clean TiO; (101) with C—end, (c) Pt/TiO, (101) and (b) clean TiO, (101) with

O-end. Bond distances are in A.

7.4.2 Adsorption of N,

Based on TPD result reported that the N, molecules bind head—on to Tisc
atoms. The adsorption occurs preferentially on the Tisc atoms of rutile TiO, (110)
surface [42] and also the ab initio SCF cluster calculation using Monte Carlo (MC)
simulations [187]. Therefore, the adsorption of N, molecule was investigated by
pointing N atom toward Tisc atom of the clean TiO, (101) and above Pt atom of
Pt/TiO, (101) surface. The calculated geometries and bond distances are shown in
Figure 7.4. The adsorption energies are shown in Table 7.1. As can be seen in Figure

7.4, the optimized structure gives rise to distances between N, molecule and Tisc atom
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of Pt/TiO, surface that are about 3.273A, longer than the corresponding to the
adsorption for the clean surface of 0.602 A. Our results show N, molecule is weakly
adsorbed on both clean TiO; (101) and Pt/TiO;, (101) surfaces in tilted configuration
is only a rather weak physisorption. The adsorption energies are much smaller —0.10
for clean TiO; surface, in agree quite well with recent experimental study of -0.14 eV
for N,O adsorption on rutile (110) [42] and —0.04 eV for Pt/TiO, surface. The
calculated N=N bond distances of N, adsorbed on clean TiO, and Pt/TiO; surfaces are
1.113 and 1.116 A, respectively, that corresponding to the theoretical study [188]. It
appears that the adsorption of N, at Pt/TiO, (101) surface is not affected. However,
because of the repulsive interaction between Pt atom and N, molecule, N, moves from
the Tisc site to 3.013 A compared to 2.660 A of clean TiO,.

Figure 7.4 The optimized geometries of the adsorption of N, molecule on the surface
of (a) Pt/TiO, (101) and (b) clean TiO, (101). Bond distances are in A.

7.4.3 Adsorption of CO,

From the temperature—programmed desorption has been reported the CO,
bound to regular Tisc atoms on TiO, (110) surface [188]. Therefore, CO, adsorption
was investigated by performing calculations with the CO, molecule is vertically and
parallel adsorbed on the clean TiO, (101) surface at the Tisc site. For CO, adsorption
on the clean TiO, (101), it is observed that the CO, molecule remain vertical to the

Tisc site in slightly tilted configuration with O atom toward Tisc site as shown in
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Figure 7.5 (b). The adsorption energy for vertical orientation of —0.17 eV is favored
by about 0.13 eV compared to the parallel configuration. Therefore, the most stable
geometry corresponds to the case when the O atom of CO, molecule is oriented
toward the Tisc site of the clean TiO, (101) surface. Therefore, the adsorption of CO,
on Pt/TiO, (101) was calculated by using the vertical orientation of O atom toward Pt
atom. The CO, molecule can bond to the Pt/TiO, (101) surface via its C—Pt bond in
the length of 2.043 A and one O-Tisc bond; its adsorption energy is —2.3 eV, see
Figure 7.5 (a). The strong interaction between C atom of CO; and supported Pt atom
leads to bridging configuration of CO, to 130.70° comparative to 177.75° in the case
of clean TiO, (101) surface.

Figure 7.5 The optimized geometries of the adsorption of CO, molecule on the
surface of (a) Pt/TiO; (101) and (b) clean TiO, (101). Bond distances are in A,

7.4.4 Adsorption of N,O

We determined several possible adsorption configurations for the N,O
molecule on the both clean TiO, (101) and Pt/TiO, (101) surfaces. In agreement with
theoretical results, which show that the N,O can bound via the N-end and O-end of
the molecule to the Tisc site as linear structure [49] and also bridge structures [130].
Therefore, three different configurations have been employed, namely, N-end, O—end
and bridge bending. The optimized geometries and bond distances are shown in
Figure 7.6. The calculated adsorption energies of molecularly adsorbed N,O are
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shown in Table 7.1. We start by investigating the adsorption of molecular N,O with
N-end and O-end configurations toward Tisc atom of the clean TiO, (101) surface.
The calculated N,O adsorption energies on both configurations are —0.17 and —0.13
eV, respectively. The optimized structures of N-end and O-end configuration
adsorbed on the clean TiO, (101) are shown in Figures 7.6 (b) and (d), respectively. In
the first case, a N1-Tisc bond is a little bit shorter than O-Tisc bond of 0.076 A.
There is a clear preference for the N-end configuration compared to the O-end
configuration, in good agreement with the theoretical studies [41, 50,130]. For N,O
adsorption of both configurations on the Pt/TiO, (101) surface, adsorption energies
are much smaller —0.02 and —0.03 eV, respectively. It was found that the supported Pt
is reduced the adsorption energies of N,O for both N—end and O-end configurations.
This behavior is due this result suggests that the repulsion interactions between N,O
molecule with Pt atom. The relaxation of the system made the N,O molecule leading
to desorption from the Pt/TiO, (101) surface.

