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Abstract

We performed a systematic investigation of adsorption of small gas molecules
(O, CO, NO, NO; and SO,) on pristine and fluorine doped (F-doped) anatase TiO,
(001) surface using the density functional theory (DFT). Three kinds of F-dopants,
which were achieved by substituting a surface O,c atom (Fy), or a surface Osc (Fyp), or
an O3c atom below a surface Tisc with F atom (Fyy), were studied to investigate the
effects on the surface properties as well as the adsorption of molecules. The influence
of F-dopants on the adsorption energy, charge transfer and magnetic moment of the
most stable adsorption configurations of these molecules on the surfaces are
thoroughly discussed. Three types of F-dopants were found to have a significant
promotion on the adsorption of O,, NO and NO,. However, the promotive effect of F;
and Fy; dopants was not found upon the adsorption of CO and SO,. Only Fy; dopant
was found to have promotive effect on the two molecules. The mechanisms of
interactions between molecules and surfaces are examined by analyzing their
electronic structure and charge transfer. The results show that Ti** induced by
F-dopants plays an important role in enhancing interaction between gas molecules and

TiO, surfaces.
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1 Introduction

Titanium dioxide (TiO;), as a photo-catalyst with excellent optical, electrical,
and thermal properties, has received increasing attention. It has been extensively
investigated for many applications such as gas sensors, waste water treatment and air
purification.1 Large volumes of industrial waste (toxic) gases are discharged into the
atmosphere everyday. Application of TiO, surface properties for reduction of toxic
gases has been examined theoretically and experimentally. The degradation of toxic
gaseous compounds is particularly important because they represent an important type
of environmental pollutants. In order to develop a new catalyst for selective catalytic
reduction of toxic gases by using visible light, investigations of adsorption abilities of
small molecules provide very useful information for prediction of reaction in
photo-catalytic applications of TiO, surfaces. However, a major limitation in its
practical application is the wide band gap (3.2 eV for anatase), meaning that it can
only absorb ultraviolet (UV) radiation with wavelength of less than 387nm, which is
less than 5% of the solar irradiance on earth surface, to excite electrons from valence
band (VB) to conduction band (CB).? This means that a large portion of solar energy
in the form of visible light is wasted in photo-catalytic applications of anatase.
Therefore, it is necessary to develop a new titania-based photo-catalyst having the
ability for a wide absorption scope of visible light.

Much work has been done to improve the optical response of TiO, under visible
light excitation, for instance, by doping of transition metal ions to titania.” However,

metal ions doped materials suffer thermal instability; an increase of
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carrier-recombination centers, or the requirement of an expensive ion-implantation
facility.4 Another effective approach for extending the spectral response of TiO, to
visible light can be achieved by doping with non-metallic elements.* It has been
proven that absorption edge of TiO; to visible light region can be extended by doping
with various elements such as nitrogen,‘"5 sulphur,6 carbon,'® boron’ and fluorine.®
Asahi et al.* reported that the photo-catalytic activity and hydrophilicity of TiO; can
be enhanced by nitrogen doping into substitute sites of TiO,. Park et al." found that
carbon-doped TiO; (TiO,-,C,) nanotube arrays show much higher photocurrent
densities and more efficient water splitting under visible-light illumination (> 420 nm)
than pristine TiO; nanotube arrays. Ohno et al.’ investigated S-doped TiO; and found
it shows strong absorption of visible light and high activities for degradation of some
organic molecules such as methylene blue under irradiation at wavelengths longer
than 440 nm. Lu et al.” studied the B-doped TiO; and found that under both UV and
400-620 nm visible light irradiation, the B-doped TiO, nanotube array electrode
exhibits a higher photo-conversion efficiency than the non-doped one. As compared to
other nonmetallic doped TiO,, F-doped TiO; is receiving more attention not only
because of its higher potential for enhancing photo-catalytic activity in visible
region,™ ° but also its ability to improve the stability of the active facet of TiO»,"
which plays the most important role in photo-catalytic applications. The anatase (001)
surface, which was reported to be the most reactive facet of TiO, crystal and

chemically more reactive than the (101) surface, may significantly affect the surface

properties of anatase TiO, and play a key role in activities of anatase nanoparticles.11
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Previous researchers have demonstrated that average surface energies of anatase TiO,
are of the order of 0.90 J/m* for (001) surface, > 0.53 J/m? for ( 100) surface and >
0.44 J/m* for (101) surface.'"™ '* The high surface energy of pristine (001) surface
implies that it has high chemical activity but low stability. This would limit its
technological applications. Both experimental and theoretical studies indicate that
fluorine ions can markedly reduce surface energy of the (001) surface to a level lower
than that of (101) surfaces through doping.10 Moreover, crystallinity of TiO, can be
improved by F-doping. F ions can prevent grain growth and inhibit transformation of
anatase to rutile phase.”” These fruitful investigations show bright prospects for
developing the highly reactive dominant (001) facets with high crystallinity in
photo-catalytic applications.

Furthermore, the mechanism of the role that F ions play in F-doped TiO, surfaces
has also been widely explored. Despite the increasing interest and important role of
F-doping in photo-catalytic application, the role of F-dopant in enhancing
photo-catalytic activity seems vague as conflicting views are found in extant
literature."* Li et al."” ascribed the high visible-light photo-catalytic activities of
F-doped TiO; to the existence of oxygen vacancies in it. Yu et al.*® demonstrated that
F-doped TiO, is effective for enhancing photo-catalytic activity since F-doping
converts Ti** into Ti’* by charge compensation and the existence of Ti** can reduce
the electron-hole recombination rate. Seibel et al.'® attributed the enhanced
performance to the band gap narrowing resulting from the formation of Ti** defects

induced by impurities such as F-dopant. Czoska et al.'” claimed their F-doped samples
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did not show absorption in the visible region and did not react with adsorbed O, to
form superoxide anions. However, they found the F-dopant indeed induces the
formation of states of bulk Ti>* species below the conduction band. By using DFT+U
method, Di Valentin et al.'* investigated properties of at least four different types of
Ti** centers, which have a key role in electron transport in n-type doped titania, and
found that strongly localized solutions where an excess electron is on a single Ti** ion
are very close in energy to and sometimes partly degenerate with highly delocalized
solutions where the extra charge is distributed over several Ti ions. This provides
important information for the conductivity mechanism in n-type doped titania.
Nevertheless, the various conclusions show understanding of the interaction
mechanism of Ti** induced by F-dopant in n-type doped titania which appears to be
an appealing challenge. So far, little theoretical work has reported how F-doped TiO,
surface, especially Ti** induced reactive (001) surface, affects gas molecules adsorbed
on it. The role of Ti’* induced by F-dopant in adsorption of gases is also unclear.
Thus, it is reasonable to believe the knowledge of interaction between the gases and
F-doped TiO; surface will result in a new understanding of the role of F-dopants in
n-types doped titania.

