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In this paper, the stable structure and the electronic and optical properties of nitric oxide (NO) adsorption on the
anatase TiO; (101) surface are studied using the plane-wave ultrasoft pseudopotential method, which is based on the density
functional theory. NO adsorption on the surface is weak when the outermost layer terminates on twofold coordinated oxygen
atoms, but it is remarkably enhanced on the surface containing O vacancy defects. The higher the concentration of oxygen
vacancy defects, the stronger the adsorption is. The adsorption energies are 3.4528 eV (N end adsorption), 2.6770 eV (O
end adsorption), and 4.1437 eV (horizontal adsorption). The adsorption process is exothermic, resulting in a more stable
adsorption structure. Furthermore, O vacancy defects on the TiO, (101) surface significantly contribute to the absorption
of visible light in a relatively low-energy region. A new absorption peak in the low-energy region, corresponding to an
energy of 0.9 eV, is observed. However, the TiO; (101) surface structure exhibits weak absorption in the low-energy region

of visible light after NO adsorption.
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1. Introduction

Motor vehicle exhaust gas mainly consists of NO and
NO,, among others. Researchers have found that light cat-
alytic oxidation technology can effectively remove pollutants.
Wang, ! Wang and Meng,!?! and Wang and Liul*! used differ-
ent computational methods to study the adsorption and desorp-
tion of NO gas on rutile TiO, (110). Their calculations showed
that NO on the TiO, surface is adsorbed via bridge chemical
adsorption. Ma et al.'*l and Mal® conducted a fundamental
research on anatase TiO, (101) surface modification using sul-
phur (S). Based on the adsorption energy calculations, S may
be adsorbed at a Ti vacancy, and S adsorption on the anatase
TiO; (101) surface is more stable than on the rutile TiO; (110)
surface.

Chen et al.!® and Chen and Tang!”! conducted a nitro-
gen/fluorine (N/F) doping to characterise the anatase TiO»
(101) surface.
forms two shallow occupied levels, which improve the TiO»

They found that the adsorption of N atoms

photocatalytic ability, whereas the adsorption of F atoms does
not improve the adsorption performance of TiO;. Sun and
Shil®! built a photocatalytic test cabin and repeatedly mea-
sured the NO, purification efficiency by loading white con-
crete pavement materials, under different lights, temperature,
and water scour conditions. The results show that under the
ideal conditions of 4% TiO, material pavement load and 6-
h adsorption, the NO removal efficiency reaches 95%, and
NO, purification efficiency reaches nearly 90%. For a 10-h
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adsorption, the NO, purification efficiency is close to 100%.
In recent years, experimental research and theoretical calcu-
lations have mostly concentrated on surface adsorption.*~1?]
Recently, there has been some research on the optical gas
sensitive effect of metal-oxide material, namely, through the
changes of optical properties (including absorptivity, reflectiv-
ity, etc.) to extract the gas content of the environment. Wan-
bayor and Ruangpornvisutil'3! have investigated the adsorp-
tions of di-, tri-, and poly-atomic gases on the anatase TiO;
(001) and (101) surfaces and their adsorption abilities. How-
ever, there have been few theoretical researches conducted on
the electronic and optical properties of nitride adsorption on
the anatase TiO; (101) surface. In this paper, we focus on the
studies of the electronic and optical properties and stable struc-
tures of the anatase TiO, (101) surface after molecular NO
adsorption using the first-principles density functional theory.