Next, we investigated the bridge N,O configuration adsorbed on clean TiO,
(101), see Figure 7.6 (f) where N,O interacts with N1 to O,c atom and an O to Tisc
atom. The calculated adsorption energy is —2.24 eV. This configuration was found to
be more stable than both N-end and O-end configurations. For the N,O bridge
bending adsorbed on Pt/TiO; (101) surface, one N atom (N1) is bound to Pt atom and
Oyc atom of the surface while it one O atom is bound to Tisc atom, N1-Pt, N2—Pt
distances are 2.035 and 2.013 A, respectively, and allowing the Pt atom closest to the
Osc surface of Pt-Osc distance is 2.227 A. The calculated adsorption energy of this
configuration is —2.64 eV, which stronger than of 0.4 eV comparative to clean TiO;

surface.
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Figure 7.6 The optimized geometries of the adsorption of N,O molecule on the
surface of (a) Pt/TiO, (101) and (b) clean TiO, (101), with N—end (c) Pt/TiO, (101)
and (b) clean TiO, (101), with O—end and (e) Pt/TiO, (101) and (f) clean TiO, (101),

with bridge configuration. Bond distances are in A.
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7.5 CONCLUSION

The adsorption of CO, N2, CO,, and N,O on the clean TiO, (101) and Pt/TiO;
surfaces of anatase (101) have been studied by a periodic approach using density
functional theory. The presence of the Pt atom supported on anatase TiO, (101)
strongly stabilizes the adsorption of CO and CO, molecules. Adsorption of N,O in N—
end, O-end and bridge configurations has been studied. We found that the bridge
configuration to be favorable for both clean TiO;, (101) and Pt/TiO, (101) surfaces.
On the contrary, adsorption of N,, N-end and O-end of N,O on Pt/TiO;, (101) are

energetically less stable than on the clean TiO, (101) surface.



CHAPTER VIII
CONCLUSIONS

8.1 CONCLUSIONS

In this work we report the theoretical study based on DFT within B3LYP and
GGA calculations on the adsorption of molecular gases on anatase TiO, (001) and
(101) as well as on rutile TiO, (001) and (110) surfaces. In addition, the adsorption of
a single Pt atom on anatse (101) surface was examined. The model clusters and
periodic boundary conditions were employed. The conclusions can be summarized as
follows.

Firstly, we have systematically studied the adsorption of diatomic (O, N2, Ha,
CO and NO), triatomic (H,O, H.S, N,O, CO,, NO, and SO,) and polyatomic (NHs,
C,H,, C,H,4 and CHy) gases on TigOs3H3p and TigOs3H42 model clusters of the anatase
TiO, (001) and (101) surfaces, respectively, by using the B3LYP/6-31G(d),
B3LYP/6-311G(d,p)//B3LYP/6-31G(d) and BSSE corrected B3LYP/6-31G(d)
calculations. The adsorptions of all studied gases on the anatase TiO, can be
summarized that the TiO, (001) surface greatly prefers to adsorb NH3 and H,0, and
the TiO, (101) surface prefers to adsorb NO and O,. The TiO, (101) surface can be
used a catalyst for NOy conversion reaction.

We have used the periodic slab calculations with DFT at the B3LYP level in
order to study the adsorption of CO, H,, N,O, NH3; and CH,4 on the anatase TiO, (001)
and (101) surfaces and have investigated the optimized geometries and adsorption
energies. The relative adsorption energies of these gases on the TiO, (001) and (101)
surfaces are in orders: NHz >> CO >> H, = CHj = N2O and NH; >> CO = N,O >
CHy, respectively. The co—adsorption configuration of N,O and CO on the TiO; (001)
surface to form products CO, and N, via the transition—state was proposed.