As discussed in a review,'® many works have reported that it is difficult to
provide a satisfactory description of properties of defects (for example, Ti** in TiO,)
in insulators by using the standard DFT method since non-local factors in the
exchange-correlation (XC) functional are ignored. An alternative methodology used to

eliminate or reduce this failure is the so-called DFT+U method."” This method
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introduces a Hubbard-U term in the functional, representing an on-site Coulomb
repulsion among selected orbitals, to better describe the electron correlation effects of
d-orbitals. This acts to remove the self-interaction error and the consequent tendency
to delocalize unpaired electrons and reduce the Coulomb repulsion in the standard
DFT, which fails to correctly describe the localized states in the system, such as the F
doped TiO,. This method corrects some of the inadequacies connected to the standard
DFT treatment of localized states, but is dependent upon a tunable parameter of U
value.” The determination of an appropriate U parameter value for TiO, has always

. 20-21
been discussed,

nevertheless, we cannot expect to find a universal U value to fit
all physical properties of TiO, perfectly. The U value is usually considered as an
empirical term which varies until convergence with the experimental results. The
values of U can be determined through the method so as to account for the
experimental results of physical properties such as structural parameters, magnetic
moments, band gaps, redox potentials, or reaction enthalpies.21b On the whole,
previous DFT + U works?? indicate that a value of U = 10 eV for rutile TiO, and
U=8.5 eV for anatase TiO;, to match the experimental band gap and U value in the
range of 2~6 eV is suitable to describe the properties of TiO, such as structural
parameters and electronic structure.”® Moreover, the localized electron in Ti**
species is successfully described by using a U value of 3~4 eV, 224

The present study focuses on studying adsorption of some common gas

molecules (O,, CO, NO, NO,, SO,) on pristine and F-doped anatase TiO, (001)

surfaces using DFT calculations, which include spin polarization calculations in
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open-shell systems, by employing the GGA+U method. Based on this method, effects
of three kinds of F-dopants adjacent to Ti atom at the adsorption site have been
thoroughly investigated. Adsorption abilities, in terms of adsorption energy and
charge transfer, charge difference and projected density of states (PDOS) of all gases
are analyzed to examine their behaviors on these surfaces. The purpose of this work is
to provide improved insights into the fundamental understanding of the nature of
interactions between adsorbate and F-dopants in n-type doped titania for a better

design of the titania-based photo-catalyst and sensors.

2 Computational Details

We performed periodic spin-polarized density functional theory (DFT)
calculations using GGA+U method” with Perdew and Wang (PW91) functional,”® as
implemented in the Quantum Espresso code.”” The ultrasoft pseudopotentials®
method was used in this work, where the 3s, 3p, 4s and 3d shells of Ti atom, the 2s,
2p shells of O, F, N and C atoms and 3s, 3p shells of S atom were treated as valence
shells. The cutoffs for smooth part of the electronic wave-function and the augmented
electron density were set to 30 and 300 Ry, respectively. The convergence threshold
for self-consistency was set at 1.0x10™ Ha. The ground-state geometries of bulk and
surfaces were obtained by minimizing the forces on each atom until the residual
forces were below 1.0x10™° Ha/A. This force convergence criterion is close to the
value adopted in previous studies.'® """ We obtained the bulk lattice parameters,

a=3.790A and ¢=9.646A, by using a k-point grid of (4 x 4 x 2). This result agrees
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well with the previously reported experimental and theoretical results,” confirming
the authenticity of our calculations.

In order to estimate an appropriate value of U, a series of U values ranging from
2 to 9 eV have been examined. The outcomes indicate that U=2.0 eV is sufficient to
describe the localized state in band gap induced by F dopant. For obtaining the band
gap with experimental value of 3.2 eV, our calculations show that a value of 8.1 eV is

required, which is close to Deskins et al. >

However, such a large value would lead to
relatively large overestimated lattice constants, which in turn may cause a structurally
bad prediction. Our results show that the overestimation of lattice constants gets
enlarged within the GGA+U, ranging from 2.7% for U =4 eV to 3.8% for U =9 eV.
The lattice constant is overestimated by about 1.5% within the standard GGA in our
outcomes. Thus, we consequently use, throughout this work, the lattice constants
optimized for plain DFT (U=0). The effect of this choice on the obtained density of
states (DOSs) is minimal. In the case of F dopant using DFT+U with U=3.8 eV, we
found less than 0.02 eV difference in the position of the localized states below the
CBM when using the two sets of lattice constants. We cannot expect a selected U
value that will give all correct properties of TiO,, but it is important that a U value of
3.8 eV can provide a correct description of impurity states in the band gap. As a result,
we adopted the U value of 3.8 eV for describing the valence electrons of Ti atom in
this work.

The pristine anatase (001) surface (denoted as PT) represented by a slab in a

super-cell consisted of neutral (O-Ti-O) repeating tri-layer units (Figure la). The
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(001) surface is terminated by five-fold coordinated Ti atoms (Tisc) and two- and
three-fold coordinated O atoms (O,c, Osc), while the bulk consisted of three-fold
coordinated O atoms (Osc) and six-fold coordinated Ti atoms (Tigc). The slab was
formed from a (2 x 2) super-cell (0.25 ML) with a thickness of four tri-layers (~7.8 A
thick) and a surface area of 7.58 x 7.58 A?, containing a total of 12 atomic layers and
16 TiO; units per super-cell. For small molecules, a surface area of (2 x 2) on anatase
(001), which was proven to be large enough to avoid lateral repulsion between the
adsorbed molecules in adjacent super-cells, was adopted in previous works.''® *
Moreover, a slab with a thickness of four O-Ti-O tri-layers is sufficient for

11b, 31

convergence of the (001) surface structure and energy that has been used in

- . I, 302, 30c, 32
previous studies’ 7" 7

of adsorption systems involving anatase (001). Therefore,
we mainly focused on adsorption behaviors of molecules in the (2 x 2) super-cell (48
atoms) with four tri-layers. The F-doped TiO, (001) surface (denoted as FT) was
produced by replacing one lattice O atom by F atom in the super-cell surface of PT. In
order to get a quantitative comparison of activities of PT and FTs, we constructed a
super-cell model containing slabs with two equivalent surfaces (i.e. a crystal with
inversion symmetry) to calculate the surface energy (E,.y for both surfaces. The
surface energy E,yis defined as follows: 1?3334
Egurr = (Egiap — nEpui) 12A (D
where Ej,;, is the total energy of the slab, Ep,; is the total energy of the single TiO,

bulk unit cell, from which the slab is created, A is the area of the slab surface, n is the

number of TiO, unit cells contained in the slab surface and a factor 1/2 is used
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because the slab has two surfaces. Note that for an F-doped system, the slab should
have the same concentration of F ion with respect to bulk model from which the
surface is cleaved.

To investigate the adsorbate-substrate interactions, we mainly focus on the most
stable molecular adsorption configuration having the lowest total energy and the
highest adsorption energy. Adsorption energy E,4 is defined as

Euds = Emotecute + Esubstrate = Emolecule/substrare (2)
where Eporecutes Esubstrate a4 Epolecutessubsrare denote  energies of the isolated gas
molecule, bare substrate of pristine TiO, slab (or F-doped TiO, slab) and the
combined molecule-substrate system, respectively.

