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Adsorptions of small gases and their reactions on modified anatase
TiO, (001) as ZnOSL supported on anatase TiO, (001), (ZnOSL/TiO), and Mn-—
doped TiO, (001) surfaces have been studied by density functional theory (DFT)
method. The calculation models relied on both of clusters and periodic boundary
conditions (PBCs). It was found that Tisc and Oysites on anatase TiO, (001) are
active for ZnOSL supporting. The conversion of carbon monoxide by oxygen forming
carbon dioxide gas over the ZnOSL/TiO, composite was studied. Moreover, ZnOSL,
transition metals, and non—-metals doped—ZnOSL clusters have studied to understand
the properties of their surfaces. Resulting from the study of small gases on the Sc—
ZnOSL, the most stable adsorption configuration is SO, adsorption. The most
decreasing of energy gap for N,O bridge—structured adsorption on Sc—ZnOSL was
found. The Sc-ZnOSL used as N,O or SO, sensing material was suggested. For the
system of Mn-doped anatase (001) surface, Mn—doped anatase (001) surface
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CO; conversion. Therefore, the results indicate that modified anatase (001) surface
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CHAPTER |
INTRODUCTION

Metal oxides are the key role in many aspects of our dialy life, for example
gas sensors [1-4], photocatalysts [5-7], and dye—sensitized solar cells [8, 9]. During
the past few decades, there has been more concerned about air pollution crisis which
causes health, environmental and economic problems. Nitrogen oxide (NOy) and
carbon monoxide (CO) are two examples of common air pollutants released from
motor vehicles, electric utilities, and other industries. They are toxic and rapidly react
with other chemicals forming more toxic chemicals and contributing to global

warming.

Due to these problems, metal oxides, such as titanium dioxide (TiO;) and zinc
oxide (ZnO), are very fascinating compounds using for adsorption and conversion the
pollutant gases to the less toxic and/or non-toxic ones. TiO, and ZnO are two of the
most widely used metal oxide, with a wide range of material applications [7, 10-12].
They also exhibit high surface reactivity and non-toxicity [12, 13]. They are well-
known within the field of semiconductors, adsorption materials, and catalysts. They
are substrates for metal doping and metal oxide supporting showing important
catalytic properties [14-16]. As a result of their different band gaps, metal doping and
metal oxide supporting affect to the electron transfer process. The electrons can move
through the element or metal oxide and easily transfer to the gas adsorbate. Due to the
fact that gas adsorption process is important for catalytic process on the metal oxide
catalyst surface. Their gas adsorption property is closely related to its application as
catalyst [17]. Hence, doping and supporting can enhance catalytic property of metal
oxide [18, 19].

As various TiO; and ZnO structures and their different surfaces may have
different adsorption and reaction abilities, anatase TiO, and ZnO sodalite—like cage,
(ZnOSL) surfaces have been selected to be investigated in this work. The reason is
that anatase TiO, surface play more catalytically active compared with other TiO;
polymorphs [20-22]. Additionally, anatase TiO, (001) surface and ZnOSL surfaces



showed higher adsorption activities for small gases showing in prior researches [23-
26].

Principally, adsorption and reaction of small gases on ZnOSL cluster model
have studied to investigate the nature of novel surface. Non— and element doped—
ZnOSL have been also examined. In addition, modified anatase TiO, surface by
doping element and supporting with ZnOSL have studied to give more insight in
enhancement of their catalytic activity. Both of cluster and periodic boundary
conditions (PBCs) models of surfaces were studied with density functional theory
(DFT).

The thesis contents, based on the publications, submission and preparations,

are as follows:

Chapter I1lI: First—principles investigation of ZnO sodalite—like cage binding onto
TiO, (001) surface and its ability for CO oxidation to CO, [27]

Chapter IV: DFT investigation on molecular structures of metal and nonmetal-doped

ZnO sodalite—like cage and their electronic properties [28]

Chapter V: DFT investigation on adsorption of di—, tri— and tetra—atomic gases on Sc—

doped ZnO sodalite like cage for gas sensing purpose

Chapter VI: Mechanism of CO conversion to CO, over the Mn-doped TiO, (001)
surface under O, atmosphere



1.1 RESEARCH BACKGROUND AND RESEARCH RATIONALE

1.1.1TiO

TiO; is also called as titanium (IV) oxide or Titania. The oxidation states of Ti
and O are formally +4 and -2, respectively. In natural, TiO; has three main different
polymorphs including anatase, rutile, and brookite. Brookite is rare in natural and
difficult to synthesize in the laboratory. Brookite has been considered to be brittle,
hence, it is the least studied TiO, [29]. Anatase and rutile are tetragonal, in which can
be explained as chain of TiOg octahedra. In bulk TiO,, the Ti** are six—fold
coordinated (Tie.) to O*". However, both structures have slightly different in bonding
lengths and angles because of the different arrangement of atoms in their structures as
depicted in Figure 1.1 [30]. Anatase has 14;/amd space group with cell parameters of
a=b=3.785 A and c=9.514 A. Rutile has P4,/mnm space group with cell parameters of
a=b=4.594 A and ¢=2.959 A [31]. Their structure parameters were shown in Table
1.1. These differences in lattice structural parameters cause different mass densities
and electronic structures between them. Rutile is a major phase of TiO,, while anatase
and brookite are considered to be metastable phase and less dense than rutile.
However, TiO; is preferable in anatase phase rather than the rutile phase at small
particle size [31-33].

According to band structure, rutile and anatase have measured band gap
energy (Eg) of 3.0, and 3.2 eV, respectively [31]. The band gap of anatase is wider
than one of rutile. Nevertheless, indirect band gap of anatase exhibits higher
photocatalysis activity. Moreover, surface energy of anatase is lowest compared with

rutile and brookite causing anatase has stronger adsorption ability [30, 34, 35].
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Figure 1.1 Structures of (a) anatase and (b) rutile TiO,.

Table 1.1 Structural parameters of anatase and rutile TiO,

Structural parameters  Anatase

Rutile

Bravias lattice Body-—centered tetragonal
Space group No. 141
14,/amd
Lattice parameters [A]
a 3.785
b 3.785
c 9.514

Band gap energy [eV]° 3.2

Primitive tetragonal
No. 136
P4,/mnm

4.594
4.594
2.959
3.0

% Taken from reference [34].
® Taken from reference [31].



1.1.2 Anatase TiO, (001) surface

There are two main kinds of anatase surface exposure, including (001), and (101)
surfaces. Their structures were shown in

Figure 1.2 [26, 36]. The anatase TiO, (001) surface are not stable due to
excess charge and unsaturated coordination of all five—fold coordinated Ti atoms
(Tisc) and two—fold—coordinated O atoms (O,c) containing in its surface [37-39].
Therefore, it is the most reactive surface using for gas adsorption and catalytic surface
[26, 40-42]. Unfortunately, anatase TiO, (001) surface is minority facet in the
equilibrium state of most synthesis cases. It is thermodynamically unfavourable
because of its higher surface energy (0.90 J/ m?) compared with (101) (0.44 J/m?
facets [30, 35]. But the higher surface energy demonstrated that surfaces have good
performance as catalyst and gas sensing [17]. Hence, researchers attempted to the
synthesis high percentages of anatase TiO, (001). For the propose of enhancement the
performances of TiO,, It was successful synthesized nearly 100% exposed (001)
facets [43, 44].

Figure 1.2 Structures of (a) clean (101) and (b) (001) surfaces. Ti and O atoms are

represented by grey and red spheres, with six—fold Ti, five—fold Ti, three—fold O and
two—fold O denoted as Tigc, Tisc, Osc, and Oy respectively.



1.1.3 ZnOSL cage

ZnO nanostructures exist in several forms, such as nanotubes, nanowires,
nanorods, nanoclusters, and nanoparticles. It has been found that ZnO plays an
important role as gas sensor [45-47]. In 2009, Castafieda, L. prepared the ZnO
nanocages and proved that ZnO nanocages is suitable for gas sensor by experimental
technique [48]. In order to find out the most stable ground state geometry, the
structure and thermodynamic properties of Zn,O, (n=2-16) clusters was considered
using DFT calculation. In case of n > 9, clusters prefer to form three—dimensional
structures as cage like structures. The magic Zn;,01; cluster have been theoretically
indicated to be the most stable cluster at ground state [45, 49]. Also, it was successful
synthesized since 2006 [50]. Kaewruksa, et al. stated that ZnOSL, Zn;,0;, cluster was
stable. It can adsorb various gases; diatomic (H,, N2, O,, CO, NO), triatomic (CO»,
N0, NO;, H,0, SO;) and tetratomic (NH3) gases, due to its symmetric spherical
surface and high surface area [23]. It is suitable to represent spherical ZnO

nanoparticle.

The coordinates of ZnOSL cage are composed of three—fold coordinated zinc
atoms (Zngc), and three—fold coordinated oxygen atoms (Osc), as shown in Figure 1.3
[23].

Zn3

Figure 1.3 B3LYP/LanL2DZ-optimized structure of the ZnOSL cage. Bond lengths
and angles are in A and degree, respectively.



1.1.4 Adsorption and catalytic properties of transition metal oxide

Transition metal oxides comprise of transition metal bounding to oxygen in
which the O atom is the more strongly electronegative component. As a result of their
stability at high temperature and corrosive condition, and surface properties, they
offer advantage as gas sensing and catalytic materials, especially semiconductor
transition metal oxide such as TiO, and ZnO [51]. In spite of the known obvious
factors leading chemical sensing and catalytic properties, it is now still complicate for

choosing gas sensing and catalytic materials [52].

Numerous researchers attempt to summarize the relationship between surface
properties of transition metal oxide and gas adsorbate as a rule. However, many
researches probably give inconsistent results. For instance, there are well-accepted
that metal oxide d°, (Fe;Os, MnO), is much higher active than the activity of d°,
(TiO,, Sc,03), and d*° (ZnO, Cu,0) configurations. In contrast, metal oxide with d°

and d'° are more active than d°configuration [53, 54].

From many research points, we can conclude that the major factors leading the

adsorption and catalytic properties of transition metal oxide are as follows,

1.1.4.1 Type of transition metal oxide

The n-type semiconductor with moderate big energy gap, such as TiO; and
ZnO, acts as better gas sensor. As a result of the less tendency to exchange lattice

oxygen with oxygen in atmosphere, n—type semiconductor is stable [55-58].

1.1.4.2 Atomic coordination of surface

The degree of coordinative unsaturated atom measures the number of bond

breaking on metal oxide surface. The more degree of coordinative unsaturated atom



on surface causes bond breaking and destabilized ions. While the destabilization of
the ions (particularly, transition metal ions) increases, the surface Gibb’s energy
increases. Correspondingly, the surface stability decreases. Hence, the more
unsaturated coordination of atom on surface causes the active surface for gas
adsorption and catalytic processes [59]. Different planes (facets) of transition metal

oxide surface have therefore distinct adsorption and catalytic performances [37-39].

1.1.4.3 Acidity and basicity of surface

Surface of metal oxide comprises of acid—base sites. The cationic metal and
anionic oxygen sites on the surface act as the Lewis acid and Lewis base sites,
respectively. Cationic metal sites can accept electrons from gas adsorbate.
Conversely, anionic oxygen sites can give their electrons to gas adsorbate. The
catalytic activity of many metal oxide surfaces depends on the strength, the amount,
and the distribution of Lewis cationic metal and anionic oxygen sites. Hence, the
interaction on catalytic metal oxide surface may deal with acid—base interaction and
electron transfer process. Adsorption of gas on the surface is able to perturb the
adjacent sites and may cause the relaxation of the surface. In particular, chemisorption
which is accompanied by charge exchange between gas adsorbate and metal oxide can
change the appearance of surface charge and surface potential of metal oxide.
Modification on surface, e.g. doping, can change the activity of cationic metal and

anionic oxygen sites on surface as well [60-62].

Nevertheless, finding the best material does not only determining just by these
factors but also other factors. Nowadays, there is no obvious rule explaining the
adsorption and catalytic properties of transition metal oxide. Because of the specific
performance of each oxides, researchers need to seek the most active transition metal

oxide for each gas by one—to—one.



1.1.5 Doped metal oxide

The dopant in this thesis is foreign atom which is substituted into host metal
oxide. Different dopant causes different effect on activity of metal oxide. In

particular, their catalytic activity relates with the acidity or the basicity of oxides [19].

Due to its complex of definition, we have to firstly clarify the simplest
definition of Lewis acid—base we use in this topic. Lewis acid is the compound that
receives electron. Lewis base is the compound that donates electron. We only discuss
oxidation catalytic activity of dopant substitution into binary metal oxide (with the

formula M,Oy), not including complex oxide (e.g., perovskites).

We can classify types of dopant—oxide pair into three types which include
low—valence dopant (LVD), high—valence dopant (HVD), same-valence dopant
(SVD), and flexible —valence dopant (FVD).

1.151LVD

We call dopant as LD when the valence of LVD is lower than the valence of
cation the host oxide. The example in case of LVD in reducible host oxide is La**
doped CeO,. The La** dopant acts as Lewis acid when it is substituted into Ce*" of
CeO,, It can activate neighboring oxygen in the CeO, host oxide and then activated
oxygen becomes to oxygen vacancy. The unpaired electron was left behind and
localize at vacancy site. The oxygen vacancy is now strong Lewis base [63]. So, LVD
makes doped reducible host oxide more reactive and better oxidant compared with the
pristine [64-66]. Despite LVD in irreducible oxide can make oxygen vacancy on the
surface, the cation in the irreducible oxide cannot lower than its formal charge.
Therefore, the oxide does not have electron—accepting impurities on surface. The
oxygen vacancy is still Lewis base waiting to react with Lewis acid gas in the system
[67].
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1.1.5.2HVD

HVD is dopant which its valence is more than the valence of cation in host
oxide. So, doping HVD produces excess electrons on the surface. The amount of
electrons depends on the difference between valence of HVD and cation in host oxide.
HVD can donate its excess electrons to reducible oxide since their metal cation can be
reduced. For example, Ti*" in TiO, can be reduced to Ti** by substitution of Ta>*
dopant [68]. In an irreducible oxide such as ZnO, HVD such as AI*" or Ti*" cannot
reduce Zn?*. There is one excess electron localizing on Al dopant. Similarly, there are
two excess electrons localizing on Ti dopant. The HVD is Lewis base in the system of

irreducible oxide. It can easily adsorb Lewis acid gas such as CO [69, 70].

1.1.5.3 SVD and FVD

The valence of SVD is equivalent to the valence of cation in host oxide. There
IS no obvious rule regarding the SVD in catalysis. However, most of researches have
mentioned that SVD doped oxide is efficient catalyst, such as Sn* and Mn** doped
TiO, [71, 72], Ti*" and Zr** doped CeO, [73, 74].

FVD is dopant that has several stable oxides. For example, Nb,Os is the most
stable oxide of Nb. Likewise, NbO, and NbO are stable. Nevertheless, a particular
valence cannot be assigned to Nb oxide. However, Nb can enhance the catalytic
property of CeO, for (NO)y reduction [75]. In case of V doped SnO,, V,0s and V,03
are stable vanadium oxides. V05 acts as HVD but V,03 acts as LVVD when vanadium
oxide is doped into SnO,. So, it is complicate when we study the catalysis effect of
FVD [76].
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1.1.6 Research rationale

At present, reducing the concentration of pollutant gases in the atmosphere has
quickly become one of the most urgent environmental issues. Using effective
materials for adsorption of the pollutant gases is a type of climate engineering
techniques. These techniques either directly remove toxic gases by adsorption, or
alternatively seek to influence conversion reaction to remove these gases indirectly.
Moreover, some natural gases are important precursors in chemical production,
effective material sensor is one of the most interesting topics. To find both of gas
removal and gas sensor materials, the researchers have to understand the adsorption

and conversion reaction of the fundamental small gases.