2. The model construction and computational
method

According to our previous surface calculation results and
those given by Ma et al.,l'*! the most stable anatase TiO
(101) surface structure has an outermost layer that terminates
in a two-coordinate O (Oy.), followed by a second layer with
a five-coordinate Ti (Tisc) and a third layer with a three-
coordinate O (O3;). An Oy position is selected for the shear
position, and an 18-layer surface structure model, with upper
and lower vacuum thickness values of 0.8-nm each, was es-
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tablished, 2x2 super-cell is built, and the conditions are op-
timized. The middle 12 layers of atoms are all aligned dur-
ing geometry optimization. The surface structures before and
after optimization are shown in Figs. 1(a) and 1(b), respec-
tively. After optimization, the superficial atoms undergo re-
laxation, but no reconstruction phenomenon occurs. After the
relaxation, the terminal atom of the outermost surface layer is
still an Oy.. However, the sub-layer becomes an O3, and the
third layer is converted into a Tis.. The 2x2 super-cell mod-
els act as adsorption substrates on which the NO molecules
are built. The model is then placed in a cube and geometri-
cally optimized. After optimization, the NO molecular bond

length is determined to be 1.195 A, and the system energy is
—701.7850 eV. In this paper, the different ways of adsorbing
NO molecule onto the TiO, (101) surface are discussed.

All computations are performed using the VASP software
package.!!3! All optimisation calculation methods are used in
the GGA-PBESOL!'%! to facilitate the comparison among the
adsorption results. To ensure a balanced consideration of the
computer calculation ability and calculation reliability, the en-
ergy convergence standard is set to be 2x 107> eV/atom, the
plane wave truncation is fixed at 300 eV, and the first Brillouin

zone is set at a 4x3x 1 division.

two-ordinate O (Oac)

five-ordinate Ti (Tis)

ree-ordinate O (Qs

-

(101)

(010) ‘ _
(101)

Fig. 1. (color online) Atomic structures of the anatase TiO, (101) surface before and after optimization.

3. Results and discussion
3.1. Formation of surface energy with O vacancy defects

The formation of surface energy with O vacancy defects
and environment are closely related to each other. The anatase
crystal surface structure, whose outermost and second layers
are terminated by twofold coordinated oxygen atoms and five-
fold coordinated titanium atoms, was found to be much more
stable.l'”l In the present paper, the O-rich environment and
anoxic environment are considered. The formulas and calcu-
lation results are as follows:

E(formation) = Et(defect) — Et(perfect) +nug, (1)

where Et(defect) represents the total energy of the lattice sys-
tem with O vacancy defects, Er(perfect) is the total energy of
the complete lattice system, ug is the chemical potential of O,
and n represents the number of O vacancies. The definition of
an O-rich environment is

1

upg = E u02 5 (2)

the definition of a hypoxic environment is

1

up = E(”Tioz —uTi), 3)

with ut; representing the chemical potential of Ti, and utio,
the chemical potential of TiO;.

Table 1. Formation energy of surface O vacancy under an anoxic envi-
ronment.

Th i
e concentration of 0.25 0.5
O vacancy defects

The formation energy/eV -6 -11.6

Table 2. Formation energy of surface O vacancy under an O-rich envi-
ronment.

The concentration of 0.25 0.5
O vacancy defects

The formation energy/eV 4.87 10.14

The results show that when the surface is in a hypoxic
environment, it is easy to form an oxygen vacancy and the sur-
face is stable. But it is difficult to form an oxygen vacancy in
an O-rich environment.

3.2. Adsorption conditions

We choose the following four kinds of adsorption posi-
tions from which the calculated models are built:

(1) Vertical adsorption of NO with the N ending above the
Oy, of the complete anatase TiO, (101) surface [Fig. 2(a)];

(i1) Vertical adsorption of NO with the N ending above
the O3, position [Fig. 2(b)];

(iii) Vertical adsorption of NO with the N ending above
the Tis, position [Fig. 2(c)];
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(Based on the results given by Wang and Liu®! on the
surface adsorption of NO molecules on rutile TiO, (110), the
N atom of NO is easy to adsorb onto the Ti position)

(iv) Selection of the level of NO adsorption on the anatase
TiO, (101) surface [Fig. 2(d)]. The corresponding structures
after optimization are shown in Figs. 2(a’)-2(d).