In all slab models, as implemented in our previous work, atoms in the bottom
two tri-layers of the slab were kept fixed at the optimized bulk positions and the other
atoms were fully relaxed. Different k-point samplings from (1 x 1 x 1) to 3 x 3 x 1)
were tested for the bare (001) slab surfaces and adsorbed systems. The (2 x 2 x 1)
sampling grid was found to be accurate enough, with less than 0.01 eV difference in
adsorption energy to the (3 x 3 x 1) k-point mesh. Therefore, we decided to use a (2 x

2 x 1) grid for our work involving the anatase (001) surface.
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[001]
a 1v, [100] b

Figure 1: Optimized structures of pristine and F-doped anatase TiO, (001) surfaces.
Side view of: (a) pristine; (b) F; doped; (c) Fy; doped; and (d) Fy; doped surfaces. The
Ti atoms are in gray, O atoms are in red and F atoms are in green. These notations are

used throughout this paper.

3 Results and Discussion
3.1 The bare Pristine and F-doped anatase (001) surfaces

As a preliminary calculation, we first investigated the properties of pristine and
F-doped bare surface. On the PT (Figure 1a), after optimization, the Oyc atoms are
displaced outwards and the O;c atoms are displaced inwards on the (001) surface
(0.12 A for Oyc atoms and 0.01 A for Osc atoms). The Tisc atoms on the surface are
relaxed inwards by 0.05 A. The mirror plane symmetry along [100] direction is

broken: the two O,c-Tisc bonds become nonequivalent, with the two optimized Ti-O
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bond lengths of 1.747 A and 2224 A, respectively. The asymmetric Ti-O bond
structure of (001) surface obtained by the theoretical methods have been reported in
the privious works.'"'? The distance for in-plane O atom and Ti atoms (r(Tisc-Osc)) is
~1.948 A. A surface energy of 0.92J/m? was obtained for the PT. These results agree
with our previous results obtained by GGA method™ and are also in close agreement
with other theoretical reports.“b’ 12,34

For FT, we considered three kinds of F-dopants, in which F atom was substituted
for a surface O,c atom, or a surface O;c atom, or an Ozc atom below a surface Tisc
atom. We denote them as Fy, Fy; and Fyy, respectively. The corresponding surfaces are
denoted as FiT, FyT and FyT, respectively. The selected doping sites are all adjacent
to the surface Tisc atom, representing F-dopants of different depths. As compared to O
atom in PT, F-dopants induce a larger atomic separation in the surface. For example,
on FT (Figure 1b), the two asymmetric F-Tisc bonds, which have values of 2.019 and
2.248 10\, are larger than that on PT formed by O,c and Tisc. The bond lengths of
F-Tigc in FyT (2.280 A, shown in Figure 1c) and F-Tiscin FyT (2.126 A, see Figure
1d), are also larger than the bond lengths of 1.983 and 1.938 A at the same location in
PT. Apart from that, the lattice is only slightly distorted by F-dopants. Surface
energies of FiT, FyT and FyyT are calculated to be 0.74, 0.92 and 1.04 J/m2,
respectively. This reveals that the F-dopants with different depths behave differently.
The lowest surface energy of FiT and the highest surface energy of FiyT among the

FTs demonstrate that the F-dopants in the uppermost surface and subsurface have

distinctly different effects on the activity of TiO, surface.
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The PDOS analysis (see Figure 2) shows that the Fermi level at the mid band gap
for PT has changed upon inducing F-dopant. In all F-doped cases, below and close to
the Fermi level, F doping induces a new localized spin state corresponding to the Ti’*.
This state is a consequence of introducing a fluorine substitution which leaves an
extra electron in the lattice. Based on the polaron theory,36 the excess unpaired
electron is highly localized in Ti 3d shell and causes its reduction from Ti** to Ti**.
This is confirmed in Figure 2, which shows the PDOS for FTs. An inspection of
PDOS showed that the localized Ti** states, which correspond to an excess electron
induced by F-dopants, lie at 0.8~1.1 eV below the bottom of CB. The orbitals
corresponding to these spin polarized states have a distinctive shape of 3d orbital in Ti
ions (Figure 2). It is noted that all Ti** produced by the three different F-dopants are
located at a subsurface Tigc atom, neighbor or next neighbor to the F-dopant (Figure
2). The polarized electron located in Ti’* induces a magnetic moment of lug to FT.
The introduction of electron donor thus makes the system an n-type semiconductor
and introduces reduced states, thus changing chemical properties of the surface. The
formation of lattice Ti** as a consequence of fluorine doping in TiO; crystal is fully
supported by the theoretical calculations.'* Experimentally, a localized polaronic
picture of the resulting Ti** species was reported to better fit the mechanism of
hopping for electron transport in TiO,.'**® The excess electrons located in orbitals of
Ti** may cause some primary influences on adsorption properties of the surfaces. For
example, they may play a key role in and dictate the ensuing surface chemistry, such

as providing the electronic charge required for O, adsorption and dissociation.”’

Page 14 of 52



Page 15 of 52

)

RSC Advances

~

ey =i

-

DOS (Arbitrary Units

™

D) :::!|

[ e

-

(%))

Figure 2: Projected density of states (PDOS) for pristine and F-doped surfaces. The

PDOS for: (a) pristine; (b) F-doped; (c) Fy-doped; and (d) Fy-doped surface. Insets

show where Ti** locates in the surface. The Fermi level is set to zero. The arrows in

the right side of the panels denote the spin-up (1) states and spin-down (]) states.

These notations are used throughout this paper.

3.2 Gases adsorbed on pristine and F-doped anatase (001) surface

3.2.1 O, adsorption

Reactive oxygen species (O,") produced by O, adsorption on surfaces function as

important intermediates in both total and selective catalytic oxidation.™ The O,
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species on metal oxides can be characterized by using ESR technique through
detecting the effects of electric field at the surface.” Anpo et al. ** proposed that O,
would be adsorbed on an n-type semiconductor surface. Thus, it is meaningful to
investigate the mechanism of O, adsorption on F-doped surfaces. We examined
adsorption of O, on different adsorption sites and found the most stable adsorption
configuration of O, on clean TiO, (001) has an adsorption energy of -0.1 eV,
indicating that O, adsorption on clean TiO, (001) is endothermic and hence it is
impossible to occur spontaneously in reality; this is in agreement with previous
studies.’® After F-dopant has been introduced to the surfaces, O, was found adsorbed
quite strongly on them with a significant charge transfer (Table 1). It was predicted in
the previous report that adsorption of O, takes place on titania surface after the
formation of Ti’** through charge transfer.** On all FTs (FT, FyT and FyT), the O,
molecule can be adsorbed as the most stable configuration, via two O atoms bonding
to the same Ti atom with the molecule parallel to the surface (Figure 3). Among the
three kinds of F-dopants, Fyy has the most promotive effects on O, adsorption. The
adsorption is the strongest with adsorption energy of 1.67 eV on FyT (Table 1).
Importantly, during the relaxation of O, bonding to F-doped surface, we found
that the excess electron first transfer from its original location, a subsurface Tigc, to a
surface Tisc which bonds to the O,, then to the adsorbed O,. This may be because
when O, approaches the surface, it deforms the local electric field near the adsorption
site. Deformation of the local electric field on the surface can be detected by EPR

‘[echnique.3 839 Deformation of this kind makes Ti’* transfer from the subsurface Tigc
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atom to the surface Tisc atom where O, is adsorbed and then an undercoordinated
surface Ti** forms. The undercoordinated (Tisc) Ti ions are believed to play a relevant
role in stabilizing the extra charge at the surface and making it available for charge
transfer to adsorbates.*' After the 0O, molecule reaches its equilibrium position, the
Ti** state vanishes and an unoccupied state of O, appears at the bottom of CB. All
three O,/FT systems have a magnetic moment of 1ug but it is different in the cases of
clean FTs in which the polarized electron is located on Ti**, the magnetic moment is
induced by radical anion O, (shown in inserted panel of Figure 4).