Heterogeneous catalyst is the most catalyst used in these proposes. Due to the
fact that the first step of heterogeneous catalyst is adsorption. Gas molecule adsorbs
on the surface of catalyst. The catalyst and the molecule act as adsorbent and
adsorbate, respectively. Doping TiO, crystal with metal or non—metal can enhance its
chemical reactivity, catalytic performance and many important processes such as CO
and NOy conversion [77, 78]. In addition, many researchers use both of metal and
non—metal on TiO, crystal support in the form of metal oxide nanocluster such as
Fe O3 [79], MnOy [80], CuO [81], and V205 [82]. Lots of elements and metal oxides

have not been studied clearly in some adsorption and conversion reaction mechanism.

We expect that we can study the activity of doping element and supporting

metal oxide nanocluster on anatase TiO, (001) surface by DFT approach.

1.2 OBJECTIVE

Adsorptions of small gases and their reactions on non— and element-doped
anatase TiO, (001), ZnOSL, and ZnOSL supported on anatase TiO, (001) surface
(ZnOSL/TiOy) surfaces have been investigated using DFT method. All the research

studies are listed as following topics:


http://en.wikipedia.org/wiki/Climate_engineering

12

1. First—principles investigation of ZnOSL binding onto TiO, (001) surface and
its ability for CO oxidation to CO,

2. DFT studies of small gases adsorbed on the ZnO sodalite—like cage and its

adsorption abilities

3. Mechanism of CO conversion to CO, over the Mn—doped TiO,(001) surface

under O, atmosphere

4. Gas adsorption over the Sc—doped zinc oxide sodalite like cage (Sc—ZnOSL)

surface

1.3 SCOPE OF DISSERTATION

The calculation of the surface to be employed for adsorption studies can be
performed by using two different approaches. ZnOSL has been investigated as the
cluster model. The initial anatase TiO, (001) surface was defined by using
crystallographic concepts. All surfaces were performed by creating a single slab
cutting from the bulk cell.

In this work, adsorption and reaction of small gases such as H,, N,, CO, and
O, have been comprehensively studied. Adsorption abilities, in terms of binding
energies of these gases, have been analyzed and reported. Scope of this research is
one-—by—one corresponding to the research objectives:

1. Adsorption abilities of the ZnOSL-decorated TiO, (001) surface for
adsorption of single and double molecules of CO and CO, have been
determined. The reaction mechanism of CO to CO, interconversion on the
ZnOSL-supported TiO, (001) surface has been investigated using hybrid
density functional B3LYP. All DFT calculations were performed with the
CRYSTALO6 computational code.

2. Structures, electronic properties, and charge transfer of metal- and nonmetal—-
doped ZnOSL cage have been calculated and analyzed using hybrid density
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functional B3LYP/LanL2DZ. All DFT calculations were performed with the
GAUSSIAN 09 program.

3. Adsorption abilities of small gases; diatomic; H,, N,, O, CO, NO, and
polyatomic; H,O, N,O, NO,, CO,, SO, NH3 gases, on the Sc—ZnOSL surface
has been investigated using B3LYP/GEN method. The LANL2DZ basis set
for Zn and Sc, and 6-31G+(d,p) for all other light atoms were employed. All
DFT calculations were performed with the GAUSSIAN 09 program.

4. Reaction mechanism of CO to CO, on the Mn—doped TiO, (001) surface has
been investigated. All DFT calculations were performed with the
CRYSTALO6 computational

1.4 EXPECTED RESULTS

1. The reaction mechanism of the oxidation of CO to CO, over the ZnOSL/TiO,
composite.

2. Material classification of various doped ZnOSLs into conducting and

photocatalyst material based on energy gap comparison.
3. The strongest adsorption gas on the Sc-ZnOSL

4. Reaction mechanism of CO to CO, on the Mn—doped TiO, (001) surface



CHAPTER Il
THEORETICAL BACKGROUND

Molecular modelling based on quantum mechanical (QM) method is accurate
tool using for chemical investigation. QM method is categorized into semi—empirical,
ab initio and DFT calculations. These methods are applied to calculate molecular

structures, chemical and physical properties of chemical systems and reactions.

Here, theoretical ideas behind DFT method are briefly discussed in this
chapter [83, 84]

2.1 Ab initio Calculation

Ab initio method is the fundamental QM principle solving Schrodinger

equation without appeal to fitting to experiment.

HY =E¥ (2.1)

where H is Hamiltonian, E is the energy of an electron in orbital in independent—

electron model, and ¥ is electronic wavefunction. Since there is no solution for
many-electron systems, Hartree—Fock (HF) method is the starting point of ab initio

method.

2.1.1 HF Method

The first step of HF method is one—electron wavefunction approximations

known as orbitals. The simplest way to represent ¥ for many—electron systems is

combination of all atomic orbitals in the system as linear combination of atomic
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orbitals (LCAOQ). The plausible approximate polyelectronic wavefunction as product

of one—electron wavefunctions is written and called Hartree product

o=y, 1)y, (2) y, (3)-..17(n) (2.2)

Here function %o depends on the coordinates of all electrons in the atom, (1) is a
function of the first electron, w,(2) is a function of the second electron, etc., These
one—electron wavefunctions. w,(n) are the initial guess which can be expanded by

basis set.

Due to the HF nonlinearities approximation, the equation is solved in the next
step by iterative approach called self—consistent—field—procedure (SCF). The initial
function, Yo, is selected and solved in Schrédinger equation. The first cycle

calculation gives more accurate set of orbitals as

Vo= o )y (2o (3o (M) (2.3)

The SCF process is continued for k cycles until self-consistency is achieved.
Then, the spin orbitals and configuration state functions can be constructed by HF
equation. However, HF method ignores electron correlation in the system. The
electrons in the system can move independently in a mean field potential. it is difficult
to perform the accurate calculations with large basis sets containing many atoms and
electrons. Also, wavefunction cannot measure observable feature of molecule or atom
Hence, DFT has become more popular technique using for chemical system

simulation.
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2.2 DFT Method

DFT is based on electron probability density function or electron density

function. The probability to find electron in a volume element, dxdydz is designated
by p(X,y,z)dxdydz. Owing to relationship between p(x,y,z) and component one—

electron spatial wavefunctions, ¥, the ¥ of HF is approximated as
p=>n7?| (2.4)
i=1

2.2.1 Hohenberg and Kohn DFT theorems ( HK DFT)

In 1920s, E. Fermi and L. H. Thomas developed DFT theorems by expressing
the energy of the chemical system with electron probability density function namely
Thomas—Fermi model. This concept was confirmed by Hohenberg and Kohn so called
HK DFT. The first HK DFT demonstrates that electron density function, F[p,], can

determine the ground state properties functional, f(x), e.g. energy, E, of a many—

electron system.
E, = F[po]:E[po] (2.5)

In DFT, the electronic energy from a trial electron density, p, . is the energy of
the electrons moving under the nuclear potential called external potential, o(r). The
energy functional of exact ground state electron density, E, , was stated by the second

HK DFT.


https://en.wikipedia.org/wiki/Thomas%E2%80%93Fermi_model
https://en.wikipedia.org/wiki/Electronic_density
https://en.wikipedia.org/wiki/Stationary_state#ground_state
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E,[o]=E[po] (2.6)

where p, is exact ground state energy according to exact electronic density.

2.2.2 The Kohn—Sham DFT theorems (KS DFT)

According to KS DFT, many-body problem of interacting electrons in a static
external potential is assumed as non-interacting electrons moving in an effective
potential. There are two main basics behind the KS DFT. The first idea is expression
of the molecular energy as a sum of small term. The second idea is using the initial

guess of the electron density o in the KS equations to calculate an initial guess of the

KS orbitals. Then, KS orbitals are refined by a process that similar to HF SCF
method. The final KS orbitals are used to calculate an electron density which is used

to calculate the energy.

2.2.2.1 The KS Energy

The ground state electronic energy is summation of Kinetic energy, <T[p0]>,

attraction between the nuclei and electrons, <VNe[p0]>, and electron—electron

repulsion, (V,, P ]>

E, :<T[p0]>+<VNe [,00]>+<Vee[,00]> (2.7)

The nucleus—electron potential energy is defined as


https://en.wikipedia.org/wiki/Many-body_problem
https://en.wikipedia.org/wiki/Potential
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V)3 3 -2

v(r) (2.8)
i=1 nucleiA r-iA

2n
i=1

where v(r;) is the external potential for the attraction between electron i and nuclei.

The density function p can be introduce into <VNe> by the fact that

jsvi f (ri)svdt:jp(r) f(r)dr (2.9)

where f(r;) is a function of the coordinates of the 2n electrons of a system and ¥ is

the total wavefunction. (V,, ) can be written as

(Vi) = [ 2o (N)o(r,)dr (2.10)

The deviation of the real kinetic energy from that of the reference system is defined

by

AT, )=T[po]-T. ] (2.11)

The A<Vee> is the deviation of the real electron—electron repulsion energy from

classical charged—cloud coulomb repulsion energy. This classical electrostatic
repulsion energy is the summation of the repulsion energies for pairs of infinitesimal

volume elements p(r,)dr,and p(r,)dr, separated by distance r,,, as
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AN, [o ) =V... [, )~ j [ Mdr dr, (2.12)

12

From above of all, good approximation for (2.7) is written as

Ey = [ po(Nu(r)dr+(T[p, )+ derdr + AT, [po )+ AV, [0 )

12

(2.13)

The summation of last two terms is called exchange—correlation energy, Exc

Eyelo0 =T, [ )+ AN, [0, ) (2.14)

where A(T,) is the kinetic correlation energy of the electrons, A(V,,) is the potential

correlation energy and the exchange energy.
2.2.2.2 KS Equation

From the second HK theorem, KS equation is utilized by variation principle.
Due to the fact that electron density of the reference system is same as that of real

system, so
2n 2
Po=pr = |7 @) (2.15)
i=1

where the ¥/ are the KS spatial orbital. Varying Eo which respect to the ¥/®

subjects to the constraint that these remain orthonormal lead to the KS equation.
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{——v. - Za, j &dr2+uxc(l) W)=Y Q (2.16)

i
2 nucleiA r-iA 2

where £/ are the KS energy levels and v, (1) is the exchange correlation potential.

The functional derivative of E, [p(r)] with respect to p(r) represents as exchange—

correlation potential

The KS equation can be written as
h' @7 O=E° O7 @) (2.18)

The approximated DFT for the exchange—correlation energy can be classified
into the local density approximation (LDA) and generalized gradient approximation
(GGA)

2.2.2.2.1LDA

The LDA exchange—correlation energy function, E->* | can be given the same

density in homogeneous electron gas model as

EL0A_ ELDA 4 LOA (2.19)
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The correlation part, E-* , can be calculated by very complicated function of Vosko,

Wilk, and Nusair (VWN). When the Xo method was developed to neglect the

exchange contribution, E:®* which is written as

1
LDA Xt 9(3)s %
B =B = —2| = aflp(n)]rdr (2.20)

For one or more unpaired electrons, LDA was improved to local spin density
approximation (LSDA). LSDA is unrestricted LDA method which can give better
results than LDA.

2.2.2.2.2 GGA

In contrast to LDA, non-local functional GGA represents the exchange—
correlation functional both of electron density, and its gradient which is derivative of
the density.

o p” =] £ (o™ (1), 0" (1).V 5" (). V0" (r))dr (2.21)

The exchange—correlation energy functional can be written as summation of an

exchange energy functional and correlation energy functional, both negative, i.e.
E,.=E,+E, The |E,| is much bigger than |E.|. The popular functionals are Lee,

Yang and Parr (LYP) and Perdew functionals.
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2.2.2.2.3 Hybrid functional

Hybrid functional is DFT exchange—correlation energy which is improved by

HF exchange calculated term but based on KS orbitals

>

<w v e @)

HF _
E, =-

v @ (1)> (2.22)

n
i=1 j=1 ij

The weighted contribution of the expression for EI'" gives a HF/DFT exchange—

correlation functional. Nowaday, Becke3 LYP (B3LYP) is one of the most popular

hybrid functional expressing as

EBP —(1-a, -a,)E"™ +a,EF +a E?® + (1—a )E""" +a EXP (2.23)

Here E®"*is the kind accurate pure LSDA, E!" is the KS orbitals based HF
exchange energy functional, E>*is the Becke 88 exchange functional. The E'"" is

the VWN function, and E-* is the LYP correlation functional. The parameters give

the best fit of the calculated energy to molecular atomization energies. This is thus

gradient—corrected hybrid functional.
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2.2.3 Basis set

Basis set is a set of mathematical basis functions representing the molecular
orbitals. Linear combination of functions including the weights or coefficients
describes molecular orbitals. It is composed of finite number of atomic orbitals within
the system. This approximated molecular orbital is called LCAO approach. Moreover,
the basis functions are described by the electron distribution around atom in the

system.

2.2.3.1 Minimal basis set

A minimal basis set is composed of one Slater functions for each inner—shell
and valence—shell atomic orbitals of each atom. There are two kinds of minimal basis
sets which are Slater type orbital (STO), and Gaussian type orbital (GTO). The
essential idea of the minimal basis set is that one basis function for every atomic
orbital is selected to describe the free atom. The most common uses are the STO-—nG
basis sets, n =3, 4, 5, and 6. The GTO was introduced in Gaussian product theorem.

2.2.3.2 Split-valence basis set

A split-valence basis set describes two (or more) GTOs for each valence
atomic orbital but only one GTO for each inner—shell (core) atomic orbital. There are
many kinds of split-valence basis sets depending on the number of GTOs used for

each valence atomic orbitals. For example,


http://en.wikipedia.org/wiki/Atomic_orbital
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2.2.4 Polarization function

Polarization effect can be occurred when orbitals share qualities of its orbitals
to each other. Their charge distribution causes a polarization effect because of the
distortion of the shape of atomic orbital. Polarized basis sets are represented by
asterisk (*) at the end of a basis set. One asterisks (*) or (d) denotes that polarization
has been taken into p orbitals which was modified by adding a d orbital. Two asterisks
(**) or (d,p) denote that polarized basis set has been taken into s orbital which was

modified by adding a p orbital.

For instance, 6-31G” or 6-31G(d) basis set for carbon atom have 1s function
represented by six Gaussian, and inner 2s, 2px, 2p, and 2p, ( 25 2px, 2Py, 2pP2)
function, each composed of three Gaussian, and an outer 2s, 2px, 2py and 2p; ( 2s"
2p ', 2p'y, 2p 7) function, each composed of one Gaussian, and six 3d functions. That
is totally 15 functions: (1s, 2s 2p, 2p,2p . 2s,2p,2p , 2p , 3d, 3d, 3d, 3d, 3d, 3d).

2.2.5 Diffuse function

There are loosely bond electrons in anion or excited atoms. They cause the
energy in the tail of the wave function more important. To take responsible for this
effect, diffuse functions are used to clarify the properties of the tail. Diffuse basis sets
are denoted by the '+' signs. One (+) represents that p orbital is considered, while (++)

represents that both p and s orbital are considered.

2.2.6 Effective core pseudopotential (ECP)

The ECP is to replace the inner electrons of atom as one core and take account
only the valence electrons. Thus, pseudopotentials are modified to the Hamiltonian.
Following this approach, LanL2DZ (a split valence basis) is one of ECP basis sets

which consist of double basis set and effective core potential for calculating valence


http://en.wikipedia.org/wiki/Gaussian
http://en.wikipedia.org/wiki/Gaussian
http://en.wikipedia.org/wiki/Gaussian
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electrons and inner shell electrons, respectively. This potential is suitable for
transition metals. It was confirmed with similar results compared with all electrons

calculation.