Fig. 2. (color online) Atomic structures of anatase TiO; (101) integrate surface before and after adsorption of NO.

Comparisons between Figs. 2(a) and 2(a’), 2(b) and 2(b’),
and 2(c) and 2(c’) reveal that the N-O,. bond length changes
from 1.480 A to 3.106 A , the N-O3, bond length increases
from 1.480 A to 2.78 A, and the N-Tis. bond length changes
from 2.000 A to 2.445 A. These three cases reveal that NO
molecules with the three vertical adsorptions after the opti-
mizations at different levels occur away from the substrate,
thereby indicating weak adsorption on the surface. A com-
parison between Figs. 2(d) and 2(d’) shows that the N-Os
bond length changes from 1.480 A to 2.860 A and that the
NO molecules generally stay at a horizontal position of the
surface after optimization. However, distances between the
molecules and surface increase, further confirming the weak
adsorption on the surface. The NO molecules in the complete
O, surface are weakly adsorbed regardless of the adsorption
method adopted. The interaction between the N atom of the
NO molecules and the Ti surface is stronger in some parts.

The surface of the Oy, position at the terminal of the
anatase TiO, (101) surface layer is loosely bonded to the Ti
ion, thereby facilitating the formation of O vacancy defects.
This observation also confirms the experimental results of
Hebenstreit et al.['81 We also attempt to study the adsorption
of NO molecules on the anatase TiO, (101) surface containing
O vacancy defects.

Model building is conducted as follows: a surface two-
coordinate O atom is removed from the two-coordinate O sur-
face (Fig. 1(a)). The O vacancy concentration is set as (.25,
and geometry optimization is then performed. After optimiza-
tion, the Ti atoms around the vacancy move outwards. These
findings are consistent with those found in Ref. [19]. First,

the N end of the NO molecule is vertically adsorbed on the
TiO, (101) surface at the O vacancy portion [Fig. 3(a)]. The
O end of the NO molecule is then vertically adsorbed on the
O vacancy of the TiO, (101) surface [Fig. 3(b)]. For geomet-
ric optimization, the optimized structures of the corresponding
absorption sites are shown in Figs. 3(a’) and 3(b').

The N end of NO during adsorption on the surface at the
O vacancy undergoes the following changes: the N-O3. bond
length changes from 2.960 A to 2.626 A, the N-Tig. bond
length decreases from 3.030 A to 2.063 A, and the N-Tis,
bond length is reduced from 2.295 A to 1.896 A [Figs. 3(a)
and 3(2’)]. A comparison between Figs. 3(b) and 3(b’) shows
that the O of NO at the O vacancy undergoes the following
changes during adsorption: the O—O3. bond length changes
from 2.960 A to 2.631 A, the O-Tig. bond length decreases
from 3.030 A to 2.069 A, and the O-Tis. bond length is re-
duced from 2.295 A to 1.935 A. These findings support the
conclusion that NO is more easily adsorbed onto the surface
containing O vacancy defects, regardless of the adsorption
method. The N or O end of the NO molecules is substantially
adsorbed on the surface at the O vacancy site.

The optimized model is used to determine the effects of
the O vacancy concentration on NO adsorption on the anatase
TiO, (101) surface. The two O,. atoms of the surface are
both removed, resulting in an O vacancy concentration of 0.5,
the structure is shown in Fig. 3(c). Geometry optimization
is then performed, and the optimization structure [Fig. 3(c’)]
shows that the bond length of N—Os3. changes from the initial
3.493 A t0 2.565 A, and that of O-O3, decreases from 2.960 A
to 2.576 A. In general, the bond lengths become shorter. As
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observed from a local amplified vertical view, the bond length
of N-Tis. decreases from 2.994 A to 1.948 A, that of N-Tig,
decreases from 3.434 A to 2.013 A, that of O-Tis, is reduced
from 2.319 A to 2.069 A, and that of O-Tig. changes from
2.857 A to 2.281 A. The N or O end, as well as the distance

\Iﬁiﬁl)

(101

between surrounding Ti atoms, is significantly reduced, and
NO is more easily adsorbed on the anatase TiO, (101) surface
containing a high concentration of O vacancy defects. There-
fore, a high concentration of O vacancy defects on the surface
improves the NO adsorption.