The adsorption energies of CO, Hz, N,O, NH; and CH,4 on the rutile TiO;
(001) and (110) surfaces were also obtained using periodic first—principles
calculations based on DFT/B3LYP theory. All the studied gases can adsorb on the
rutile TiO, (001) and (110) surfaces, except methane cannot adsorb on the (110)
surface. The relative adsorption energies of these gases on the rutile TiO, (001) and
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(110) surfaces are in orders: NHz > H,O >> N,O > CO >> H; > CH, and NH3; = H,0
> N,0 = CO >> Hj, respectively.

We have found that the adsorption of these adsorbed gase on rutile surfaces
are much stronger than on anatase surfaces. The strong adsorption of molecular gases
on TiO, can be used for designing new catalytic processes.

To understand the photocatalytic oxidation process of CO, the neutrally and
positively charged of anatase (101) surfaces have been determined. By first principles
spin polarized GGA calculations we have shown that positive charge on the anatase
(101) surface increases the adsorption energy of CO, allowing the spontaneous
conversion of CO to CO,, and the desorption of CO, creation of a surface oxygen
vacancy. In this three—step process the adsorption energy, the activation energy for
conversion, and the energy of dissociation was calculated to be —0.45, +0.4 and +0.42
eV, respectively, with a total energy gain of —1.59 eV. Holes on anatase can be
produced by UV excitation. The photocatalytic oxidation of CO to CO;, can be
spontaneous at room temperature.

In addition, we have investigated the reduction of N,O into N, on anatase
(101) surface after photocatalytic oxidation of CO. The reaction proceeds via the
oxidation of CO by hole-assisted to produce CO, leaving the surface, and therefore
facilitates the reduction of N,O. The photocatalytic redox mechanism is proposed for
CO + N0 reaction, which is subsequently provided to CO, and N,. According to our
calculations, the oxidation of CO and reduction of N,O on the anatase (101) surface
can be an efficient photocatalytic process.

Finally, we have studied the TiO,—supported Pt on anatase (101) surface and
its interaction with CO, N,, CO, and N,O molecules using periodic approach. Our
calculations thus reveal that TiO,—supported Pt on the anatase (101) surface might

exhibit a catalytic activity toward the adsorption of CO and CO..
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8.2 RESEARCH LIMITATIONS

Although, first—principles calculation in computational chemistry is a
powerful tool to provide information for solid state physics development, the
understanding of the mechanistic details of the reaction process under chemically
reactive conditions is still far from complete. In particular the interaction between
gases—TiO, surfaces would greatly enhance the computational work. Due to the
limitation of computer facilities, time—consuming calculations could not be performed
to obtain the dynamical and electrical properties of the molecular gases adsorption on
TiO, and Pt/TiO, surfaces over longer time periods. Moreover, the use of molecular
dynamic (MD) simulations for reaction path ways may be required.

8.3 SUGGESTIONS FOR FUTURE WORK

Titanium dioxide (TiOy) is still an important material for gas sensors and
photocatalysis applications. Due to the knowledge of the molecular gases adsorption
on TiO, lead to find efficient and economical way to convert toxic gas into non-toxic
gas. Thus, this important aspect of catalytic reactions occurring with participation of
adsorbed molecule remains open for further experimental and theoretical studies. In
this dissertation, the obtained results could provide the knowledge for molecular gases
adsorption on both anatase and rutile surfaces of TiO, as well as TiO,—supported
metals.

Moreover, the transition calculations need to be described in order to get
higher accurate prediction of chemical reaction. To improve the research, there are
many interesting projects to provide the information for discovering and designing the
new photocalyst. In a future study we will address the more general case when
molecular gases adsorption take place on the defective TiO, surfaces and TiO,—
supported metals. The comprehensive theoretical studies are still desirable in view of

the potential applications of the system in a considerably wide range.
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APPENDIX



UNIT CONVERSION FACTORS

111

1 unit = Hartree kJ mol™ kcal mol™ eV
Hartree 1 2.6255 x 10° [ 6.2751 x 10° | 2.7212x 10
kJ mol™ 3.8088 x 10™ 1 2.3901 x 10" | 1.0364 x 10~
kcal mol™ 1.5936 x 10° | 0.4184 x 10 1 4.3363 x 10
eV 3.6749 x 10° [9.6485x 10 | 2.3061 x 10 1
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