CHAPTER Il
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3.1 ABSTRACT

The binding of ZnOSL onto the anatase TiO, (001) surface to form
ZnOSL/TiO, composite was investigated using the periodic DFT-B3LYP method.
The strong binding for the ZnOSL onto TiO, (001) surface to form ZnOSL/TiO,
composite was found, the binding energy of which is —70.78 kcal/mol. The reaction
mechanism of the oxidation of carbon monoxide by oxygen to form carbon dioxide
gas over the ZnOSL/TiO, composite was investigated. The reaction energies for all
reaction steps are reported.

3.2 INTRODUCTION

The ground state of (ZnO), clusters (n = 1-20) was explored experimentally
by mass spectroscopy [61]. The ground states of (ZnO), clusters (n = 1-9) [62] and
their excitation states [9] were studied using DFT and time—dependent density
functional theory (TDDFT) method, respectively. The optical properties of (ZnO),
clusters (n = 2-12) were studied using DFT method [41]. In our previous work, the
structure of ZnOSL cage, (ZnO)1 cluster, and its adsorption configurations with gases
Hz, N2, Oy, CO, NO, CO,, N2O, NO,, H,0, SO,, and NH3 were studied using the DFT
method. Electronic properties of all adsorption structures were investigated, and


http://link.springer.com/journal/10853
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adsorption energies (AEags) of single molecules of CO (AEags = —10.29 kcal/mol) and
CO; (AEas = —7.86 kcal/mol) on the ZnOSL cage were obtained [23]. Due to
adsorption data, interconversion of CO to CO, on the ZnOSL cage has interested us to
study its reaction mechanism. As clean TiO, surfaces [24, 26, 85-88] and TiO,—
supported metal surfaces [89-91] can adsorb and interact with CO, other metal oxides
supported by TiO, surface as catalytic promoter could act as good catalyst for CO to
CO; interconversion. Therefore, the ZnOSL cage immobilized on active TiO, surface,
the ZnOSL-decorated TiO, surface as catalyst could facilitate the CO to CO,
interconversion. Nevertheless, only a small number of works has been done on
ZnO/TiO, nanocomposites and their properties. Quite a few of them have been
studied such as the study of the optical band gap of the nano—hybrid TiO2/ZnO [92]
and the crystalline phase of ZnO/TiO, as photocatalyst [93].

In this work, we have studied the binding of ZnOSL onto anatase TiO, (001)
surface in order to immobilize the ZnOSL by TiO, (001) surface and interconversion
of CO + O, to CO; on the ZnOSL—decorated TiO, (001) surface using periodic DFT
computations. Therefore, adsorption abilities of the ZnOSL—decorated TiO, (001)
surface for adsorption of single and double molecules of CO and CO,, and other
adsorptions related with O, in terms of adsorption and reaction energies have been
determined. The reaction mechanism of CO to CO; interconversion on the ZnOSL—
decorated TiO, (001) surface has been investigated, and its reaction steps have been

reported.

3.3 METHODOLOGY

All DFT computations of two—dimensional periodic slab model have been
carried out using the CRYSTALO06 computational code [94], 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 411(311d)G and an 8-411d11G contraction scheme

have been, respectively, employed for the titanium [95] and oxygen [96] atoms on
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TiO, (001) surface. Basis sets for zinc and oxygen are an 86-411d31G [97] and an 8-
411d11G [95], respectively. Basis sets for carbon and oxygen atoms for adsorbent
gases employed in these calculations are a 6-31d1G [98] and a 6-31d1G [98],
respectively. The hybrid functional, B3LYP including Becke’s three—parameter

exchange [99] and Lee—Yang-Parr correlation [100], has been employed.

Our optimized bulk lattice parameters for TiO, are a = 3.8192 A and ¢ =
9.6658 A, which are quite close to the experimental results of 3.872 and 9.616 A,
respectively [101]. The Monkhorst—Pack scheme for 8 x 8 x 8 k—point mesh in the
Brillouin zone was applied for anatase TiO, crystal. The anatase TiO, (001) surface
was modeled by a (3 x 3) slab of nine TiO, layers, containing altogether 27 Ti and 54
O atoms. In geometry optimizations of two—dimensional periodic slab, the two lowest
TiO, layers were fixed at their bulk positions, while the positions of all Ti and O

atoms were allowed to relax.

The tolerances for geometry optimization convergence have been set to the
default values [94], and the coulomb—exchange screening tolerances were set to (6,
6, 6, 6, 12). All slab calculations have been performed with a Monkhorst—Pack [101]
k—point grid with shrinking factors (2, 2). There are two binding sites for the anatase
TiO, (001) surface: twofold—coordinated O atom (O,c) and fivefold—coordinated Ti
atom (Tisc), see Figure 3.1(a). ZnOSL binds with O,c and Tisc as shown in
Figure 3.1(b).



29

01-Znl =1.94
Zn1-0y =2.03
Z.i‘l]—O; =2.01
02-Zn2 =1.90
Zn2-0, =2.07
. Zn2-03 =2.03
PR 03-Tise =2.03
p T B 03-Zn3 =2.02
9T T Zn3-O1 =2.26
O Ol-Tis. = 2.01

Figure 3.1 The molecular structures optimized using the periodic slab model for (a)
the anatase TiO, (001) surface and (b) the ZnOSL cage adsorbed onto the TiO,
(001) surface. Left, middle, and right are top, side, and front views, respectively. For
clarity, sketch drawing for the top view of ZnOSL on the TiO; (001) surface is also

shown at the left. Bond lengths are in A

The binding energy (AEpinging) Of ZNOSL adsorbed onto TiO, (001) surface
and the adsorption energies (AE,qs) Of single molecule adsorption on the ZnOSL of

ZnOSL-TiO, surface have been obtained using, (3.1) and (3.2), respectively:

AEbinging = E(ZnOSL-TiO,)~[E(ZNOSL)+E(TiOy)] (3.1)

where E(ZnOSL-TiO;) is the energy of the ZnOSL-TiO,, and E(ZnOSL) and
E(TiO,) are the energies of free ZnOSL and clean TiO, (001) surface, respectively.
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AEqq5(Gas) = E(Gas/ZnOSL-TiO,)—~[E(ZnOSL-TiO,)+E(Gas)] (3.2)

where E(Gas/ZnOSL-TiO,) is the total energy of gas molecule adsorbed on the
ZnOSL-TiO,, and E(Gas) and E(ZnOSL-TiO,) are the total energies of free
adsorbate Gas and free ZnOSL-TiO; surface, respectively.

For the reaction step, reaction energy (AEreaction) Was computed by the energy
difference between product(s) and reaction(s) such as an example for CO adsorbed on
the CO/ZnOSL-TiO; to afford 2CO/ZnOSL-TiO,, using (3.3)

AEeaction = E(2CO/ZnOSL-Ti0,)~[E(CO/ZnOSL-Ti0,)+E(CO)] (3.3)

where E(CO/CO/ZnOSL-TiO;) and E(CO/ZnOSL-Ti0,) are total energies of single
and double CO molecules adsorbed on the ZnOSL-TiO,, respectively. E(CO) is the
total energy of free CO molecule.

The optimized structures of atomic and molecular oxygen adsorbed onto
ZnOSL surface of the ZnOSL/TiO, are shown in Figure S3.1 (in supplementary
data).

3.4 RESULTS AND DISCUSSION

3.4.1 Binding of ZnOSL cage on TiO, surface

The optimization for binding structure of the ZnOSL cage onto the anatase
TiO, (001) surface (denoted by ZnOSL/TiO;,) was carried out using periodic DFT
computations. As there are only two faces of the ZnOSL (tetragonal and hexagonal)
for binding to the TiO, (001) surface, only two possible binding configurations were
used as initial geometries in their structure optimization process. Only one structure of

the ZnOSL/TiO, was found as shown in Figure 3.1(b). Interaction between the
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ZnOSL and TiO, (101) surface was investigated but binding between them was not
found. This can be described that TiO, (101) is a corrugated surface (saw tooth) and
cannot fit with the ZnOSL surface. All possible initial configurations of ZnOSL
bound to TiO, (001) surface were examined, but only one configuration of ZnOSL-

TiO, as shown in Figure 3.1 was found.

The binding energy of ZnOSL adsorbed onto the anatase TiO, (001) surface,
AEyinging = —70.78 kcal/mol was obtained. The binding sites of the anatase TiO, (001)
surface based on the ZnOSL adsorption are two Tis. and two O, atoms which bind to
two oxygen atoms (O1 and O3) and two zinc atoms (Znl and Zn2) in hexagonal ring
of the ZnOSL, respectively, see line—drawing picture in Figure 3.1(b). The binding
characteristic of the ZnOSL on the anatase TiO; (001) surface is that the ZnOSL using
its hexagonal face toward the plane according two bonds of O2c-Ti5c of the
TiO, (001) surface, see the sketch drawing for the top view of ZnOSL on the
TiO2 (001) surface in Figure 3.1(b). The bond distances which correspond with
binding sites are Zn1-Oy.=2.03 A, Zn2-0,. = 2.07 A, 01-Tis. = 2.01 A, and 03—
Tisc = 2.01 A, see Figure 3.1(b). Average of these four bond distances could represent

the plane—to—plane distance of 2.03 A.

3.4.2 Adsorption structures of gases on the ZnOSL-TiO, and reaction profile

Adsorption of CO and O, and CO, on the ZnOSL was studied [23], and its
results show that binding strengths of these gases are not significantly different from
their adsorptions on the ZnOSL of the ZnOSL-TiO,. Nevertheless, study of oxidation
mechanism of 2CO + O, to 2CO, on the ZnOSL supported by TiO, (001) aims to
utilize the ZnOSL/TiO, composite as a good—quality catalyst for the ZnOSL cage
immobilized on the TiO,surface. The adsorption energies of O, (AEags=-
14.09 kcal/mol) and CO (AEags = —10.29 kcal/mol) [23] are not much different, and
either O, or CO can adsorb on the ZnOSL. Although O, and CO can competitively be
adsorbed on the ZnOSL, reaction of O,/ZnOSL +2CO — ZnOSL + 2CO; is not
possible except for 2CO/ZnOSL + O, — ZnOSL + 2CO,. The reason is that the
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concerted reaction for two CO molecules simultaneously reacting with pre—adsorbed
oxygen molecule to form transition—state structure is hardly ever possible. Therefore,
only the reaction of 2CO/ZnOSL + O, — 2CO; is promising. All configurations of
single and double molecular CO adsorptions on the ZnOSL of the ZnOSL-TiO, were
examined, but only one configuration of CO/[ZnOSL-TiO,] for single molecular
adsorption and only one configuration of 2(CO)/[ZnOSL-TiO;] for double molecular

adsorption were found.

The adsorption structures of single and double molecules of CO and CO;, and
reaction of O, on double CO adsorption on the ZnOSL of the ZnOSL-TiO, were
obtained. The adsorption energies of single CO and single CO,on the ZnOSL-
TiO, are —7.97 and —5.21 kcal/mol, respectively.

The reaction mechanism for CO interconversion to CO; on the ZnOSL of the
ZnOSL-TiO, is composed of five reaction steps: The first step is the adsorption of
CO on the ZnOSL of the ZnOSL-TiO,, CO + [ZnOSL/TiO,] — CO/[ZnOSL/TiO,].
The second step is the adsorption of the second CO molecule on the ZnOSL of the
ZnOSL-TiO,, CO + CO/[ZnOSL/TiO,] — 2CO/[ZnOSL/TiOy]. The third step is the
collision of O, to two CO molecules pre-adsorbed on the ZnOSL of the ZnOSL
TiO, to afford the 2CO./[ZnOSL/TiO;], O, + 2CO/[ZnOSL/TiO,] — 2CO,/
[ZnOSL/TiO,]. The kinetic of this step could follow an Eley—Rideal mechanism,
because the O, molecule collides with two CO molecules pre—adsorbed on the ZnOSL
the ZnOSL/TiO,. The last step is the desorption of CO, from 2CO,/[ZnOSL/TiO,],
2C0O,/[ZnOSL/TiO,] — [ZnOSL/TiO,] + 2CO,. Reaction energies for all reaction
steps are listed in.Table 3.1. The energy of —179.76 kcal/mol for the overall reaction,
2CO + O, + [ZnOSL/TiOz] — [ZnOSL/TiO,] + 2C0O,, was obtained. The potential
energy profile for the CO interconversion to CO, on the ZnOSL of the ZnOSL-

TiO; is shown in Figure 3.2.
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Table 3.1 Binding of the ZnOSL cage onto the TiO, (001) surface to afford
[ZnOSL/TiOy], its reaction for CO oxidation to CO,, and all related adsorption

reactions.

Reactions AE reaction®
Binding

ZnOSL + TiO, — [ZnOSL/TiO,] —70.78
Stepwise CO interconversion

[ZnOSL/TiO,] + CO — CO/[ZnOSL/TiO;] -7.97
CO/[ZnOSL/TiO,] + CO — 2CO/[ZnOSL/TiO,] ~7.08
2CO/[ZnOSL/TiO,] + 0,— 2CO,/[ZnOSL/TiO,] -172.22
2CO,/[ZnOSL/TiO,]  — 2CO, +[ZnOSL/TiO,] ~7.52
Overall

2CO + O, + [ZNOSL/TiO,] — [ZnOSL/TiO,] + 2CO, ~179.76
CO, adsorption

[ZnOSL/TiO,]+2CO, —  2CO0,/[ZnOSL/TiO,] -5.21
2C0,/[ZnOSL/TiO,] + CO, — 2CO, + [ZnOSL/TiO,] -2.31

21n kcal/mol .
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Figure 3.2 Potential energy profiles for (a) association of ZnOSL cage onto anatase
TiO, (001) surface and (b) conversion reaction of CO + O,to COzon the

ZnOSL/TiO,. Bond lengths are in A. Relative energies are in kcal/mol.

To compare with CO oxidation on the Au— and Pt—supported TiO2(110), either
on the interfacial sites of Au/TiO,(110) OH or AugPts/TiO»(110) OH or
Pt11/TiO,(110) OH or the Pt site of AugPts/TiO2(110) OH, their reaction steps are
composed of (1) the step of co—adsorption of CO and O, on their adsorption sites and
(2) the conversion step via their transition state to afford CO, molecule [102]. Even
though, the CO oxidation by lattice oxygen either on the surface outside or inside the
wall of V,0s (5, 5) nanotubes, the two-step reaction as similar as on the Au— and Pt—
supported TiO,(110) was found [103].

The adsorption energies of CO; on the ZnOSL of the ZnOSL-TiO; to form
CO,/[ZnOSL/TiO,] or 2CO,/[ZnOSL/TiO,] were obtained, and potential energy
profile due to these adsorption energies is shown in Figure 3.3. It shows the first,
CO; + [ZnOSL/TiO;] — CO,/[ZnOSL/TiO,], and the second adsorptions of CO, on
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ZnOSL of the ZnOSL-TiO,, CO; + CO,/[ZnOSL/TiO;] — 2CO,/[ZnOSL/TiO,], of
which stepwise adsorption energies are —5.21 and —2.31 kcal/mol, respectively. It
may be concluded that CO, adsorbed on the ZnOSL/TiO;is somewhat weak
interaction.