N
0

"
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Fig. 3. (color online) Atomic structures of the anatase TiO;, (101) surface with oxygen vacancies before and after adsorption of NO.

The aforementioned results show that a complete O, sur-
face inhibits the adsorption of NO molecules, whereas the
anatase TiO; (101) surface containing O vacancy defects pro-
motes the adsorption.

3.3. Adsorption energy

In Ref. [20] the adsorption energy of the NO molecules
on the TiO, (101) surface is defined as follows:

Eags = (Esubstrate + ENO) - E(N0+substrate)a

where E,qs is the surface adsorption energy, Egupstrate T€P-
resents the total energy of the cell surface with O vacan-
cies, Eno is the NO molecular energy before adsorption, and
E(NO+substrate) 18 the total energy of the entire surface after ab-
sorption.

Table 3 shows that when the O vacancy concentration on
the TiO; (101) surface is 0.25, the N end of the NO molecule
is vertically adsorbed onto the surface, the calculated adsorp-
tion energy is 3.4528 eV, and the corresponding adsorption
energy of the O vertical adsorption is 2.6770 eV. When the
O vacancy concentration on the TiO; (101) surface is 0.5, the
NO molecule level adsorbed on the surface has a correspond-
ing adsorption energy of 4.1437 eV. The adsorption energy is
positive, indicating an exothermic adsorption process. The ad-
sorption energy of the NO horizontal adsorption on the surface

is highest, indicating that surface adsorption is easiest. In ad-
dition, the surface with highly concentrated O vacancy defects
promotes NO adsorption, and the adsorption structure tends to
be more stable.

Table 4 shows the three adsorption methods for NO as
well as the Mulliken charge densities of the N and O atoms.
The charges of the N and O atoms in the three methods are dif-
ferent, and the O atomic charge value exhibits a larger differ-
ence. This finding explains the higher ability for an O atom to
attract electrons, as well as its higher negative electric charge.
After adsorption, the net charge of NO is negative, indicating
that the electron is transferred from the Ti atom substrate to the
NO molecule. When NO horizontal adsorption occurs on the
surface, more charges transfer to the NO molecule, confirming
that the adsorption bond is stronger and the adsorption condi-
tion is more stable. Therefore, the bond length of NO after
the horizontal adsorption on the surface is longer than those
of the other two methods, and the bond length after adsorp-
tion is 1.436 A. This phenomenon also causes the N-O bond
to weaken. The charge population after adsorption shows a
strong interaction between the NO molecules and the substrate
surface, indicating that NO is prone to adsorb onto the anatase

TiO, surface containing O vacancy defects.

Table 3. Values of adsorption energy (eV) of NO on the TiO, (101) surface.

Adsorption form Eno/eV Egubstrate/€V ENo+substrate) €V Eqqs/eV

N end adsorption -701.7850 —29276.2992 —29981.5370 3.45

O end adsorption -701.7850 —-29276.2992 —-29980.7612 2.68
NO horizontal adsorption -701.7850 —28838.4489 —29544.3776 4.14
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Table 4. Charge populations and the N-O bond lengths in the NO molecule.

gn (charge/e) qo (charge/e) gno (charge/e) N-O length/A
Ideal NO molecule 0.13 -0.13 0.00 1.480
N end adsorption -0.28 -0.24 -0.52 1.266
O end adsorption -0.17 -0.38 -0.55 1.314
NO level adsorption -0.41 -0.45 -0.86 1.436

3.4. Surface band structure and density of states

The band structures of the NO molecule before and af-
ter adsorption on the anatase TiO, (101) surface with one O
vacancy are shown in Fig. 4.