The PDOS gives the bonding mechanism of O, adsorption (Figure 4). The
localized Ti** state at the bottom of CB, which contains an extra electron introduced
by F-doping, is close to the Fermi energy and above the 27" orbitals of O,, making
transfer of one electron from Ti’" to the 27* orbitals of O, easy. Then O, acts as an
electron acceptor and destroys the Ti’* with formation of superoxide anions. The
presence of three electrons in the two 27 orbitals results in paramagnetism of Oy
species and becomes the source of magnetic moment of adsorption systems. After
charge transfer occurs, Ti* disappears. The states of Ti** move to about 0.6 eV above
the Fermi level and the corresponding Ti 3d orbital becomes empty (Figure 4). Due to
injection of electrons into anti-bonding 27" orbital, the adsorbed O, molecules have
an obvious elongation in O-O bonds. As compared to the clean FTs, Fermi energies of
O,-substrate systems shift to a lower location of band gap upon the adsorption of Os.
Generally, the impurity state in the gap originating from Ti** has a distinctly

promotional effect on adsorption of O, and makes O, an electron acceptor
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accompanied by a significant charge transfer. As a whole, we can draw conclusions on
the relationship between F-dopants and O,. When F-dopant is induced into the surface,
the excess electron transfers from F ion to Ti* and generates Ti**. After O, reacts with
this n-type surface, the electron transfers from Ti** to the adsorbed O,. Thus, in this
process, the Ti** acts as a necessary bridge for electron transfer from surface to O,.
The electrons transfer from Ti** of the adsorbed oxygen species on the surface was
believed to slow down recombination rate of the electron-hole pairs in the surface and

enhance photo-catalytic activity.*

Table 1: Relaxed structural parameters (bond lengths), adsorption energies
(Eags), charge transfer (41Q) and magnetic moments (M) of O, molecule in gas
phase or adsorbed on F-doped surfaces (FT, FyT and Fi;T) in the most stable
configurations. The subscript ‘s’ indicates the atom is at the surface which bonds
to the molecule; otherwise, it belongs to the adsorbed molecule. This notation has

the same meaning in other tables.

Gas/Substrate ~ O(1)-Tiy(A)* O(2)-TifA)* O(1)-0Q2)(A) 4Q(lel)’ M(ug) Eqs (€V)

O, (gas phase) - - 1.232 - 2.0 -

F T 2.032 2.032 1.328 -0504 1.0 0.75
FyT 2.022 2.023 1.328 -0517 1.0 1.42
FyT 2.013 2.016 1.332 -0522 1.0 1.67

* The labels of O atoms are shown in Figure 3.
® The charge transfer is obtained by Bader charge analysis. A negative value indicates the
molecule gains electrons from substrate, and vice versa. This expression is also applicable to later

tables.
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Figure 3: Optimized adsorption geometries and charge transfer of O, molecule on
F-doped surfaces in the most stable configurations. The upper panel shows adsorption
geometries of O, on: (a) Fi-doped; (b) Fy-doped; and (c) Fyy-doped surface; the lower
panel (d~f) shows the corresponding charge transfer between them. In the lower
panel, purple and light blue colors represent positive (gaining electrons) and negative
(losing electrons) values, respectively. The isosurface value of each case is 0.005
e/bohr’. The decimals denote the net charge on the molecule. A negative value of
charge transfer indicates that the molecule gains electrons from the surface. These

notations are used throughout this paper.
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Figure 4: Total density of states (TDOS) for: (a) a gas-phase O, molecule and PDOS,
(b) O, on FT; (¢c) O, on FyT and (d) O, on FyT. The Fermi level is set to zero. The
notation of “sub” denotes the states of substrate, and “gas” denotes the states of the

adsorbed molecule (O,). These notations are used throughout this paper.

3.2.2 CO adsorption

CO is another most common probe molecule used for studying properties of
catalyst surfaces. Investigations of mechanisms of CO-substrate interaction** have
contributed to insights into surface chemistry of some transition metal oxides catalysts,
such as Al,Os, Ti;Os, V5,03, Cu0O and Ag,O. However, little work has been carried

out to study the interaction of CO with F-doped TiO,. We expect an investigation of

Page 20 of 52



Page 21 of 52

RSC Advances

CO adsorption on F-doped TiO; to provide a deeper understanding of the influence of
F-dopants upon titania-based catalyst.

Pertaining to adsorption of CO on PT and FTs, we focus discussions on the most
stable configurations. The most stable adsorption of CO on PT is on the bridging site
where Ti-O bond breaks and CO molecule embeds in the site between Tisc and Oxc
atom, to form a cable-stayed bridge structure (Figure 5a). In this configuration, the C
atom of CO bonds to both O atom and Ti atom and the O of CO bonds to Tisc atom.
The surface is greatly distorted with the Oyc atom being pulled out from the surface
and deviates from its original location by 1.091 A, implying this configuration is a
chemical adsorption. Experimental works have reported that upon exposure to CO, a
large portion of carbon monoxide is reversibly chemisorbed on TiO, surfaces.* The
adsorption energy is calculated to be 0.89 eV (Table 2), which is much higher than the
value of 0.21 eV (-20.08 kJ mol™") reported in previous work,* in which the CO
molecule weakly interacts with titanium ion in the physical adsorption mode.

The cases on FTs are different. On F(T, the preferred adsorption configuration of
CO is it bonds perpendicularly to Tisc atom, which is adjacent to F atom, with a slight
slope on the surface through connection of C atom and Ti atom (see Figure 5b). The
adsorption energy is 0.36 eV. This weak adsorption indicates that it is physisorption. A
relatively weak adsorption confirms that activity of the surface is reduced after Oyc is

replaced by F ions. Experimental works'®*

reported that doping of fluorine ions also
raises the stabilization of (001) facet. This is likely due to O atom on the surface,

which is undercoordinated and has a relatively high activity. When O,c atom is
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replaced by F dopants, the 2p orbitals of substitution F atom are fully occupied and
hard to hybridize with C atom of CO. While the configurations of CO on FyT and
FiyT are similar to PT (Figures 5c, d), both are chemisorptions. The adsorption
energies are close to or higher than PT. These results indicate that the promotive
effects upon CO adsorptions mainly occur on the surface with a deeper F ions doping.