200,#[ZnOSLITIO,]

=3.21

Figure 3.3 Potential energy profile for stepwise adsorption of CO, onto ZnOSL
surface of ZnOSL/TiO,. Bond lengths are in A. Relative energies are in kcal/mol.
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3.5 CONCLUSION

The ZnOSL adsorbed onto TiO, (001) surface and its ability for CO to
CO; interconversion were studied using the B3LYP method. All possible initial
configurations of ZnOSL bound to TiO; (001) surface were examined, but only one
configuration of ZnOSL-TiO, was found. The strong binding for the ZnOSL onto
TiO, (001) surface to form ZnOSL/TiO, was found, the binding energy of which is
—70.78 kcal/mol. The binding between the ZnOSL and the TiO, (001) surface was
found that the ZnOSL employs its hexagonal face toward the plane which is
constructed from two O,.—Tis. bonds of the TiO, (001) surface and its average plane—
to—plane distance of 2.03 A was found. All configurations of single and double
molecular CO adsorptions on the ZnOSL of the ZnOSL-TiO; were examined, but
only one configuration of CO/[ZnOSL-TiO,] for single molecular adsorption and
only one configuration of 2(CO)/[ZnOSL-TiO,] for double molecular adsorption
were found. The reaction mechanism for CO to CO,interconversion on the ZnOSL of
the ZnOSL-TiO, is composed of five reaction steps. The stepwise adsorption energies
of the first and second CO, adsorptions are —5.21 and —2.31 kcal/mol, respectively.
The energy of —179.76 kcal/mol for the overall reaction of 2CO + O, +
[ZnOSL/TiOz] — [ZnOSL/TiO,] + 2CO, was obtained. The adsorption energies of
CO,on the ZnOSL of the ZnOSL-TiO,to form CO,/[ZnOSL/TiO,] or
2CO,/[ZnOSL/TiO,] were obtained.
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3.6 SUPPLEMENTARY DATA

Figure S3.1 The optimized structures of (a) O atom and (b) O, molecule adsorbed
onto ZnOSL surface of the ZnOSL/TiO,. Left and right images are top and front

views, respectively.
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4.1 ABSTRACT

The optimized structures of the ZnOSLs doped by single metal atoms (Sc, Ti,
V, Cr, Mn, Fe, Co, Ni, Cu, Pd, Ag, Pt and Au) and single nonmetal atoms (B, C, N,
Al, Si, P, Ga and Ge) were obtained using DFT/B3LYP method. The energetics and
thermodynamic properties for doping processes of single metal atom to Zny of the Zn
vacancy defect ZnOSL surface, (ZnOSL + Zny) and nonmetal atom to Oy of the O
vacancy defect ZnOSL surface, (ZnOSL + Oy/) were obtained. The binding abilities of
transition metal dopants to Zny of [ZnOSL + Zny] and nonmetal dopants to Oy of
[ZnOSL + Oy] surfaces are in orders: Cr>Ti>Sc>V>Fe>Mn>Ni>
Co>Pt>Zn>Cu>Pd>Au>Ag and O>N>C>P>Si>Ge>Ga>B>Al,
respectively. Energy gaps and NBO partial charges for low—spin and high—spin states

of metal and nonmetal-doped ZnOSLs and their analyses are reported.

4.2 INTRODUCTION

The ground states of the ZnO diatomic molecule were investigated using
photoelectron spectroscopic method [60], and the (ZnO),clusters (n=20)
experimentally were explored using mass spectroscopic method [61]. The ground
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states [62] and their excitation states [9] of small-sized (ZnO), clusters with n = 1-15
were studied using DFT and time—dependent DFT (TDDFT) methods, respectively.
The low—spin structures and electronic properties of various sizes of (ZnO), clusters
(n=9-64) [29], (n =2-18, 21) [14], (n = 1-32) [15], (n =2-18) [16], (n =24, 28, 36
and 48) [104], (n=1-32) [33], and Zn3On (M =3-5) [42] were theoretically
characterized using various computational methods, and the optical properties of
(ZnO), clusters (n =2-12) were studied using DFT method [41]. The zinc oxide
clusters were studied by mass spectroscopic method, and the clusters of (ZnQO)ss,
(Zn0)eo, and (ZnO);gwere found as the magic number clusters [40]. One of the
(ZnO)eo cluster as the sodalite—based structure was found [105]. The ZnOSL as
(Zn0)y cluster and its adsorption configurations with small gases were studied by
DFT method, and it was found that energy gaps of gas—adsorbed ZnOSLs depend on
the adsorbate gases [23]. Moreover, energy gaps of ZnO clusters were found to

decrease when their size was increased [106].

Nevertheless, electronic, magnetic, and catalytic properties of metal-doped
ZnO were extensively widely explored in order to be used for chemical and physical
applications. Energy gaps of Ag—doped ZnO [17] and Fe—doped ZnO [53] were found
to be decreased when compared to their un—doped structures. Ag-doped ZnO
nanoparticles (Ag—doped ZnONPs) were studied, and effect of Ag dilute doping on
the structural, optical, and photocatalytic properties of ZnO nanoparticles was
investigated [54]. Cu—doped ZnO nanosheet (ZnONS) was studied, and it was found
that Cu atom prefers to substitute for Zn site and is able to induce a local magnetic
moment of 1.00 uB per unit in ZnONS [63].

Co-doped ZnO nanocrystals were found to show ferromagnetism and
ferromagnetic properties at room temperature, and their ordering strengthens were
varied with the Co concentration [64]. The ferromagnetism was also found on V-
doped ZnO nanowires [80]. The Co—doped and Co—/Mn—co—doped ZnO nanocrystals
were studied, and Co—/Mn—co—doped ZnO was found to be magneto—electronic
material [107]. Electronic structure and optical properties of Ga—doped ZnO with

various concentrations of Ga were studied, and it was found that the donor
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concentration and optical band gap of Ga—doped ZnO increase with an increase in Ga
content [69].

The Ni—doped ZnO was studied for its structural and electronic properties [71]
magnetic properties and photoemission [72], and gas sensors [65]. The Mn—, Cu— and
Co—doped (ZnO);, clusters were studied, and it was found that their band gaps
decrease due to p—d hybridization orbitals of the dopant atom with the orbitals of the
oxygen atom [66]. Geometries, electronic structures, and magnetic properties of Sc—,
Ti—, V-, Cr—, Mn—, Fe—, Co—, Ni—, and Cu—doped ZnO monolayers were studied, and
the results show that the doping of Cr, Mn, Fe, Co, Ni, and Cu atoms can induce
magnetization, whereas there is no magnetism in the Sc—, Ti—, and V-doped ZnO
monolayers [67]. Moreover, Co— and Cu—doped zinc—blended ZnO nanocrystals were
found to be magnetic semiconductor [108] and ferromagnetic, respectively [73].

The magnetic properties of N—doped (ZnO), clusters (n = 1-16) were studied,
and the total energy calculations suggest that N is more stable at the O site than at the
Zn site in (Zn0O), clusters and induces a magnetic moment of 1 uB/N atom [109]. The
electronic structure and magnetic properties of N—doped ZnO with and without Zn
vacancy were investigated, and the results suggest that N-doped ZnO is a weak
ferromagnetism [74]. The optoelectronic properties of Ga— and Al-doped ZnO thin
films were found to have the good conductivity and transparence [75]. The C—doped
ZnO thin films were studied, and they were found to be ferromagnetic [76]. C—doped
(ZnO), (n = 1-12) clusters were studied, and it was found that the substitutional C
impurity is more favorable than interstitial C impurity in C—doped (ZnO), clusters
[110].

Nevertheless, the electronic properties of the ZnOSL cage can be improved by
doping single atom of elements for metal and nonmetal atoms. In this work, structures
of ZnOSL cage and its metal and nonmetal doping structures have been studied, and
their electronic and thermodynamic properties have been investigated. Two types of
dopants, as atoms of transition metals and nonmetal, have been selected. Their energy
gaps and charge transfer for dopants in metal- and nonmetal-doped ZnOSLs have

been analyzed and reported. Predictions for their properties have been presented.
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4.3 COMPUTATIONAL DETAILS

Full optimizations of structures of ZnOSL cage (Zn,,O,, cluster) and its metal
(Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Pd, Ag, Pt and Au) and nonmetal (B, C, N, Al, Si,
P, Ga and Ge) doping were carried out using DFT method. Doping principle is on a
replacement of single metal atom to single Zn atom or single nonmetal atom to single
O atom of ZnOSL cage. As all Zn and all O atoms of the ZnOSL cage are equivalent,
and any position of Zn (or O) atom in ZnOSL doped with single metal (or nonmetal)
atom must give a single structure. Therefore, metal-doped structure obtained by
replacing single Zn atom at any position with single metal (dopant) atom must be only
one structure and replacing single O atom at any position with nonmetal (dopant)

must be also only one structure.

For metal doping system, total electronic states for low—spin Ti—, Cr—, Fe—,
Ni—, Pd,— and Pt-doped ZnOSL as singlet state (spin multiplicity = 1) and Sc—, V-,
Mn-, Co—, Cu—, Ag—, and Au—doped ZnOSL as doublet state (spin multiplicity = 2)
were applied. Triplet state for high-spin Ti-, Cr—, Fe—, Ni—, Pd—, and Pt—doped
ZnOSL and quartet state for high—spin Sc—, V-, Mn—, Co—, Cu—, Ag—, and Au—doped
ZnOSL were employed. For nonmetal doping system, low—spin C—, Si—, and Ge—
doped ZnOSL as singlet state and low—spin B—, N—, Al-, P—, and Ga—doped ZnOSL
as doublet state were applied of which high—spin surfaces were treated as triplet and

quartet states, respectively.

The calculations have been performed with hybrid density functional B3LYP,
Becke’s three—parameter exchange functional with the Lee—Yang-Parr correlation
functional, B3LYP [99, 100, 111] using the Los Alamos LanL2DZ split—valence basis
set [40-42]. All structures were fully optimized without any constrains and
characterized by computed vibration frequency. Enthalpies (H) and Gibbs free
energies (G) of all compounds were derived from their vibration frequency
computations at 298.15 K and standard pressure [112].

The energy gaps referring the energy difference between highest occupied

molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO)
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orbitals (Exomo-Lumo = Eg) or the singly occupied molecular orbital (SOMO) and
LUMO orbitals (Esomo-Lumo = Eg) were also investigated at the same level of theory.
In addition, natural bond orbital (NBO) analysis implemented in the GAUSSIAN 09
program [113] was applied for calculations of all compounds. The molecular graphics
of all compounds were generated with the MOLEKEL 4.3 program [114]. The
electronic density of states (DOSs) for all studied structures was plotted by the

GaussSum 2.1.4 program [115].

Metal- or nonmetal-doped ZnOSL is defined as replacing Zn or O atom of
ZnOSL by metal dopant (D) or non—-metal dopant (D’), respectively. Therefore, metal
or nonmetal doping process can be defined as an introduction of single metal into a
vacancy of Zn vacancy defect ZnOSL ([ZnOSL + Zny]) or single non—metal atom
into a vacancy of O vacancy defect ZnOSL ([ZnOSL + Oy]), respectively. Doping
process for metal and metal-doped ZnOSLs, denoted as D—doped ZnOSL and D'-
doped ZnOSL, respectively, can be written as (4.1) and (4.2)

[ZnOSL + Zny]+D — D-doped ZnOSL (4.1)

[ZnOSL +O\] +D' —  D'-doped ZnOSL (4.2)

The binding energies (AEpindging), €nthalpies (AHObinding), and Gibbs free
energies (AG°yinging) Were, respectively, computed from total energies, enthalpies, and
free energies of metal- and nonmetal-doped ZnOSLs, and their corresponding

components are shown in (4.3)—(4.8)

AEbinging = E(D-doped ZnOSL)—{E([ZnOSL + Zny])+E(D)} (4.3)
AH%%inging = H(D—doped ZnOSL)—{H([ZnOSL+Zny])+H(D)} (4.4)
AGyinding = G(D—doped ZnOSL)—{G([ZnOSL + Zny])+G(D)} (4.5)
AEbinging = E(D'—doped ZnOSL)—{E([ZnOSL+Oy])+E(D")} (4.6)

AH%%inding = H(D'—doped ZnOSL)—{H([ZnOSL+Oy])+H(D")} (4.7)
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AG’pinging = G(D'-doped ZnOSL)—{G([ZnOSL + Oy])+G(D")} (4.8)

where E, H and G are total energy, enthalpy and Gibbs free energy of the individual
components of the binding processes.

4.4 RESULTS AND DISCUSSION

4.4.1 Optimized structures of metal-doped ZnOSLs and their energy gaps

The B3LYP/LanL2DZ-optimized structures of Sc—, Ti—, V—, Cr—, Mn—, Fe-,
Co-, Ni-, Cu—-, Pd-, Ag—-, Pt—, and Au-doped ZnOSLs of which formulae are
therefore ScZny1012, TiZn11012, VZN11012, CrZng;012, MnZng012, FeZni 0,
CoZn11012, NiZny012, CuZny 01, PdZny012, AgZny 01, PtZng052, and
AuZny;01,, respectively, are shown in Figure 4.1 The Zn—doped ZnOSL is identical
to undoped ZnOSL as shown in Figure 4.1(j). The V-doped ZnOSL is the most
distorted structure as compared with undoped ZnOSL, see Figure 4.1(c). The plots of
frontier orbitals of the metal-doped ZnOSLs are shown in Figure 4.2 and their DOSs
are shown in Figure 4.1. SOMOs and HOMOs of all metal-doped ZnOSL are located
around dopant atom except for Sc—doped ZnOSL, because its SOMO is distributed
almost over the whole molecule see Figure 4.2(a). HOMO of undoped ZnOSL, and
Figure 4.2(j) being consistently distributed over the whole molecule was found.
LUMO:s in all doped and undoped ZnOSLs are distributed almost over the whole
molecules, except V—, Ni—, Pd—, and Pt-doped ZnOSLs of which LUMOs are located
around their dopant atom. Plots of the frontier orbitals and DOSs of the high—spin
state of metal-doped ZnOSLs are, respectively, shown in Figure S4.1 and
Figure S4.2 in supplementary data. It shows that LUMOSs of the high—spin metal-
doped ZnOSLs and undoped ZnOSL are distributed over the entire molecule.
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Figure 4.1 The B3LYP/LanL2DZ-optimized structures of (a) Sc—, (b) Ti—, (c)
V-, (d) Cr—, (e) Mn—, (f) Fe—, (g) Co—, (h) Ni—, (i) Cu—doped  ZnOSLs, (j) undoped
ZnOSL, (k) Pd—, (I) Ag—, (m) Pt— and (n) Au—-doped ZnOSLs. The NBO charges for
selected atoms are presented in e. a—j, kand I, and m and n are the fourth, fifth and
sixth rows transition metal doping structures, respectively. All the metal-doped

ZnOSLs are shown based on the periodic table as noted on the bottom left side.
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Figure 4.2 Plots of frontier orbitals of the low-spin (a) Sc—, (b) Ti—, (c)
V-, (d) Cr—, () Mn—, (f) Fe—, (g) Co—, (h) Ni—, (i) Cu—doped  ZnOSLs, (j) undoped
ZnOSL, (k) Pd—, (I) Ag—, (m) Pt— and (n) Au—doped ZnOSLs. All the orbitals of
metal-doped ZnOSLs are shown at the same positions of their corresponding

structures shown in Figure 4.1
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The selected geometrical parameters are shown in Table S4.1, in
supplementary data. It shows that O1-D, O2-D, and O3-D bond distances of all the
ZnOSLs doped by first—row transition metal are shorter than undoped ZnOSL, but
bond distances of all the second— and third—row transition—metal-doped ZnOSLs are

longer. These results correspond with atomic radii of dopants.