For the electronic structure of the surface with O vacan-
cies [Fig. 4(a)], the band gap is 2.6 eV; moreover, four new
bands appear at the bottom of the conduction band (up arrow).
The Fermi energy level passes through a new band. Thus, the
electron absorbs a smaller amount of energy as the transition

occurs, suggesting that the surface containing O vacancies has

an absorption peak in the low-energy region.

The NO horizontal adsorption surface band structure
[Fig. 4(b)] has a band gap width of 2.6 eV. The conduction
band structure is similar to that of the O vacancy surface, and
new bands are also observed (up arrow). The Fermi level also
goes through a new band. Thus, the electrons absorb a smaller
amount of energy, indicating that the absorption peaks would
be found in the low-energy area of the adsorption surface. The

figures also show two new bands in the band gaps (down ar-

rOWS).

zZ G

FooQ

Fig. 4. Band structures of adsorption NO on the anatase TiO, (101) surface. (a) Surface with O vacancies, (b) NO horizontal

adsorption, (c¢) N end adsorption, and (d) O end adsorption.

The surface electronic structure diagrams of the surfaces
vertically adsorbed by the NO with N and O ends are shown
in Figs. 4(c) and 4(d), respectively.
Figs. 4(c), 4(d), and 4(a) illustrates the absence of new bands

A comparison among

at the bottom of the conduction band. An analysis of Fig. 3
shows that the N or O atom of NO is substantially adsorbed
onto the surface vacancy site and fills the original O vacancy;

thus, the new band produced by the O vacancy does not ex-

ist naturally. The band gap slightly changes, which is similar
to the case of NO horizontal adsorption, and two new bands
appear (down arrows). For the N end adsorption, the energy
difference between the band which passes through the Fermi
energy level and the bottom of the conduction band is 1.1 eV.
For the O end absorption, the energy level passing through the
Fermi energy band and the bottom of the conduction band has
a gap width of 0.9 eV.
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The densities of states of the surface before and after ad-
sorption (Figs. 5-7) are calculated to determine the electronic
contribution for the nearby Fermi level. The results show that
the width of the valence band energy is approximately 6 eV.
The valence band mainly consists of the O 2p orbital and a
small amount of Ti 3d orbital hybridization. The width of the
conduction band energy is approximately 1.5 eV and mainly
consists of the Ti 3d orbital and a small part of the O 2p orbital.
A band surface state is observed after adsorption.

In the N end adsorption, there are two surface states in
the band gap. The total density of states (TDOS) and partial
density of states (PDOS) [Figs. 5(a) and 5(b)] are calculated
to investigate further the source of the surface state near the
Fermi level. The surface states located at the Fermi level are
mainly attributed to O 2p and N 2p orbital hybridizations, with
contributions from the Ti 3d orbital. The surface state located
below the Fermi level originates from the O 2p orbital, with
contributions from Ti 3d and N 2p orbital hybridizations. The
adsorption process is driven by atomic interactions. Accord-
ing to the analysis of the density of states, one can find that the
Ti 3d and N 2p orbital hybridise together. In addition, the N

and surface Ti atomic interactions are clearly very strong.
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Fig. 5. (color online) Densities of states of anatase TiO; (101) surface
adsorbing N terminal of NO molecule.

In the O end adsorption, the band gap also exists in two

surface states. The TDOS and PDOS of the surface after ad-
sorption are shown in Figs. 6(a) and 6(b), respectively. The
surface states located at the Fermi level mainly come from the
N 2p orbits, with contributions from the O 2p and Ti 3d orbits.
The surface state under the Fermi level mainly consists of the
orbital hybridizations of the N 2p, Ti 3d, and O 2p orbits. Ac-
cording to the analysis of the density of states and the Ti 3d
and O 2p orbital hybridization, one can see that the interac-
tions between the O atom and the superficial Ti atom are also

very intense.
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Fig. 6. (color online) Densities of states of anatase TiO, (101) surface
adsorbing O end of NO molecule: (a) TDOS and (b) PDOS.