Bader charge analysis (Table 2) shows that CO acts as an electron acceptor on
FiT, however, it acts as an electron donor on other surfaces. In cases of donation of
electrons to the surfaces, the charge transfer on FTs is smaller than on PT. This may
be due to the Fermi level raised by F-dopant making it harder to donate electrons to
the surfaces. To further understand the mechanism of CO adsorptions, the PDOS
analysis is presented. From Figure 6 (b, d and e), we observe that in chemisorption
(on PT, FyT and FyyT), the bonding orbital 56 (HOMO) mixes with the states of
substrate in valence band. Generally, bonding of CO molecule to a substrate can be
characterized by a two-way electron flow involving both donation from CO 5S¢ orbital
into empty orbitals of exposed Lewis acid sites (Tisc) and back donation from surface
states to CO 27" empty orbitals, namely, the so-called o-donation/z-back donation
mechanism,46 in which the HOMO and LUMO of CO hybridize with d orbitals of
transition-metal atom in an appropriate energy range. In chemisorption (on PT, FyT
and FpT), a definitely positive net charge of adsorbed CO and reduction of Lewis
acid site charge (-0.09~-0.1) combined with charge reduction (-0.55~-0.58) on Oc

which bonds to C atom indicate that the mechanism of o-donation dominates the

interaction. This is in tune with the result of interaction of CO with Ti,O3 (1012)
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surface, though CO on this surface has a C-down configuration.42b Accordingly, CO
So state is significantly stabilized (3~4 eV) after the interaction, becoming almost
degenerate with CO 1z states. The states at the top of valence band (VB) are derived
from the formation of ¢ bond between C atom and O,¢, accompanied by donation of
electrons to the O,c. This donation, combined with 5¢ donation, makes the net charge
of adsorbed CO a significant growth (Table 2). The CO 27" empty level is perturbed
to a very limited extent (0.1~1 eV), revealing a weak z-back donation. Though the
m-back donation is small, the bond length or r(C-O) is elongated by 11% with
reference to the free CO molecule (from 1.14 to 1.27A). This has substantiated
Lupinetti et al.** who reported that a relatively small amount of back donation from
the Lewis acid site to CO is sufficient to lengthen the CO bond. In FTs, donation of
electron from CO to substrate keeps the state of Ti** in the band gap. The donor
behavior of CO molecule was also observed on the surface of other transition metal
oxides. "¢

In the case of physisorption (on FiT, Figure 5b), adsorption of CO has a C-down
oriented configuration atop the Lewis acid site. The negative charge of adsorbed CO
and charge reduction on the Lewis acid site (-0.20) indicate that both g-donation and
m-back donation mechanisms contribute to CO/F;T bonding. In fact, the two-way
electron flow process is the main interaction mechanism in C-down oriented
configuration in transition metal oxides.”* *** With inspection of PDOS (Figure 6c¢),

one can find that both 50 and 27" states of CO have been stabilized upon the

adsorption. Balancing the two opposite effects, the adsorbed CO gets a negative net
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charge of -0.067. This charge reduction indicates that z-back donation is more
efficient than o-donation. Thus, the adsorbed CO acts as an electron acceptor in this
case. This is mainly due to the substitution of O,c atom by F ions, for which it is hard
to participate in hybridization, which in turn makes the upright configuration more
favorable. Thus, the LUMO orbital plays a major role in this configuration and makes
-back donation more favorable. Rohrbach et al.* reported that CO can be adsorbed
on NiO surface in an upright configuration via z-back donation, in which electrons
transfer from d orbitals of metal to 2z* orbital of CO. The adsorption of CO in
C-down oriented configuration on V,03 (1012) also has a main characteristic of
7-back donation.*”* **® In the interaction of CO/FiTs, a small charge transfers from
substrate to CO molecule has little effect on Ti’". Thus, the state of Ti** can be
reserved in the band gap upon adsorption and magnetic moment of the system
remains unchanged. Like the case of O,, the most preferable adsorption of CO occurs
on FyT. It gives a smaller amount of electron donation to the substrate as compared to
on PT (Table 2), this may be because the Fermi level with a higher location in band
gap weakens the electron transfer from CO to the substrate.

Table 2: Relaxed structural parameters (bond lengths), charge transfers (4Q),
magnetic moments (M) and adsorption energies (E.gs) of CO molecule in gas

phase and most stable adsorptions.

Gas/Substrate  C-Oy(A) C-Tig(A) O-Tig(A) C-O(A) 4Q(lel) M(ug) Eqq (eV)

CO (gas phase) - - - 1.142 - 0 -

CO/PT 1.291 2.072 2.089 1269 0664 O 0.89
CO/FT - 2.330 - 1.143  -0.067 1.0 0.36
CO/FyT 1.297 2.077 2.095 1266  0.656 1.0 0.86

CO/FmT 1.302 2.093 2.094 1266  0.628 1.0 1.07
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Figure 5: Optimized adsorption geometries and charge transfer of CO molecule on
pristine and F-doped surfaces in the most stable configurations. The upper panel
shows adsorption geometries of CO on: (a) pristine; (b) Fi-doped; (c) Fy-doped; and
(d) Fip-doped surface; the lower panel (e~h) shows the corresponding charge transfer
between them. The isosurface value is 0.005 e/bohr’. The black sphere represents C
atom. A negative value of charge transfer indicates that the molecule gains electrons

from the surface and vice versa.
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Figure 6: (a) TDOS for a gas-phase CO molecule; PDOS for CO on (b) pristine, (c)
Fi-doped, (d) Fy-doped and (e) Fyy-doped anatase (001) surface. Insets show the

location of spin polarized electrons. The Fermi level is set to zero.

3.2.3 NO adsorption

NO has been reported to have an interactional mechanism similar to that of CO
molecule on transition-metal oxides.*’ In our calculation, the most stable adsorption
of NO on PT is a lying-down configuration, in which O atom bonds to Tisc and N
bonds to Oyc, with N-O bond lying nearly parallel to the surface in [100] direction
(Figure 7a). The adsorption energy is calculated to be 0.47 eV (Table 3). The bond

length of O-Tisc and N-Oy¢ is 2.038 A and 1.355 A, respectively. The bond lengths
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show that the molecule is close enough to the surface to form chemical bonds,
implying it is chemisorption. While on FTs, the most stable adsorptions are upright
configurations, in which N atom bonds to Tisc, with the molecule nearly
perpendicular to the surface (shown in Figure 7b~d). On FTs, larger adsorption
energies of NO indicate that the adsorptions have been distinctly enhanced. Among
the three FTs, NO on FyyT has the strongest adsorption, with adsorption energy of
1.07 eV (Table 3), and it has the shortest molecule-substrate distance of 1.951 A. The
charge transfers on FTs are also distinctly greater than on PT (Figure 7e~h).