The energy gaps, energetics, binding strength, and dipole moment of low— and
high—spin states of undoped and metal (D)—doped ZnOSLs are shown in Table 4.1
and Table 4.2, respectively. Plots of energy gaps of the low—spin and high—spin
metal-doped ZnOSLs and Gibbs free energy changes of binding of single atom of
metal dopant toward Zny of the low-spin and high—spin [ZnOSL + (Zny]) surfaces
are shown in Figure 4.4. It shows that energy gaps of all low—spin transition—metal—
doped ZnOSLs are smaller than their corresponding high—spin ones, except for V—,
Cu- and Zn—doped ZnOSLs (for the first-row transition metal dopants), Ag— (the
second-row transition metal dopant) and Au-doped (the third—row transition metal
dopant) clusters of which values are in reversed orientation. The metal-doped
ZnOSLs which have remarkably low energy gaps are in the following order: low—spin
Sc— < Ti— < Cr—doped ZnOSLs < high-spin Cu— < Zn- = Ag—~ Au—doped ZnOSLs;
their values are enclosed by blue dashed line as shown in Figure 4.4(a). Free energy
changes of doping reactions for high—spin metal-doped ZnOSLs are more favorable
than their low—spin states, except Cr—doped ZnOSL of which values for both states
are hardly ever changed. Based on low-lying energy gap, the energy gaps of metal—
doped ZnOSLs are in increasing order: Sc (D: 1.15eV) <Ti (S: 1.22eV) < Cr (S:
145eV)<V (Q: 155eV)<Cu (Q: 1.63eV)<Au (Q: 1.75eV)<Ag (Q:
1.77eV)<Zn (T: 1.78eV)<Mn (D: 2.38eV)<Pd (D: 252eV)<Pt (D:
2.67eV)<Fe (S: 269eV)<Ni (S: 3.00eV)<Co (D: 3.37eV); S (singlet), D
(doublet) and Q (quartet) symbols in parentheses are spin states of molecules. The
energy gaps of high—spin V—, Cu—, Ag—, Au-doped and undoped ZnOSLs were found
to be smaller than their low—spin structures by 1.09, 2.26, 2.01, 1.89, and 2.26 eV,
respectively. It may be concluded that Sc—, Ti—, and Cr—doped ZnOSLs can be used
as conducting materials because of their low energy gaps and V-, Cu—, Ag—, and Au—

doped and undoped ZnOSLs may be employed as photocatalysts.
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Table 4.1 Energy gaps, energetics and dipole moment of undoped, metal- and
nonmetal-doped ZnOSLs, computed at the B3LYP/LanL2DZ level of theory.

Metal-doped ZnOSL  E;#  AE,” DM° Nonmetal-doped ZnOSL E;* AE,° DM°
Sc—doped ZnOSL 1.15 -2.89 1.931 B-doped ZnOSL 242 -1.62 1.128
Ti—doped ZnOSL 1.22 -2.82 2399 C-doped ZnOSL 2.02 -2.02 0.744
V-doped ZnOSL 2.64 —-1.40 1.060 N-doped ZnOSL 406 0.02 0.456
Cr—doped ZnOSL 145 -2.59 0.839 ZnOSL 404 0.00 0.000
Mn-doped ZnOSL 238 -1.66 2.612 Al-doped ZnOSL 1.64 -2.40 0.702
Fe—doped ZnOSL 2.69 -1.34 1.216 Si-doped ZnOSL 1.68 -2.36 1.206
Co-doped ZnOSL 3.37 —-0.67 1.607 P—doped ZnOSL 3.55 -0.49 0.599
Ni—doped ZnOSL 3.00 -1.04 2.405 Ga—doped ZnOSL 1.63 -2.41 0.678
Cu—doped ZnOSL 3.89 -0.15 1.612 Ge-doped ZnOSL 1.64 -2.39 0.838
ZnOSL 4.04 0.00 0.000
Pd—-doped ZnOSL 252 -1.51 2579
Ag-doped ZnOSL 3.78 —0.26 1.750
Pt-doped ZnOSL 2.67 -137 3.041
Au-doped ZnOSL 3.64 -040 2411

lneV.

® Defined as E4(D-ZnOSL)- E4(ZnOSL).

° Dipole moment, in Debye.



49

Table 4.2 Energy gaps, energetics and dipole moment of high—spin undoped, metal-
and nonmetal-doped ZnOSLs, computed at the B3LYP/LanL2DZ level of theory.

Metal-doped ZnOSL  E;*  AE,” DM° Nonmetal-doped ZnOSL E;* AE,° DM°®

Sc—doped ZnOSL 0.98 —0.80 0.364 B-doped ZnOSL 259 081 1.431
Ti—doped ZnOSL 1.30 -0.48 2.248 C-doped ZnOSL 3.48 170 1.043
V-doped ZnOSL 155 -0.23 1.220 N-doped ZnOSL 1.71 -0.07 2.713
Cr—doped ZnOSL 220 042 1625 ZnOSL 1.78 0.00 0.001
Mn—doped ZnOSL 3.07 129 2220 Al-doped ZnOSL 249 0.71 0.646
Fe—doped ZnOSL 342 164 1585 Si-doped ZnOSL 3.07 1.29 1.364
Co-doped ZnOSL 3.75 197 0.800 P-doped ZnOSL 1.68 -0.10 1.991
Ni—doped ZnOSL 3.98 220 0.705 Ga—doped ZnOSL 243 0.65 0.610
Cu—doped ZnOSL 1.63 -0.15 2.166 Ge—doped ZnOSL 296 1.18 1.341
ZnOSL 1.78 0.00 1.364
Pd—-doped ZnOSL 3.45 1.67 1490
Ag-doped ZnOSL 1.77 -0.01 1.704
Pt-doped ZnOSL 2.74 096  2.853
Au-doped ZnOSL 1.75 -0.02 1.746
®IneV.

® Defined as Eq(D-ZnOSL)— E4(ZnOSL).

¢ Dipole moment, in Debye.
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Figure 4.4 Plots of energy gaps of (a) the low—spin (-o-) and high-spin (—o-) metal-
doped ZnOSLs and (b) Gibbs free energy changes of the binding of metal dopant to
Zn vacancy of the low—spin (—o—) and high—spin (—o—) Zn vacancy defect surfaces of
ZnOSLs.

4.4.2 Optimized structures of nonmetal-doped ZnOSLs and their energy gaps

The B3LYP/LanL2DZ—optimized structures of the low—spin B—, C—, N—, Si—,
Al-, P—, Ga—, and Ge—doped ZnOSLs of which formulae are therefore Zn;,011B,
Zn1501:C, Zn3,011N, ZNn;2043Si, Zn32015Al Zng2011P, Zn1,011Ga, and Zn;,04;Ge,
respectively, are shown in Figure 4.5. Plots of frontier orbitals of the low—spin state
nonmetal-doped ZnOSLs are shown in Figure 4.6 and their DOSs are shown in

Figure 4.7.
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Figure 4.5 B3LYP/LanL2DZ-optimized structures of the low-spin (a) B—, (b) C-
, (¢) N-doped  ZnOSLs, (d) undoped  ZnOSL, (e) Al-, (f) Si—, (g) P—, (h) Ga-
and (i) Ge—doped ZnOSLs. The NBO charges for selected atoms are presented in e.
All the nonmetal-doped ZnOSLs are shown based on the periodic table as noted on

the bottom right side.
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Figure 4.6 Plots of the frontier orbitals of the low—spin (a) B—, (b) C—, (c) N—doped
ZnOSLs, (d) undoped  ZnOSL, (e) Al-, (f) Si—, (g) P-, (h) Ga—  and (i) Ge—doped
ZnOSLs. Left and right views are their HOMO and LUMO, respectively. All the
orbitals of nonmetal-doped ZnOSLs are shown at the same positions of their

corresponding structures shown in Figure 4.5
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Figure 4.7 DOSs of the low—spin (a) B—, (b) C—, (c) N-doped ZnOSLs, (d) undoped
ZnOSL, (e) Al-, (f) Si—, (g) P, (h) Ga— and (i) Ge—doped ZnOSLs. All the DOSs of
nonmetal-doped ZnOSLs are shown at the same positions of their corresponding

structures shown in Figure 4.5

SOMOs and HOMOs of all nonmetal-doped ZnOSL are located around dopant atom
except for N-doped ZnOSL of which SOMO is inconsistently distributed over the
molecule. LUMOs of all doped are located around their dopant atom, except N— and
P—doped ZnOSLs of which LUMOs are distributed almost over the whole molecules.
This means that N— and P—doped ZnOSLs are able to share LUMOs around their
molecules to react with adsorbate. Plots of frontier orbitals and DOSs of the high—spin
nonmetal-doped ZnOSLs are, respectively, shown in Figure S4.3 and Figure S4.4 in

supplementary data. The selected geometrical parameters are shown in Table S4.2 in
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supplementary data which shows that Zn1-D, Zn2-D, and Zn3-D bond distances of
all nonmetal-doped ZnOSLs are longer than the undoped ZnOSL. Plots of energy
gaps of the low—spin and high—spin metal-doped ZnOSLs and Gibb’s free energy
changes of binding of nonmetal dopant atom to Oy of the low—spin and high-spin O

vacancy defect surfaces of ZnOSLs are shown in Figure 4.8
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Figure 4.8 Plots of energy gaps of (a) the low—spin (—o—) and high—spin (—o-)
nonmetal-doped ZnOSLs and (b) Gibbs free energy changes of the binding of
nonmetal dopant to O vacancy of the low—spin (-o-) and high-spin (—o—) O—vacancy

defect surfaces of ZnOSLs

It shows that energy gaps of low—spin B—, Al-, and G—(group 11I1B) and C-,
Si— and Ge—(group IVB)-doped ZnOSLs are smaller than their high—spin structures
but low-spin N— and P—(group VB) and O- (group VIB)- doped ZnOSLs are larger
than their high—spin structures. Based on low-lying energy gap, the energy gaps of
nonmetal-doped ZnOSLs are in decreasing order: B (D: 2.42eV)>C (S:
2.02eV)>0 (T: 1.78eV) =N (Q: 1.71eV) > Si (S: 1.68eV) =P (Q: 1.68eV) > Al
(D:1.64eV)=Ge (S:1.64eV)~=Ga (D: 1.63eV); S (singlet), D (doublet), T (triplet),
and Q (quartet) symbols in parentheses are spin states of molecules. The most
preferred doping process are binding of B, Al, and Ga (group I11B elements) single
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atom toward O, position of high—spin oxygen vacancy ZnOSLs, see Figure 4.8(b). It
can be concluded that energy gaps of all the low-spin transition—-metal-doped
ZnOSLs are smaller than nonmetal-doped ZnOSL except for the undoped ZnOSL
(Eq=4.04eV) of which the gap is approximately equal to N-doped ZnOSL
(Eq = 4.06 eV). For the high—spin system, energy gaps of Sc—, Ti—, V-, Cu—, Ag—, and

Au-doped ZnOSLs are smaller than undoped ZnOSL (Eq =1.78 eV). The energy

gaps of high—spin N— and P—doped ZnOSLs were found to be smaller than undoped
ZnOSL

4.4.3 Metal and nonmetal binding for doping reactions

The energetics and thermodynamic properties of dopant atom binding to
Zn, of [ZnOSL + Zn,] and O, of [ZnOSL + O,] are shown in Table 4.3. The binding
abilities of these dopants to Zn vacancy for metal doping system and O vacancy for
nonmetal doping system are in orders: Cr>Ti>Sc>V >Fe>Mn>Ni>Co>
Pt>2Zn>Cu>Pd>Au>Ag and O>N>C>P>Si>Ge>Ga>B>Al,
respectively. Binding reactions for low-spin and high—spin state of all metal- and
nonmetal-doped ZnOSLs are exothermic and spontaneous processes. The most
favored binding reaction for metal doping is the binding of Cr and Ti for low—spin
and high-spin state, respectively. The most favored binding reaction for nonmetal

doping is binding of O and Ga for low-spin and high—spin state, respectively.
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Table 4.3 Energetic and thermodynamic properties of dopant atoms binding to Zny, of
[ZnOSL + Zny] for metal doping and Oy of [ZnOSL + Oy] for nonmetal doping,
computed at the B3LYP/LanL2DZ level of theory.

Binding reaction Ground state Spin—polarized state

AE%inging®  AH%inding®  AG%inding®  AE°indingg  AHCinding®  AGPbinding”
Metal doped
[ZnOSL + Zny] + Sc — Sc—doped ZnOSL -177.59 —177.68 —173.30 —241.12 —242.70 —230.57
[ZnOSL + Zny] + Ti — Ti-doped ZnOSL —184.86 —185.24 —179.99 —297.41 —298.06 —287.54
[ZnOSL + Zny] +V  — V-doped ZnOSL -160.27 -160.74 —155.79 —239.66 —239.30 —232.24
[ZnOSL + Zny] + Cr — Cr—doped ZnOSL —250.26 -250.77 —245.07 —254.36 —255.83 —242.28
[ZnOSL + Zny] + Mn— Mn-doped ZnOSL —145.65 —145.88 —141.03 —236.84 —238.23 —225.58
[ZnOSL + Zny] + Fe — Fe—doped ZnOSL —148.34 —148.67 —143.25 —232.23 —233.69 —219.72
[ZnOSL + Zny] + Co — Co-doped ZnOSL -119.87 —120.36 —114.64 —251.90 —252.41 —242.38
[ZnOSL + Zny] + Ni — Ni—doped ZnOSL —125.38 —126.13 -119.73 -192.15 -193.14 —181.13
[ZnOSL + Zny] + Cu — Cu-doped ZnOSL -101.37 —101.86 -96.16 —281.09 —281.15 —273.09
[ZnOSL + Zny] + Zn — ZnoSL® —105.23 -105.57 —100.05 —186.28 —188.18 —174.61
[ZnOSL + Zny] + Pd — Pd-doped ZnOSL —85.23 —85.59 —80.12 —144.69 —145.85 —131.17
[ZnOSL + Zny] + Ag — Ag-doped ZnOSL -71.69 -71.92 —66.79 —278.73 —278.99 —268.33
[ZnOSL + Zny] + Pt  — Pt-doped ZnOSL -107.97 —108.28 —102.98 —146.16 —147.73 —133.46
[ZnOSL + Zny] + Au — Au-doped ZnOSL =737 51 =73.72 —68.55 -209.71 -210.14 —199.43
Nonmetal doped
[ZnOSL + Oy] +B  — B-doped ZnOSL -35.12 -35.40 -30.96 —131.90 -132.91 —122.53
[ZnOSL + Oy] +C — C—doped ZnOSL —63.72 —64.44 —58.59 -119.76 —120.65 —110.28
[ZnOSL + Oy] + N — N-doped ZnOSL —81.64 —82.41 —76.44 —65.90 -65.99 —58.05
[ZnOSL+0Oy]+O0 — ZnOSL® —110.98 -111.79 —105.63 -119.79 —121.49 —109.38
[ZnOSL + Oy] + Al — Al-doped ZnOSL —24.11 —24.40 -19.56 —136.79 —136.80 —128.03
[ZnOSL + Oy] +Si  — Si—doped ZnOSL —49.08 —49.24 —44.66 —89.06 -89.29 —80.01
[ZnOSL + Oy] +P  — P-doped ZnOSL —61.83 —62.03 —56.81 —49.43 —49.82 -38.91
[ZnOSL + Oy] + Ga — Ga—doped ZnOSL —44.72 —44.93 -39.93 —150.10 —149.95 —141.23
[ZnOSL + Oy] + Ge — Ge—doped ZnOSL —45.28 —45.30 -40.91 —81.50 —81.50 —72.30

21n kcal/mol.