The NO horizontal adsorption and the surface state in the
band gap virtually merge into one. The TDOS and PDOS are
shown in Figs. 7(a) and 7(b), respectively. The surface states
at the Fermi energy level mainly originates from the N 2p or-
bital, with secondary contributions from the O 2p and Ti 3d
orbits. The N or O atom of the NO molecule has very intense
interactions with the superficial Ti atom.

According to the angle analysis of density of states, one
can understand that the N or O atom and the superficial Ti
atom can have a very strong interaction. This interaction ex-
plains the ease of adsorption on the anatase TiO, (101) surface
containing O vacancy defects. These findings are consistent
with the results of the band structure analysis.
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Fig. 7. (color online) Densities of states of anatase TiO, (101) surface
horizontally adsorbing NO molecule.

3.5. Optical absorption spectrum

Figure 8 shows the optical absorption spectra of the NO
molecules during adsorption onto the TiO, (101) surface con-
taining O vacancies. A strong absorption peak is observed in
the low-energy region of the TiO, (101) surface containing
O vacancies, with a corresponding energy of approximately
0.9 eV. This result is consistent with those of the band struc-
ture diagram analysis, indicating that the presence of O va-
cancy defects on the TiO; (101) surface contributes to the ab-
sorption of visible light in the low-energy region. This con-
clusion is similar to the computed results presented by Hou
et al.,”! in which the bulk phase anatase TiO, with high
oxygen-vacancy density significantly affects the red shift in
the absorption spectrum. All these findings confirm that the
surfaces with O vacancies facilitate the degradation of light.
Figure 8 shows that the energy absorption peaks in the low-
energy region have weakened to different degrees. The N and
O end adsorptions are considerably weakened. The energy
structure figure shows that the NO horizontal adsorption also
has a clear absorption peak in the low-energy region. After NO
adsorption, an absorption edge close to 2.6 eV is observed; this
absorption edge has a small degree of red-shift compared with
that before adsorption. When NO is adsorbed onto the TiO;

(101) surface containing O vacancy defects, the main charac-

teristics of the visible light absorption in the low-energy region
show the weakening of the visible light to different degrees.
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Fig. 8. (color online) Optical absorption spectra of TiO, (101) surface
with O vacancies adsorbed NO molecule.

4. Conclusions

In this paper, the stable structure and electronic and op-
tical properties of NO adsorption on the anatase TiO, (101)
surface are studied using the first-principles density functional
theory. The following results were obtained.

i) The NO molecules on the complete O, surface are
not easily adsorbed, whereas the adsorption is easier on the
anatase TiO, (101) surface containing O vacancy defects.
Thus, a surface with a high concentration of O vacancies pro-
motes NO adsorption.

ii) NO molecule adsorption on the anatase TiO; (101) sur-
face containing O vacancies has a positive adsorption energy
value and the adsorption process is exothermic, which results
in a more stable adsorption structure.

iii) After horizontal adsorption, the charge transfer to the
NO molecule weakens the N-O bond. The charge distribu-
tion behaviour also reveals that NO strongly interacts with the
substrate surface.

iv) When the NO molecule is adsorbed onto the TiO,
(101) surface containing O vacancies, the surface states lo-

cated at the Fermi energy level mainly originate from the N 2p
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orbits and the hybridization of a few O 2p orbits, with contri-
butions from the Ti 3d orbits. The N and O atoms of NO and

the substrate surface Ti atoms exhibit strong interactions.

v) The anatase TiO; (101) surface containing O vacancy

defects contributes to the absorption of visible light in the low-

energy region as well as to light degradation, whereas NO ad-

sorption on the anatase TiO; (101) surface containing O va-

cancy defects weakens the effects of visible light absorption

in the low-energy region.
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