Figure 8 shows PDOS of NO molecule adsorption on PT and FTs. Figure 8b
shows that the occupied 5S¢ orbital of NO is broadened and is strongly hybridized with
d orbital having an electron donation from NO 5¢ to Ti 3d orbitals (Figure 8b). This
donation increases the charge on Tisc and consequently a state of Ti* appears in the
band gap. Meanwhile, it is accompanied by a relatively weak back donation from Ti
3d (d,?) to partially occupied 27" anti-bonding orbital. On the other hand, significant
charge depletion on O atom bonding with N atom leads to an increased filling of 27"
anti-bonding orbital. As a consequence, NO carries a net charge of -0.144 and the
bond length of N-O has been elongated from 1.167 A (in gas phase) to 1.284 A. The
redistribution of electron makes the system have a magnetic moment of 1 ug (shown
in inserted panel of Figure 8a.). Integrated over NO molecule, although both donation
and back donation mechanisms contribute to NO/PT bonding, z-back donation is
slightly more efficient than o-donation. This is different from the case of CO/PT

bonding, in which g-donation plays the major role. This difference originates from the



RSC Advances

fact that free NO 27" orbital (HOMO) is lower in energy than CO 27" which is the
lowest unoccupied MO (LUMO).*® % Thus, NO behaves as an electron acceptor in
the interaction of NO/PT.

Pertaining to the adsorption on FTs, NO of the most stable adsorption has
N-down oriented configuration atop the Lewis acid site. The negative net charge of
the adsorbed NO molecules, combined with charge reduction on the Lewis acid site
(-0.09~0.11), reveal that both o-donation and z-back donation mechanisms contribute
to the bonding of NO/FTs. The negative net charge of adsorbed NO indicates that
m-back donation is more efficient than g-donation. With inspection of PDOS analysis
(Figure 8c~e), we can see that there is a strong Ti 3d-27" hybridization in which
electrons are back donated from dyy to 27" orbital, which causes the state of Ti 3d
(dxy) to disappear. This hybridization makes the overlapped Ti** states broader than
the original Ti’* states, and the gap becomes narrower. After accepting the electrons,
the 27" anti-bonding orbital shifts to nearly below the Fermi level, overlapping with
the localized states of Ti’*. Meanwhile, there exists a relatively weak hybridization
between 5o orbital of NO and Ti 3d orbitals (5¢-donation). This donation results in
another Ti 3d (d,”) state appearing in the band gap. A larger degree of 27" back
donation makes the net charge of NO gained from the surface greater than on PT
(Figures 7e~h). This process of 5o-donation/2z"-back donation causes the system to
have a magnetic moment of 2ug (Table 3). This is mainly due to the existence of
excess electrons induced by F-dopants having raised the Fermi level and enhanced the

27"-back donation process, which makes the upright configuration more favorable. A
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lower Fermi level makes 5o0-donation more favorable and causes a lying-down
configuration. This is probably the major source that NO has different stable
configurations on PT and FTs. The mechanism of 5o-donation and 2z"-back donation
of NO was also observed on other oxides.”” Bonding of NO/FTs has an interaction
mechanism similar to CO/FiT interaction, in which the adsorbed CO has a C-down
oriented configuration and a main interaction mechanism of z-back donation.
However, a much larger net charge on adsorbed NO reveals that z-back donation
mechanism is more efficient in NO than in CO. This is derived from the same nature
that HOMO of free NO is lower in energy than LUMO of CO. These results are
perfectly in tune with the behaviors of NO on other transition metal oxides such as

Cu,0 and Ag,0. "4 4%

Table 3: Relaxed structural parameters (bond lengths, angle), charge transfer
(AQ), magnetic moments (M) and adsorption energies (E,q4s) of NO molecule in

gas phase and most stable adsorptions.

Gas/Substrate N-Oy(A) O-Tig(A) N-Tig(A) N-O(A) LO-N-Ti(°) AQ(lel) M(ug) E.qs (€V)

NO (gas phase) - - - 1.167 - - 1.0 -

NO/PT 1.355 2.038 2.823 1.284 - -0.144 1.0 047
NO/FT - - 1.966 1.187 177.49 -0.317 2.0 0.97
NO/FyT - - 1.994 1.184 17273 -0.297 2.0 0.87

NO/Fy T - - 1.951 1.187 178.31 -0324 20 1.07
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Figure 7: Optimized adsorption geometries and charge transfer of NO molecule on
pristine and F-doped surfaces in the most stable configurations. The upper panel
shows adsorption geometries of NO on: (a) pristine; (b) F-doped; (c) Fy-doped; and
(d) Fip-doped surface; the lower panel (e~h) shows the corresponding charge transfer
between them. The dark blue sphere represents N atom. The isosurface value is set at

0.005 e/bohr’,
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DOS(Arbitrary Units)

Figure 8: (a) TDOS for a gas-phase NO molecule; PDOS for NO on (b) pristine, (c)
Fi-doped, (d) Fy-doped, and (e) Fip-doped anatase (001) surface. Insets show the

location of spin polarized electrons. The Fermi level is set to zero.

3.2.4 NO, adsorption

NO,, another toxic and irritating gas produced in power generation and internal
combustion engines of automobiles, causes serious environmental problems such as
forming of acid rain and destruction of the ozone layer. Investigation of interaction of
NO; with TiO; is meaningful for exploring efficient technologies to trap or destroy

NO, species for prevention of environmental pollution. Therefore, we further
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investigated the adsorption of NO, on PT and FTs. For adsorption of NO,, the most
favorable way to interact with PT is an 172—N,O configuration, in which the molecule is
adsorbed on the surface via N bonds to O,c and O bonds to Tisc, and another O atom
of NO, is upward to N atom with a tilt of the N-O bond (Figure 9a). The adsorption
energy is calculated to be 0.35 eV. The bond lengths of N-Oyc and O-Tisc are 1.333
and 2.151 A, respectively, implying chemical bonds have been formed. Like NO
adsorption on PT, adsorption of NO, on PT also induces a magnetic moment of 1 ug
to the molecule-substrate system. This is because the unpaired electron in 6al orbital
transfers to the substrate and forms Ti**.

The most stable adsorption of NO; on FTs is an 712—0,0 configuration, in which
NO; bonds with two adjacent Tisc atoms via two O atoms to form a bidentate
configuration, with molecules crossing above the surface Osc atom (shown in Figure
9b~d). This bidentate adsorption mode of NO; is usually the most stable configuration
found on other metallic oxide surfaces, such as A120348 and ZnO.*®® Configurations of
NO, on the three kinds of FTs are similar. The adsorption of NO, on FTs is found to
be much stronger than on PT. The adsorption energies on FiT, FyT and FiT were
calculated to be 2.00, 2.08 and 2.27 eV (Table 4), respectively, showing that
F-dopants significantly enhance adsorption. Interestingly, magnetic moment which
was found to be 1 up in adsorption on PT vanished (0 ug) in all F-doped substrate
adsorption systems.

Electronic structure of NO; adsorption on PT and FTs are shown in Figure 10.