> |dentical to undoped ZnOSL cage.
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4.4.4 NBO charge analysis for metal- and nonmetal-doped ZnOSL

The selected NBO charges (in €) of low—spin and high—spin undoped and
metal-doped ZnOSLs are shown in Table 4.4 and Table 4.5, respectively. It shows
that in both low—spin and high-spin metal-doped ZnOSLs, charge transfers from
dopant to the rest part of molecule for all the metal-doped ZnOSLs as compared with
atomic charge of Zn atom in undoped ZnOSL are preferred. On the other hand, in
both low—spin and high-spin nonmetal-doped ZnOSLs, charge transfers from
molecule of nonmetal-doped ZnOSL to its dopant as compared with partial charge of
O atom in undoped ZnOSL are preferred. All the metal dopant atoms are as electron

acceptor but all the nonmetal dopant atoms are electron donor.
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Table 4.4 Selected NBO charges (in €) of metal- and nonmetal-doped ZnOSLs,
computed at the B3LYP/LanL2DZ level of theory.

ne.

Doped ZnOSL Partial charge® PCT®

o1 02 O3 Dopant
Metal doped
Sc-doped ZnOSL  —1.452 -1.467 -1.467 1.574 —-0.070
Ti—doped ZnOSL  —-1.294 -1.304 -1.306 0.849 —0.795
V-doped ZnOSL -1.341 -1.347 -1.347 1.176 —0.468
Cr—doped ZnOSL  —1.401 -1.390 -1.390 0.966 —0.678
Mn-doped ZnOSL  —1.466 -1.485 -1.485 1.187 —0.457
Fe-doped ZnOSL  —1.433 -1.443 -1.443 1.060 —0.584
Co-doped ZnOSL  —1.521 -1.479 -1.479 1.178 —0.466
Ni-doped ZnOSL  —1.519 -1.404 -1.404 1.023 -0.621
Cu—doped ZnOSL  —1.572 —-1.500 -1.491 1.252 —0.392
Zn—doped ZnOSL® —1.644 —1.643 —1.644 1.644 0.000
Pd-doped ZnOSL  —1.393 -1.338 -1.390 0.826 -0.818
Ag-doped ZnOSL  —1.266 —1.123 -1.247 0.808 —0.836
Pt-doped ZnOSL  —1.337 -1.299 -1.306 0.638 —1.006
Au—doped ZnOSL  —-1.223 -1.114 -1.232 0.690 —0.954
Non metal doped
B-doped ZnOSL 1541  1.483 1541 —-1.355 0.288
C-doped ZnOSL 1593 1574 1593 -1.547 0.096
N-doped ZnOSL 1616 1.608 1.616 -—1.576 0.067
O-doped ZnOSL®  1.644 1644 1644 —1.643 0.000
Al-doped ZnOSL  1.386  1.303 1.385 —0.828 0.815
Si-doped ZnOSL ~ 1.479 1424 1479 -1.164 0.479
P—doped ZnOSL 1529 1.495 1529 -1.299 0.344
Ga-doped ZnOSL  1.391 1.312 1391 -0.843 0.800
Ge-doped ZnOSL ~ 1.459  1.388 1.459 —1.091 0.552

® Partial charge transfer, defined as difference between partial charge of dopant and

Zn of undoped ZnOSL for metal doping system or O of undoped ZnOSL for

nonmetal doping system.

¢ Identical to undoped ZnOSL cage.
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Table 4.5 Selected NBO charges (in e) of high—spin metal- and nonmetal-doped
ZnOSLs, computed at the B3LYP/LanL2DZ level of theory

Doped ZnOSL  Partial charge® PCT®
O1 02 03 Dopant

Metal doped

Sc-doped ZnOSL ~ —1.452 -1.478 -1473 1350  -0.224
Ti-doped ZnOSL ~ -1.313 -1.319 -1.319 1313  -0.261
V-doped ZnOSL ~ —1.421 -1.417 -1417 1103  -0.471
Cr-doped ZnOSL ~ —1.448 -1436 -1436 1051  —0.523
Mn-doped ZnOSL  —1.439 -1.395 -1.395 0997  —0.577
Fe-doped ZnOSL ~ -1.489 -1.491 -1474 1163  —0.411
Co-doped ZnOSL ~ -1.539 -1541 -1.541 1321  —0.253
Ni-doped ZnOSL ~ -1.530 -1.539 -1.539 1304  -0.270
Cu-doped ZnOSL ~ -1.153 -1.334 -1.335 1219  —0.355
Zn-doped ZnOSL® -1.536 -1.617 -1.534  1.574 0.000
Pd-doped ZnOSL ~ —1.405 -1.446 -1.441 0987  —0.587
Ag-doped ZnOSL ~ -1.031 -1252 -1.249 0841  —0.733
Pt-doped ZnOSL ~ —1.328 -1.408 -1.407  0.826  —0.748
Au-doped ZnOSL ~ —1.210 -1.246 -1.245  0.674  —0.900

Znl Zn2 Zn3 Dopant

Non metal doped

B-dopedZnOSL 1535 1508 1535  -1.370  0.256
C-doped ZnOSL 1594 1559 1594  -1507  0.119
N-doped ZnOSL 1412 1509 1404  -0.860  0.766
O-doped ZnOSL®  1.584 1585 1.581  -1.626  0.000
Al-doped ZnOSL 1363  1.302 1363  -0.772  0.854
Si-doped ZnOSL ~ 1.483 1413 1483  -1.125  0.501
P-doped ZnOSL ~ 1.351 1416 1.351  —0.658  0.968
Ga-doped ZnOSL ~ 1.356 1299  1.356  —0.756  0.870
Ge-doped ZnOSL ~ 1.457 1384 1457  -1.044 0582

alne.

b Partial charge transfer, defined as difference between partial charge of dopant and

Zn of undoped ZnOSL for metal doping system or O of undoped ZnOSL for nonmetal

doping system.

c Identical to undoped ZnOSL cage.
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4.5 CONCLUSION

.The optimized structures of the low—spin ZnOSLs doped by single transition—
metal atoms (Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Pd, Ag, Pt and Au) and single
nonmetal atoms (B, C, N, Al, Si, P, Ga and Ge) were obtained using DFT/B3LYP
method. The binding abilities of these dopants to Zn vacancy for metal doping system
and O vacancy for nonmetal doping system are in  orders:
Cr>Ti>Sc>V>Fe>Mn>Ni>Co>Pt>2Zn>Cu>Pd>Au>Ag and
O>N>C>P>Si>Ge>Ga>B>Al, respectively. The metal-doped ZnOSLs
which have remarkably low energy gaps are in following order: low—spin Sc—< Ti—
< Cr—doped ZnOSLs < high-spin Cu— < Zn-= Ag-~ Au-doped ZnOSLs. It may be
concluded that the Sc—, Ti—, and Cr—doped ZnOSLs can be conducting material, and
the V-, Cu-, Ag-, and Au-doped and undoped ZnOSLs can be employed as
photocatalysts. Based on low-lying energy gap, energy gaps of nonmetal-doped
ZnOSLs are in order: B (D: 2.42eV)>C (S: 2.02eV)>0 (T: 1.78eV) =N (Q:
1.71eV)>Si (S:1.68eV) =P (Q: 1.68 eV) > Al (D: 1.64 eV) = Ge (S: 1.64 eV) = Ga
(D: 1.63 eV).
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Figure S4.1 Plots of frontier orbitals of the high—spin (a) Sc—, (b) Ti—, (¢) V-, (d) Cr-
, (&) Mn—, (f) Fe—, (g) Co—, (h) Ni—, (i) Cu—doped ZnOSLs, (j) undoped ZnOSL, (k)
Pd-, (I) Ag—, (m) Pt— and (n) Au—doped ZnOSLs. All the orbitals of metal-doped

ZnOSLs are shown at the same positions of their corresponding structures shown in

Figure 4.1.
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Figure S4.2 DOSs of the high—spin (a) Sc—, (b) Ti—, (c) V-, (d) Cr—, () Mn—, (f) Fe-,
(g9) Co—, (h) Ni—, (i) Cu—doped ZnOSLs, (j) undoped ZnOSL, (k) Pd—, (I) Ag—, (m)
Pt— and (n) Au—doped ZnOSLs. All the DOSs of metal-doped ZnOSLs are shown at

the same positions of their corresponding structures shown in Figure 4. 1.
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Table S4.1 Selected geometrical data for the metal-doped ZnOSLs, computed at the
B3LYP/LanL2DZ level of theory.

Doped ZnOSL Bond distance (A) Bond angle(deg.)
Metal doped: 01-D*  02-D**  03-D*° 01-D-022®  02-D-03*°  03-D-01%°
Sc—doped ZnOSL 1.8994 1.9406 1.9408 112.09 90.95 112.07
Ti-doped ZnOSL 1.8418 1.8586 1.8597 127.22 98.58 127.32
V—doped ZnOSL 1.9574 1.9640 1.9640 116.16 90.73 116.16
Cr—doped ZnOSL 1.8579 1.9272 1.9272 123.56 85.58 123.56
Mn-dopedZnOSL ~ 1.8527 1.9247 1.9247 123.68 88.38 123.68
Fe—doped ZnOSL 1.8456 1.9076 1.9065 118.64 90.29 118.56
Co-doped ZnOSL ~ 1.8825 1.8957 1.8957 126.57 89.08 126.57
Ni-doped ZnOSL 1.8815 1.8730 1.8731 132.99 89.22 133.17
Cu-doped ZnOSL ~ 1.8964 1.9420 1.9414 129.27 89.35 129.04
ZnoSL 1.9112 1.9847 1.9854 123.37 90.88 123.36
Pd-doped ZnOSL 2.0433 20432  2.0853 111.36 84.30 157.98
Ag-doped ZnOSL ~ 2.1204 22399  2.1855 117.12 82.11 144.61
Pt-doped ZnOSL 2.0071  2.0587  2.0662 138.79 79.21 140.91
Au-doped ZnOSL ~ 2.0755 22977  2.1525 122.35 79.93 150.98

801, 02 and O3 are atoms on the ZnOSL which are defined in Figure 4.1.

> D is atom of dopant which is doped on the ZnOSL.



64

Figure S4.3 Plots of the frontier orbitals of the high—spin (a) B—, (b) C—, (c) N—doped
ZnOSLs, (d) ZnOSL, (e) Al—, (f) Si—, (g) P—, (h) Ga—and (i) Ge—doped ZnOSLs. Left
and right views are their HOMO and LUMO, respectively. All the orbitals of non
metal-doped ZnOSLs are shown at the same positions of their corresponding

structures shown in Figure 4.5.
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Figure S4.4 DOSs of the high-spin (a) B—, (b) C—, (c) N-doped ZnOSLs, (d)
ZnOSL, (e) Al-, () Si—, (g) P—, (h) Ga— and (i) Ge—doped ZnOSLs. All the DOSs of

non metal-doped ZnOSLs are shown at the same positions of their corresponding

structures shown in Figure 4.5.
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Table S4.2 Selected geometrical data for the undoped and nonmetal-doped ZnOSLs,
computed at the B3LYP/LanL2DZ level of theory.

Doped ZnOSL Bond distance (A ) Bond angle(deg.)
Nonmetal doped Znl-D* zZn2-D** Zn3-D** Zn1-D-Zn2*  Zn2-D-Zn3**  Zn3-D-Zn1%"
B-doped ZnOSL 2.3309 2.1708 2.3311 118.78 118.75 74.15
C-doped ZnOSL 2.1215 2.0832 2.1212 115.57 115.60 88.75
N-doped ZnOSL 2.0453 1.9834 2.0454 116.01 116.04 88.09
ZnOSL 1.9847 1.9101 1.9844 116.42 116.44 88.84
Al-doped ZnOSL 2.7575 2.5048 2.7575 107.95 107.99 65.22
Si-doped ZnOSL 2.5147 2.5016 2.5147 104.60 104.60 80.91
P—doped ZnOSL 2.5020 2.4394 2.5021 100.07 100.08 75.16
Ga-doped ZnOSL ~ 2.7391 2.5653 2.7389 109.46 109.51 65.97
Ge-doped ZnOSL ~ 2.5689 2.5732 2.5689 102.37 102.36 81.25

87Zn1, Zn2 and Zn3 are atoms on the ZnOSL which are defined in Figure 4.1.

® D is atom of dopant which is doped on the ZnOSL.
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CHAPTER V
DFT INVESTIGATION ON ADSORPTION OF DI-, TRI- AND
TETRA-ATOMIC GASES ON Sc-DOPED ZnO SODALITE LIKE
CAGE FOR GAS SENSING PURPOSE

Waranyu Pipornpong, Supho Phunnarungsi, Vithaya Ruangpornvisuti

This article has been submitted

5.1 ABSTRACT

Structural optimizations for adsorption configurations of di-, tri- and
polyatomic gases on Sc—ZnOSL were carried out using the DFT/B3LYP/GEN
method. Energetics, enthalpies and Gibbs free energies of gas adsorptions were
obtained. Adsorption of SO, on the Sc-ZnOSL was found to be the most energetically
preferred configuration. Use of the Sc-ZnOSL as SO, storage material was suggested.
Since, energy gaps for the Sc—ZnOSL and its adsorption configurations were analyzed
as a function of electrical conductivity, it was found that the largest decrease of
energy gap was taken placed after bridge—structured adsorption of N,O on the Sc—

ZnOSL. The Sc-ZnOSL used as N,O or SO, sensing material was suggested.

5.2 INTRODUCTION

There are various fundamental gases in the atmosphere not only useful gases
but also toxic gases. Hence, gas adsorption material has been getting more and more
concerning topic that many researchers focus for many decades. The great interest
material using for gas sensor is metal oxide nanoparticle (NP) such as SnO,, ZnO,
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TiO,, ZrO,, and CeO, [116-118]. Among metal oxide NP, ZnO nanoparticle (ZnONP)
is very attractive material because of its large surface-to—volume ratio, large specific
surface area and outstanding charge carrier transfer [119, 120]. Moreover, different
morphology of ZnONP showed different selectivity. Hamedani, et.al reported that CO
highly responded to flower—like ZnO, while methane highly responded to the ZnO
nanorod [121]. ZnONP particularly showed a distinctly gas selectivity while
compared to the films [122]. Kukreja L.M. and et.al. synthesized ZnO nanoparticle as
(Zn0O), cluster with n=1-20 and experimentally proven by mass spectroscopy [123].
Also, Castafieda, L. can prepared the ZnO nanocages which suitable for gas sensors
by simple experimental technique [48]. Recently, theoretical calculation have been
explored the geometric structure and electronic properties of (ZnO), cluster with
various sizes [104, 124-128]. Many researchers founded that (ZnO)i, as ZnOSL is
more favorable phase than other ZnO polymorphs [128-130]. Due to ZnOSL, it is
stable and has many active sites on symmetric cage. Despite its dominant features like
shape—selective property and well-defined microporous network making them
attractive for catalysis, it has been less mentioned. In our previous work, the structure
of ZnOSL was optimized and its good adsorption configurations with various gases
were reported [23]. We also showed that doping ZnOSL with different metal and
non—metal affect to the energy gap of ZnOSL [131]. Furthermore, the experimental
results showed that gas sensors based on doping ZnO, such as Pt, Pd and Ag enhanced
the gas adsorption activity by reducing the energy gap [132-134], but they are
expensive. The Al-doped ZnOSL optimization was selective for CO gas molecule due
to the energy gap decreasing and resistivity change. According to the experimental
work, increasing the Al doping concentration enhanced the CO adsorption activity
[135]. Various doping were reported; however, Sc-ZnOSL had the smallest energy
gap compared with others [131]. Moreover, Sc ion particle size exactly fits to the size
of Zn ion [136]. There is no report about the gas adsorption on Sc—ZnOSL. Here we
perform DFT calculation to investigate the adsorption properties of di—atomic (Hz, Na,
0,, CO, NO), tri—-atomic (CO,, N,O, NO,, H,0, SO,), and tetra—atomic (NH3) gases
on Sc-doped ZnOSL using density functional theory. The adsorption energies,
thermodynamic properties and charge transfer from various active sites have been

reported.
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5.3 COMPUTATIONAL DETAILS

Full optimizations of structure of Sc-ZnOSL cage (ScZn;;01, cluster) and
adsorption configurations of gases Hz, N2, O,, CO, NO, CO,, N,O, NO,, H,0, SO,
and NH3 on the Sc—ZnOSL were carried out using density functional theory (DFT)
method. Optimizations for single molecule adsorptions of NO and NO,, their total
electronic states of doublet (spin multiplicity = 2) state were employed. DFT
calculations have been performed with hybrid density functional B3LYP, the Becke’s
three—parameter exchange functional [99] with the Lee—Yang—Parr correlation
functional [100], using the Los Alamos LanL2DZ split—valence basis set [137-139]
for zinc atom and 6-31G(d,p) basis set [140] for remaining atoms. Calculations were
performed with the GAUSSIAN 09 program [141]. All optimized structures and their
electronic properties referred in this paper were obtained using the B3LYP/GEN
calculations which GEN keyword was used to specify basis sets to atoms as

mentioned above.

The adsorption energy (AEggs) for single molecule of gas adsorbed on the Sc—
ZnOSL cluster has been obtained using (5.1)

AEqgs (gas) =E(gas/Sc—ZnOSL) — [E(Sc—ZnOSL) + E(gas)] (5.1)

where E(gas/Sc-ZnOSL) is the total energy of gas molecule adsorbed on the Sc-—
ZnOSL cluster, E(gas) and E(Sc-ZnOSL) are the total energies of isolated gas
adsorbate and free Sc—ZnOSL cluster, respectively.

Adsorption configuration of gas molecule on the Sc—-doped ZnOSL specified
by underline symbol is denoted by i.e. CO/Sc—ZnOSL where CO gas adsorbed on the
Sc-ZnOSL by pointing C atom toward Sc atom of Sc—ZnOSL. This notation means
also that CO is located close to Sc atom which [C---Sc] distance is the shortest length.
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5.4 RESULTS AND DISCUSSION

5.4.1 Structure optimizations

The B3LYP/GEN-optimized structures of Sc—ZnOSL and their adsorption
structures with diatomic gases, Ha, N2, O,, CO and NO are shown in Figure 5.1 and
Figure 5.2. The B3LYP/GEN-optimized structures of Sc—doped ZnOSL and their
adsorption structures with triatomic gases N,O and NO,, H,O, CO,, SO, and
tetraatomic gas NHj are shown in Figure 5.3 and Figure 5.4. The shortest bond—
distances between gas atoms and adsorption atom of the Sc—doped ZnOSL are shown
in Table 5.1. There are two configurations of adsorption structures of Sc—doped
ZnOSL and homonuclear diatomic gases, H,, N, and O, (Figure 5.1). One is the
configuration of pointing their atom toward Sc dopant and the other is toward to O
atom of Sc—doped ZnOSL. The adsorption structures of hetero diatomic gases, CO
and NO, are consist of four configurations as shown in Figure 5.2 and their
interaction distances are shown in Table 5.1. There are four configurations of
adsorption structures of the Sc—doped ZnOSL and N,O as pointing its (a) O toward Sc
and N toward Zn, (b) N toward Sc, (c) O toward Zn and N toward Sc and (d) N
toward Zn which correspond to their structures shown in Figure 5.3. Three
configurations of the Sc—doped ZnOSL and NO, were found shown in Figure 5.3 as
pointing its (e) O toward Sc and O’ toward Zn, (f) O toward Sc and (g) N toward Zn.
Two adsorption configurations of NH3 (triatomic gas) on the Sc—doped ZnOSL were

found.
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Bond distances are in A.
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Figure 5.2 The B3LYP/GEN-optimized structures of the Sc-doped ZnOSL
adsorption with (a) CO (pointing C toward Sc), (b) CO (O toward Sc), (c) CO (C
toward Zn), (d) CO (O toward Zn), (e) NO (N toward Sc), (f) NO (NO bond
perpendicular to Sc), (g) NO (O toward Sc) and (h) NO (N toward Zn). Plots for their
density of states are located beside their images. NBO atomic charges are in

parentheses. Bond distances are in A.
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Figure 5.3 The B3LYP/GEN-optimized structures of the Sc—doped ZnOSL
adsorption with (a) N,O (pointing O toward Sc and N toward Zn), (b) N,O (N toward
Sc), (c) N2O (O toward Zn and N toward Sc), (d) N.O (N toward Zn), (e) NO, (O
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for their density of states are located beside their images. NBO atomic charges are in
parentheses. Bond distances are in A.
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Figure 5.4 The B3LYP/GEN-optimized structures of the Sc—doped ZnOSL
adsorption with (a) H,O (O toward Sc), (b) H,O (O toward Zn), (c) CO, (O toward
Sc), (d) CO, (C-O bond somewhat parallel to Sc-O bond, O toward Sc and C toward
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toward O), (f) SO, (O toward Sc and other O toward Zn), (g) SO (O toward Sc), (h)
SO, (O toward Zn), (i) NH3 (N toward Sc), (J) NHs (N toward Zn). Plots for their
density of states are located beside their images. NBO atomic charges are in

parentheses. Bond distances are in A.
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Table 5.1 The shortest bond—distances between gas atoms and adsorption atom of the
Sc—doped ZnOSL.

Configuration

Bond &P

Bond
distance®

Diatomic gases

Configuration

Bond ¢

Bond
distance®

Polyatomic gases

H,:
H,/Sc-ZnOSL
H,/Sc-ZnOSL
Na:
N2/Sc-ZnOSL
N2/Sc-ZnOSL
0O;:
O,/Sc-ZnOSL
0,/Sc-ZnOSL
CO:
CO/Sc-ZnOSL
OC/Sc-ZnOSL
CO/Sc-ZnOSL
OC/Sc-ZnOSL
NO:
NO/Sc-ZnOSL
NO/Sc-ZnOSL
NO/Sc-ZnOSL
NO/Sc-ZnOSL

H1--Sc
H1--O

N1--Sc
NI1-+Zn

04---Sc

04--Zn

04---Sc

O4--Zn

04S¢, NS¢
04Sc

253
2.44

2.39
2.64

2.47
2.80

2.43
2.35
2.45
2.66

2.07
2.13,2.37
1.99
2.16

H,0:

H,0/Sc-ZnOSL
H,0/Sc-ZnOSL
N,O:

N.0O/Sc-ZnOSL
N,O/Sc-ZnOSL
N,0/Sc-ZnOSL
N,O/Sc-ZnOSL
NO,:

NO,/Sc-ZnOSL
NO,/Sc-ZnOSL
NO,/Sc-ZnOSL
COq:

CQ,/Sc-ZnOSL
CO,/Sc-ZnOSL
CO,/Sc-ZnOSL
SO,:

S0,/Sc-ZnOSL*®
S0,/Sc-ZnOSL
S0,/Sc-ZnOSL
NH3:

NHJ/Sc-ZnOSL
NH3/Sc-ZnOSL

04+
04Zn, Hl-

04-Sc, N2-

04S¢, 05+

N..

04+
0l

04S¢, C-
04+Zn, C--

04---Sc, O5-

04

Sc

Zn

N2
04--Zn, N2
Zn

Sc
Sc

-Zn
04
Zn

Sc

Sc

03

-Zn
04
-Zn

"SC
~Zn

2.25
2.22,1.90

2.12,2.45
2.09
2.18,2.30
2.48

2.16,2.33
2.07
2.53

2.33
2.36,3.01
2.43,2.80

2.15,2.19
2.15
2.13

2.35
2.21

# Bond distance (A--S) between atom A of gas and atom S of the Sc~ZnOSL surface.

® Atomic labels are defined in Figure 5.1.

®InA.

4 Atomic labels are defined in Figure 5.3.

¢ The strongest adsorption structure.



76

5.4.2 Energetics and thermodynamics

Energy gaps, adsorption energies and thermodynamic quantities of gas
adsorptions on Sc-doped ZnOSL are shown in Table 5.2. Based on adsorption
energies, all homonuclear diatomic gases, H,, Nj, and O, as pointing their atoms
toward to Sc dopant atom of the Sc—doped ZnOSL were found to be strongest
adsorptions. The adsorption strengths of homonuclear diatomic gases on the Sc—
doped ZnOSL are in order: O, (AEags =40.65) >> N (AEags =6.79) > Hy (AEags =
0.19 kcal/mol). Adsorption configurations with highest strengths of CO and NO on
the Sc—doped ZnOSL are CO/Sc-ZnOSL and NO/Sc-ZnOSL of which C of CO and
N of NO point toward Sc dopant atom in the Sc—doped ZnOSL, respectively. The
adsorption strengths of heteronuclear diatomic gases on the Sc—doped ZnOSL are in
order: NO (AEags =39.04) >> CO (AE,gs =10.83 kcal/mol).

Water adsorption on the Sc-ZnOSL, the adsorption configuration of H,O/Sc—
ZnOSL was found to be most stable structure and its adsorption energy of —22.20
kcal/mol. There are four configurations of adsorption structures of N,O on the Sc-
ZnOSL and their stabilities are in order: NoO/Sc-ZnOSL (AEags =—27.91) > N,O/Sc—
ZnOSL (AEygs =—22.41) > NoO/Sc-ZnOSL (AEags =18.55) >_N,0O/Sc-ZnOSL (AEqgs
=-1.25 kcal/mol). Three configurations (NO,/Sc-ZnOSL, NO,/Sc-ZnOSL and
NO,/Sc-ZnOSL) of NO; adsorbed on the Sc—ZnOSL were obtained which adsorption
energies of the second and third configurations are respectively —27.72 and —27.41
kcal/mol but the first one is unstable structure. All three adsorption configurations
(CO,/Sc—ZnOSL, CO,/Sc-ZnOSL and CO,/Sc-ZnOSL) of CO, on the Sc-ZnOSL
were found to be weak adsorption interactions. Three adsorption configurations
(SO,/Sc-ZnOSL, SO,/Sc-ZnOSL and SO,/Sc-ZnOSL) of SO, on the Sc-ZnOSL are
very stable of which adsorption energies are —63.57, -57.30 and —32.58 kcal/mol,
respectively. Two adsorption configurations (NHs/Sc—ZnOSL and NH3/Sc-ZnOSL)
of NHj3 only one tetraatomic gas, on the Sc-ZnOSL were found that their adsorption
energies are —26.91 and —17.74 kcal/mol, respectively.
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Free energies of adsorptions of studied gases on the Sc—ZnOSL are shown in
Table 5.2 and the free energy profile of the Sc—doped ZnOSL and its adsorption
structures with small gases is shown in Figure 5.5. It shows that SO, adsorbed on the
Sc—ZnOSL is the most preferable spontaneous process and may suggest that the Sc—

ZnOSL can be used as SO, storage material.

Table 5.2 Energy gaps, adsorption energies and thermodynamic quantities of gas
adsorptions on Sc—doped ZnOSL, computed at the B3LYP/GEN level of theory.

Configuration Eg® AE;" AEas® AHus® AGu:® Configuration Eg®  AE,®  AEas® AHags®  AGass®

Sc-ZnOSL 1.19

Hy: H,0:

H,/Sc-ZnOSL 144 2101 -0.19 -0.50 4.80 H,0/Sc-ZnOSL 133 1176 -22.20 -22.31 -14.31
H,/Sc-ZnOSL 1.19 0.00 0.50 0.16 5.36 H,0/Sc-ZnOSL 1.09 -8.40 -13.64 -14.27 -4.57
Ny: N2O:

N,/Sc-ZnOSL 056 -52.94 -6.79 —6.58 0.91 N,O/Sc-ZnOSL 216 8151 -27.91 -27.79 -17.28
N,/Sc-ZnOSL 1.06 -10.92 -0.15 0.39 5.58 N,O/Sc-ZnOSL 1.03 -1345 -18.55 -17.99 -9.97
0Oy N,O/Sc-ZnOSL 192 6134 -22.41 -22.41 -11.42
0,/Sc-ZnOSL 152 27.73 —40.65 —-40.67 -33.39 N,0/Sc-ZnOSL 1.05 -11.76 -1.25 -1.23 7.65
0,/Sc-ZnOSL 113 -5.04 -37.97 -37.87 -31.76 NO,:

CO: NO,/Sc-ZnOSL 112 -5.88 0.035 0.720 8.239
CO/Sc-ZnOSL 062 4790 -10.83 -10.73 -2.33 NO,/Sc-ZnOSL 0.79 -33.61 -27.72 -27.37 -17.72
CO/Sc-ZnOSL 051 -57.14 -5.60 -5.30 2:51- NO,/Sc-ZnOSL 0.61 -48.74 -27.41 —27.42 -15.67
CO/Sc-ZnOSL 094 -21.01 -3.38 -3.09 4.40 CO;:

CO/Sc-ZnOSL 111 -6.72 -0.11 0.49 6.04 CO,/Sc-ZnOSL 141 18.49 -8.97 -8.47 -1.67
NO: CO,/Sc-ZnOSL 153 2857 -8.17 -7.78 -0.04
NO/Sc-ZnOSL 097 -18.49 -39.04 -39.04 -29.64 CO,/Sc-ZnOSL 112 -5.88 -3.40 -2.95 4.79

NO/Sc-ZnOSL 1.08 -9.24 -34.71  -34.62 —-25.53 SO;:

NO/Sc-ZnOSL 091 2353 3487 -34.72 -26.11 SO,/Sc-ZnOSL 1.95 63.87 -63.57  —63.47 -51.57

NO/Sc-ZnOSL 0.68 4286 -14.72 1458 -5.65 SO,/Sc-ZnOSL 1.67 40.34 -57.30  -56.93 —46.71
SO,/Sc-ZnOSL 113 504 -32.58  -32.36 —-20.95
NH3:
NHa/Sc-ZnOSL 147 2353 -2691  -27.12 -19.24
NHa/Sc-ZnOSL 1.01 -1513 -17.74  -18.03 -9.33

®IneV.
® Percentage of energy—gap change compared with clean Sc-ZnOSL.
¢ Based on zero—point energy correction, in kcal/mol.

4 At 298.15 K, in kcal/mol.
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Figure 5.5 Free energy profile of adsorptions of small gas over the Sc-doped ZnOSL.
Short symbols indicate atomic site(s) of the Sc—doped ZnOSL of which full notations
are defined in Table 5.1.

5.4.3 Density of state and gap energy

Density of states (DOSs) of the B3LYP/GEN-optimized structures of Sc—doped
ZnOSL and their adsorption structures with H,, N, and O, (Figure 5.1), CO and NO
(Figure 5.2), N,O and NO; (Figure 5.3), H,O, CO,, SO,, NH3; (Figure 5.4) were
obtained. The energy gaps of all adsorption structures and their changes (Eg) with
respect to clean Sc—ZnOSL are shown in Table 5.2. Plot of changes in energy gaps of
the Sc-ZnOSL during gas adsorptions, illustrated in Figure 5.6, shows that N,O gives
highest positive change in energy gap (81.51%) on the Sc-ZnOSL. The second
highest positive change in energy gap (63.87%) of the N,O adsorbed on the Sc-
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ZnOSL was found. It may suggest that the Sc—ZnOSL can be working as N,O or SO,
detecting material by measurement in change of its resistance.