The partially occupied spin-down component of 6al orbital (HOMO/LUMO) is
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slightly higher than the Fermi level of PT. This induces a charge transfer to the
substrate when adsorption takes place on PT. The unpaired electron transfers from this
orbital to Ti 3d orbital and produces Ti’* state in the band gap (Figure 10b), which is
also the origin of magnetic moment 1 ug of the system. On the other hand, O atom
interacts with Tisc atom and induces o-bond formed between them. This causes a
charge transfer from 3d orbital of Tisc to O 2p orbital. As a result, NO, molecule has a
slightly negative net charge of -0.069 (Table 4).

In FTs, F-dopants make the surfaces n-type doped and lift the Fermi level to the
bottom of CB. This makes LUMO of NO, lower than the Fermi level. Thus, the NO,
molecule becomes a good electron acceptor and an oxidizing agent for excess
electrons induced surfaces. Therefore, a large charge transfer from the surface to the
molecule occurs when it reacts with Ti atom. The molecules on FT, FyT and Fi T
gain charges of -0.647, -0.654 and -0.648, respectively; all are much greater than the
charge transfer on PT (Table 4). After excess electrons flow to the molecule, the
localized Ti** states induced by F-dopants disappear and the state of 6al becomes
fully filled and falls down to the top of VB (Figure 10c~e). Therefore, the electron
transfer makes the magnetic moment of molecule-substrate vanish and the band gap
becomes broader. These significant changes of magnetic and electronic structure can

be considered as switch signals in NO, detection applications.



Table 4: Relaxed structural parameters (bond lengths, angle), charge transfer
(4Q), magnetic moments (M) and adsorption energies (E,q5) of NO, molecule in

gas phase and most stable adsorptions.
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Gas/Substrate O(1)-Ti(A)* O(Q2)-Ti(A)* O(1)-N(A) O(2)-N(A) £ O(1)-N-0(2)(°) AQ(lel) M(ttg) Eoqs (€V)

NO, (gas phase) - -

NO,/PT - 2.151
NO,/FT 2.068 2.118
NO,/FyT 2.067 2.066
NO,/Fyy T 2.033 2.094

1.212
1.217
1.281
1.268
1.279

1.212
1.289
1.261
1.269
1.260

133.64
126.50
118.34
116.95
118.04

-0.069
-0.647
-0.654
-0.648

1.0
1.0
0
0
0

0.35
2.00
2.08
2.27

* The labels of O atoms are shown in Figure 9.

Figure 9: Optimized adsorption geometries and charge transfer of NO, molecule on
pristine and F-doped surfaces in the most stable configurations. The upper panel
shows adsorption geometries of NO; on: (a) pristine; (b) Fi-doped; (c) Fy-doped; and
(d) Fip-doped surface; the lower panel (e~h) shows the corresponding charge transfer

between them. The isosurface value is 0.005 e/bohr’. The blue sphere represents N

atom.
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Figure 10: (a) TDOS for a gas-phase NO, molecule; PDOS for NO; on (b) pristine,
(c) Fi-doped, (d) Fy-doped and (e) Fi-doped anatase (001) surface. Insets show the

location of spin polarized electrons. The Fermi level is set to zero.

3.2.5 SO, adsorption

Sulfur dioxide (SO,), a hazardous pollutant generated by combustion of coal and
petroleum products, causes serious problems, including tremendously damaging
effects of acid rain on ecology, hazards to human health and corrosion of monuments
or buildings, etc.” Investigation of SO, with TiO, is of potential importance for
degrading this poisonous gas. Importantly, TiO, is the most common catalyst used in

chemical industry and oil refineries for degradation of SO, through 2H,S + SO, —
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2H,0 + 3S| Claus reaction,'> 4 Though interaction of adsorbed SO, complexes
with rutile TiO, (110) has been extensively investigated experimentally51 and

theoretically,49b’ 52

investigation of SO, on pristine or F-doped anatase (001) in
periodic surface model, especially from the level of analysis of the adsorbate-substrate
bonding scheme, is lacking. Therefore, we performed the calculation of SO, on
pristine and F-doped (001) surface.

In the most stable configuration of SO, on PT, SO, bonds with the surface via S
atom bonds to O,c and one of O atoms bonds to Tisc to form an 172—S,O
configuration,” a SOs-like surface complex, leaving other O atom slanted upward on
S atom (shown in Figure 11a). It is worth mentioning that SO3; complex was believed
to connect with dissociation of SO, to S.°>*** The adsorbed SO, distorts the surface
greatly and the bond O,c-Tisc is broken. The symmetric S-O and O-Ti bonds in SO;
structure are calculated to be 1.62~1.64 and 1.82~1.84 A, respectively. The upward
S-O bond is 1.461 A, which is slightly longer than 1.458 A in gas phase. The
adsorption energy is 1.31 eV, implying it is a typical chemisorption. Similar to the
adsorption on PT, the adsorption of SO, on FyT and FiyT has also formed an ;72—S,O
configuration, in which the molecule interacts with the surface via S bonds to O,c and
O bonds to Tisc (see Figures 11c~d). The adsorption energies on FyT and FiyT are
1.28 and 1.60 eV, respectively, showing the Fjj-dopant strongly enhancing the
adsorption. Whereas the adsorption of SO, on FiT forms an 712—0,0 configuration

(shown in Figure 11b), in which SO, bonds with two adjacent Tisc atoms via two O

atoms, similar to the configuration of NO, on FTs. The adsorption energy of this
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configuration is 1.27 eV. The 172—S,O configuration of SO, on FIT also exists, but it is
much weaker than the former one and only has an adsorption energy of 0.47eV.

The adsorption mechanism (Figure 12) of a triangular-shaped SO, molecule on
transition metallic oxides also involves o-donation (electrons transfer from the
occupied 8al, 5b2 orbitals of SO, to the d orbitals of transition-metal atom) and
m-back donation (electrons transfer from the metal or oxide to the empty 3b1 orbital of
SOz).53 The process of g-donation/z-back donation was considered to be the main
mechanism of interaction on TiOzsz‘ﬁl and other oxides (or metal).53 >4

Inspection of PDOS of 172—S,O configuration (SO, on PT, FyT and FyT), we
found that adsorption on these surfaces has a similar mechanism (Figure 12). The
strong hybridization of 4b2, 5b2, 8al and 3b1 orbitals of SO, with substrate states and
negligible change (0.01~0.05) on the charge of the Lewis acid site reveals that both
donation and back donation mechanisms contribute to the interactions. It was reported
that interaction between SO; surface complex and rutile (110) surface has also a
two-way electron flow michanism,’** implying the common character of
SOs/substrate interaction. The positive net charge on adsorbed SO, (Table 5) indicates
that o-donation is more efficient than z-back donation. This may be ascribed to the
interaction mechanism being dependent upon the molecular orbitals with the proper
symmetry, energy and spatial extension to overlap with substrate orbitals.” In the
712—S,O configuration, lobes of 8al have an extension in perpendicular orientation,

facilitating the overlap with Ti 3d orbitals. So it is reasonable to foresee the major role

of o-donation in this perpendicular configuration. The character of charge transfers
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from SO, to substrate and the dominant role of o-donation in the interaction of ;72—S,O
configuration reconcile with previous works theoretically56 and experimentally.57 On
FyT and FyyT, the supplement of electrons makes the Ti** states remain within the
band gap (Figure 12d, e). This results in the two adsorption systems having a
magnetic moment of 1 ug.

In 712—0,0 configuration (SO, on FT), two O atoms of SO, bond to the surface Ti
atoms. It may be due to the inactivation effects and ionic features of F-dopant, which
means the S atom of SO, can hardly hybridize with it. This makes SO, interact with
the two adjacent Ti atoms via two O atoms by crossing it to form a #>-0,0 bridge
configuration. As a result, the LUMO of SO; is able to hybridize with Ti 3d orbitals
quite well, due to its unique shape. The electron in Ti 3d orbitals flows to 7* orbital to
form z-back donation. In this process, the 3b1 state splits into two parts and becomes
partially occupied: one part locates below the Fermi level, and the other locates below
the bottom of CB (Figure 12c). The charge transfer depletes the excess electron in Ti**
and diminishes the state of Ti’*in the band gap. Instead, a new polarized state of 7"
orbital appears below the Fermi level. The polarized 7" state induces a magnetic
moment of 1 up to the system. As a result, SO, has a negative net charge of -0.637
that resulted from withdrawal of electrons from the surface (Table 5).

Like the cases of other molecules, adsorption of SO, on FyT also has the highest
adsorption energy. It can be seen in Table 5 that in the cases of SO, on FyT or FyT,
the charge transfer is smaller than on PT, implying the existence of excess electrons

induced by F-dopants can weaken o-donation to some degrees. Thus, the molecule of
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712—S,O configuration on FTs loses less charge than that on PT. The adsorption of SO,
on F[T causes a larger charge transfer than on other surfaces (PT, FyT and Fy;T). But
it has the lowest adsorption energy. This is caused by the serious deformation of
Ti-F-Ti bridge structure. The molecule crosses upon F atom has forced the F atom
down from its original location by 0.71 A. This distortion raises the system energy
and weakens the interaction. As a result, the adsorption energy of SO, on FiT is lower
than on other surfaces. These results indicate that F-dopants at different depths in the

surface can affect the configurations and orientation of the adsorbed molecule and

have different effects on the mechanism of charge transfer.

Table 5: Relaxed structural parameters (bond lengths, angle), charge transfer
(4Q), magnetic moments (M) and adsorption energies (E,q4s) of SO, molecule in

gas phase and most stable adsorptions.

Gas/Substrate  O(1)-Ti(A)*  S-O/0Q2)-Ti(A)*® O(1)-S(A) 0(2)-S(A) £ O(1)-S-02)(°) AQ(el) M(ip) Eug
V)

SO, (gas phase) - - 1.212 1.212 119.16 - 0 -
SO,/PT 1.843 1.639 1.621 1.461 107.33 0.413 0 1.31
SO,/FT 2.065 2.051 1.539 1.542 116.22 0.637 1.0 1.27
SO,/FyT 1.902 1.686 1.610 1.462 108.73 0350 1.0 1.28

* The labels of O atoms are shown in Figure 11.

® In the case of SO,/FiT, the data refers to O(2)-Tis; while in other cases, the data refers to S-O,.
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Figure 11: Optimized adsorption geometries and charge transfer of SO, molecule on
pristine and F-doped surfaces in the most stable configurations. The upper panel
shows the adsorption geometries of SO, on: (a) pristine; (b) Fi-doped; (c) Fy-doped;
and (d) Fyr-doped surface; the lower panel (e~h) shows the corresponding charge
transfer between them. The isosurface value is 0.005 e/bohr’. The yellow sphere

represents S atom.
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Figure 12: (a) TDOS for a gas-phase SO, molecule; PDOS for SO, on: (b) pristine,
(c) Fi-doped, (d) Fy-doped, and (e) Fy-doped anatase (001) surface. Insets show the

location of spin polarized electrons. The Fermi level is set to zero.

4 Conclusions

In this work, we have performed DFT calculations to study the structural and
electronic properties of several gas molecules (O,, CO, NO, NO, and SO,) on pristine
and F-doped anatase TiO, (001) surfaces. Different surface energies show that the
three F-dopants have different effects on properties of TiO,. The results indicate that

F; dopant reduces activity while Fy; increases activity of the TiO, surface, and Fy
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induces surface activity close to that of the pristine one. We found that the surface
energies are not the only factor which affects the surface properties. In F-doped
surfaces, another important factor is the F-dopant induced excess electron which is
fully localized in a 3d orbital of Ti’*. The existence of this electron induced a defect
state below the bottom of CB about 0.8~1.1 eV. The defect states induced by three
kinds of F-dopants were found to have a significant promotion on the adsorption of O,
NO and NO,. However, the promotive effect of F; and Fy; dopants was not found upon
the adsorption of CO and SO,. For these two molecules, only Fy; dopant was found to
have the promotive effect. These results show that doping with F ions would promote
the adsorbability of TiO, surface for oxidative gas molecules which has a tendency to
capture electrons in reactions.

Among different gas molecules, O, and NO, have a similar interaction
mechanism upon adsorption. Both interact with the surface through charge transfer
process because their Fermi levels are within an appropriate range in the band gap of
the surfaces. The main feature is that the adsorption is accompanied by a significant
charge transfer. As compared to PT, the existence of excess electrons induced by
F-dopants can raise the quantity of transferred electrons and make the adsorption
stronger. Especially for O, adsorption, which cannot occur spontaneously on PT at all,
strongly takes place on FTs. In this process, Ti’* takes on a key role in electron
transfer from the surface to O, molecule. Also, adsorptions of both kinds of molecules
can diminish the state of Ti** in band gap, showing they have a strong electrophilic

property. CO, NO and SO, have the main interaction mechanism of o-donation and
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m-back donation hybridization processes, which involve the electrons transfer from
the occupied ¢ orbital of the molecule to the d orbitals of transition metallic atom, or
electrons transfer from the d orbitals of metal or oxide into the empty 7 orbital of the
molecule. The main feature is that the adsorption is accompanied by hybridization of
o or 7 states with the surface Ti 3d orbitals. On FTs, the existence of Ti** has an effect
on the molecular orientation in adsorptions and results in a different adsorption style.
For example, in adsorption of CO or SO, on FT, z-back donation plays the major
role; however, on FyT or FyT, o-donation plays the major role. Thus the
configurations in these cases are different. In contrast with CO-substrate bonding,
m-back donation is more efficient than o-donation in all NO-substrate interactions in
the most stable configurations.

The study shows that Ti** has some unique effects on not only electronic and
magnetic properties but also configuration of the adsorbed gases. The findings
provide an important explanation for a better understanding of the effects of
F-dopants in improving the performance of TiO, surfaces. The bridge role of Ti**
induced by F-dopants in electron transferring and enhancing effects on adsorptions of
oxidative gas molecules suggests the great potential of this species for future

applications of titania-based catalyst.
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