Other way around, N, CO, NO and NO, are candidates to give competitively
high negative changes in energy gap on the Sc—ZnOSL and magnitudes of electric
conductance due to theses four gases adsorbed on the Sc-ZnOSL are in order:
CO (-57.14%) > N, (-52.94%) > NO, (-48.74%) > NO (-42.86%). The Sc-ZnOSL is

hardly ever used to significantly detect these gases in their mixtures.

N,O

SO,

co
H, O ? NH;

=X 20 - H,0

3 o ﬂuuu .

NO
NO»

Figure 5.6 Changes in energy gaps (in %) of the Sc—doped ZnOSL while each gas is
adsorbed. Adsorption sequences correspond to data tabulated in Table 5.2.
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5.4.4 NBO atomic charges

NBO atomic charges of the B3LYP/GEN-optimized structures of the Sc—
ZnOSL and their adsorption structures with H,, N, and O, (Figure 5.1), CO and NO
(Figure 5.2), N,O and NO, (Figure 5.3), H,O, CO,, SO,, NH3 (Figure 5.4) were
obtained. NBO charges of gases atoms, atoms nearby adsorption area of the Sc—
ZnOSL and partial charge transfer (PCT) of Sc and neighboring Zn atom are shown in
Table 5.3 and Table 5.4. As PCTs of both Sc and neighboring Zn of the Sc-ZnOSL
adsorbed by N,O and SO, result high positive values which are respectively (Sc
=0.028e, Zn=0.066¢) and (Sc=0.038e, Zn=0.084e), their adsorption structures can be
reasonably described as ON,/Sc—ZnOSL (AEas =—27.94 kcal/mol) and SO,/Sc—
ZnOSL (AE,gs =63.57 kcal/mol), respectively. All partial charges of Sc dopant in the
Sc-ZnOSL are regularly larger than neighboring Zn atom.
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Table 5.3 NBO charges of diatomic gases atoms, atoms nearby adsorption area of the
Sc—doped ZnOSL and partial charge transfer (PCT) of Sc and neighboring Zn atom,
computed at the B3LYP/GEN level of theory.

Configuration NBO partial charge ? PCT®
o} Sc 0, Zn (o8 Gas®
Atom#1l Atom#2 Atom #3 Sc Zn
Sc-ZnOSL -1.401 1610 -1412 1451 -1.567 - - - - -
Ha: H1 H2
H,/Sc-ZnOSL -1.376 1562 -1.388 1.444 -1.566 0.040 0.019 - -0.048 -0.007
H,/Sc-ZnOSL -1.401 1611 -1415 1461 -1571 0.003 -0.001 - 0.001 0.010
H,/Sc-ZnOSL ~ -1.400 1.612 -1.415 1461 -1.582 0.029 -0.033 - 0.002 0.010
N2: N1 N2
No/Sc-ZnOSL ~ -1.372 1535 -1.380 1450 -1.566 —-0.095 0.090 - -0.075 -0.001
N,/Sc-ZnOSL -1.399 1593 -1415 1444 -1.570 -0.019 -0.075 - -0.017 -0.007
0O;: 04 05 -
O,/Sc—ZnOSL  -1.375 1547 -1.385 1440 -1.565 -0.020 0.123 - -0.063 -0.011
0O,/Sc-ZnOSL  -1.400 1.607 -1.415 1454 -1571 -0.021 0.052 - -0.003 0.003
CO: C 04
CO/Sc-ZnOSL  -1.369 1408 -1.375 1.465 -1.567 0.465 -0.432 - -0.202 0.014
OC/Sc-ZnOSL  -1.375 1595 -1.385 1.445 -1.566 0.610 —-0.605 - -0.015 -0.006
CO/Sc-ZnOSL -1.400 1578 -1.407 1.355 -1.559 0.541 —-0.445 - -0.032 -0.096
OC/Sc-ZnOSL  -1.400 1.605 -1.416 1.467 -1.572 0.584 —-0.556 - -0.005 0.016
NO N 04
NO/Sc-ZznOSL  -1.379 1467 -1.393 1.584 -1.568 —-0.022 -0.297 - -0.143 0.133
ON/Sc-ZnOSL  -1.371 1.498 -1.387 1.587 -1.567 -0.081 -0.506 - -0.112 0.136
ON/Sc-ZnOSL  -1.385 1.617 -1.399 1.585 -1.567 —-0.038 -0.622 - 0.007 0.134
NO/Sc-ZnOSL  -1.403 1.766 -1.369 1.396 -1.534 -0.165 -0.298 - 0.156 -0.055
“Ine.

b Atoms in gas, in e.

¢ Partial charge transfer, defined as a difference of between adsorption—site metal

atom of adsorption and non—adsorption states, in e.
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Table 5.4 NBO charges of polyatomicgases atoms, atoms nearby adsorption area of
the Sc—doped ZnOSL and partial charge transfer (PCT) of Sc and neighboring Zn
atom, computed at the B3LYP/GEN level of theory.

Configuration NBO partial charge * PCT®
(o} Sc 0, Zn (o8 Gas®
Atom#1 Atom#2 Atom#3 Sc Zn
Sc-ZnOSL -1.401 1610 -1.412 1451 -1.567 - - - - -
H,0: 04 H1 H2

H,O/Sc-ZnOSL  -1.382 1594 -1.393 1446 -1.566 -1.001 0.549 0547 -0.016 -0.005
H,O/Sc-ZnOSL  -1.401 1.633 -1.401 1466 -1.577 -1.037 0.552 0.524  0.023 0.015
N2O: N2 N1 04

ON,/Sc-ZnOSL  -1.400 1.638 -1.375 1517 -1.558 -0.206 0.201 -0.631  0.028  0.066
N,O/Sc-ZnOSL  -1.374 1529 -1.391 1587 -1.567 -0.496 0.306 -0.421 -0.081  0.136
ON,/Sc-ZnOSL  -1.396 1.616 -1.356 1501 -1.545 -0.337 0.271 -0.571  0.006  0.050
N,O/Sc-ZnOSL  -1.401 1571 -1.411 1.443 -1.564 -0.109 0.455 -0.293 -0.039 -0.008
NO:: 04 N 05

NO,/Sc-ZnOSL  -1.400 1.648 -1.364 1532 -1.555 -0.572 0.361 -0.464  0.038  0.081
NO./Sc-ZnOSL  -1.380 1577 -1.394 1585 -1.567 —0.586 0.258 -0.314 -0.033 0.134
NO,/Sc-ZnOSL  -1.397 1718 -1.399 1427 -1.556 -0.287 0.368 -0.287  0.108 -0.024
COz: 04 C 05

CO,/Sc-ZnOSL  -1.376 1576 -1.390 1.438 -1.566 —0.568 1.105 -0.444 -0.034 -0.013
CO,/Sc-ZnOSL -1.391 1568 -1.388 1453 -1.565 -0.579 1.105 -0.441 -0.042  0.002
CO,/Sc-ZnOSL  -1.400 1.622 -1.410 1462 -1.586 -0.581 1.094 -0.479  0.012 0.011
SO;: 04 S 05

SO,/Sc-ZnOSL  -1.400 1.646 -1.367 1535 -1.550 -0.971 1.228 0930 0.036  0.084
SO,/Sc-ZnOSL  -1.363 1503 -1.377 1583 -1.567 -0.949 1.199 -0.872 -0.107  0.132
SO,/Sc-ZnOSL  -1.405 1.787 -1.341 1513 -1.536 -0.991 1.179 -0.954  0.177  0.062
NH3: N H1 H2

NHs/Sc-ZnOSL  -1.378 1582 -1.389 1442 -1.566 -1.193 0.436 0.436 -0.028 —0.009
NHs/Sc-ZnOSL  -1.403 1556 -1.402 1.441 -1.556 -1.205 0.438 0.430 -0.054 -0.010

®Ine.
b Atoms in gas, in e.

¢ Partial charge transfer, defined as a difference of between adsorption—site metal

atom of adsorption and non—adsorption states, in e.
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5.5 CONCLUSION

Adsorption of diatomic (Hz, N2, O,, CO and NO), triatomic (N,O, NO,, H,0,
CO,, and SO,) and polyatomic (NH3) gases on Sc-ZnOSL was studied using the
B3LYP/GEN method. Energies, enthalpies and Gibbs free energies of gas adsorptions
were obtained. Adsorption strengths of diatomic gases on the Sc—ZnOSL are in order:
0, (AEags =—40.65) > NO (AEags =39.04) >> CO (AEags =—10.83 >> N, (AEags =—
6.79) > H, (AEags =0.19 kcal/mol). Adsorption strengths of tri- and tetraatomic gases
the Sc—ZnOSL (the most stable configurations) are in order: SO,/Sc—ZnNOSL (AEags
= 63.57) > NpO/Sc-ZnOSL (AEags =—27.91) = NOo/Sc-ZnOSL (AEygs =—27.72) >
NH3/Sc—ZnOSL (AEags =26.91 kcal/mol). It can be concluded that SO, adsorbed on
the Sc-ZnOSL is the most energetically preferred configuration and the Sc-ZnOSL
can be used as SO, storage material. It may suggest that the Sc—ZnOSL can be

working as N,O or SO, detecting material by measurement in change of its resistance.
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5.6 SUPPLEMENTARY DATA
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Figure S5.1 Plot of frontier orbitals’ energies against adsorption structures of Sc—
doped ZnOSL with di—atomic gases. HOMO-LUMO gaps are compared with the
clean Sc—doped ZnOSL.
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CHAPTER VI
MECHANISM OF CO CONVERSION TO CO, OVER THE Mn-
DOPED TiO, (001) SURFACE UNDER O, ATMOSPHERE
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6.1 ABSTRACT

Mechanisms of CO oxidation by O, over the Mn—doped TiO, (001) surface to
afford CO, was investigated using periodic DFT method. Two similar mechanisms of
different structures of oxygen pre—adsorbed on the Mn—doped TiO, surface were
found that are energetically preferred reactions. The both mechanisms were found to
consist of five reaction steps of which overall reaction, 2CO+0, — 2CO, and reaction

energies (-199.69 kcal/mol) are obtained.

6.2 INTRODUCTION

There are many types of CO conversion catalysts such as precious metal
particles or their supported on metal oxide [142-146]. Many researchers focus on the
efficiency of metal oxide such as MnO, [147, 148], CuO [149] and ZnO [150], due to
its ability to exchange lattice oxygen with the gas phase. One of the most thermally
stable metal oxides is TiO,. Two main polymorphs of TiO,, rutile and anatase, have
been studied in experimental and theoretical researches as CO conversion catalyst
[151-154]. The high adsorption reactivity and high catalytic efficiency of anatase
(001) are influenced by its higher surface area and density of surface [20, 155, 156].
Furthermore, atoms of Tisc on the (001) surface are able to enhance the catalytic
reactivity in heterogeneous reactions [157, 158].
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Anatase (001) has been extensively improved by doping with transition metal
(M-TiO,). The results of doping enhance the catalytic performance of anatase in the
conversion reactions [19, 159, 160]. In our previous works, we found that conversion
of CO to CO, occurred on oxygen vacancy defect of anatase surface [152, 153]. The
dopants were selected based on the findings of McFarland’s study [19]. The cation
dopant with ionic radius and electronegativity close to those of Ti**cation is the most
suitable dopant owing to less distortion inside TiO,. This explanation demonstrated
that Mn doping (Mn-TiQy) is particularly outstanding attributed to the resemblance in
charge and radii of Ti and Mn ions [161-163]. Furthermore, the Mn-TiO, catalyst was

also prepared by many techniques such as hydrothermal treatment [164], solvothermal

synthesis [165] and sol-gel method [166]. A series of Mn/TiO, catalysts were

prepared and investigated for the catalytic CO oxidation reaction and found to exhibit
the best catalytic activity for CO oxidation [167]. In the present work, the CO
oxidation with O, on Mn-TiO, to yield CO, has, therefore, been investigated using
periodic DFT method. Mechanism depending on adsorption configurations of Mn—
TiO; (001) surface with CO, O, and CO; for CO oxidation to CO; has been resolved.

6.3 COMPUTATIONAL DETAILS

The crystal model was extracted from an experimental bulk of anatase
structure [168]. All DFT calculations were performed and investigated using
CRYSTALO6 computational code [168] based on DFT/PBE. The basis sets, the Hay—

Wadt “small-core” ECPs with the 411(311d)G level of contraction [169] and the

triple—zeta valence with polarization quality (TZVP) [170] have been respectively
employed for the titanium and oxygen on the TiO, (001) surface. Charges of Ti and O
were set as Ti**, and O, respectively. Broyden’s convergence accelerator tool for
geometry optimization convergence was used. The convergence threshold for energy
change between optimization steps was set as default at 10°° a.u. Consequently,

anatase (001) clean surface was created with nine layers from slab cut (~5.64 A of
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thickness) as shown in Figure 6.1(a). To perform Mn-TiO; surface, one Ti atom on

the anatase (001) surface was substituted by one Mn atom. The Hay—Wadt “small—

core” ECPs with the 411(311d)G level of contraction basis set [89] was set for Mn

atom. Since Mn** was the key role of catalysis process [19, 163, 164, 171], only top
three layers were allowed to relax whereas the bottom six layers were constrained at

the bulk position in optimization process.

6.4 RESULTS AND DISCUSSION

6.4.1 Bulk structure of anatase TiO,

The lattice structure of anatase TiO, belongs to 141/amd space group and
consists of Tige, Oz, and Oz in TiO, bulk. The O is called bridging oxygen. With
full optimization performing with 8x8x8 shrinking factors, optimized coordinates in
the anatase conventional cell of Ti and O were (0, 0, 0) and (0, O, 2.06562),
respectively. The optimized lattice parameters of the bulk anatase TiO,,
a=b=3.77596 A, ¢ =9.58085 A, and o = = y = 90° were obtained.

6.4.2 The TiO, (001) and Mn—doped surfaces

The anatase TiO, (001) surface represent a large portion of the surface of
polycrystalline TiO, which was utilized as it is the lowest energy surface of anatase
TiO,, therefore (001) surface was widely investigated [172, 173]. The optimized—
structure of anatase TiO,(001) surface modeled by (2x3) slab of nine layers,
containing altogether 18 Ti and 36 O atoms are shown in Figure 6.1(a). It shows Tisc

and O, on slab cut layer.
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The Mn-doped anatase TiO, (001) surface represented by doping Mn into the
titanium-vacancy (Vri) on the TiO,(001) surface (denoted by [TiO,+V+i]) can be
presented as following reaction equations.

TiO, — [Ti02+VTi] + Ti (51)

Mn + [Ti02+VTi] — Mn-TiO, (52)

After doping Mn on the TiO,(001) surface, the structure of Mn-TiO, anatase TiO;
(001) surface was re—optimized by relaxing the three upper layers of slab surface. The
optimized-structure Mn—doped TiO, (001) surface is shown in Figure 6.1(b). It was
found that Ti*" of the topmost (001) layer was easily replaced with Mn*" as depicted
in Figure 6.1(b). Investigation results showed that the atomic positions of re—
optimized Mn-TiO, surface was closely to un-doped TiO, (001) surface.
The binding energy (AEbinging) for Mn bound to [TiO»+Vri], E(Mn-TiOy)-
{E[TiO,+V7]+E(Mn*")}, of —750.28 kcal/mol was obtained.
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Figure 6.1 The optimized—structures of (a) un—doped and (b) Mn—doped anatase TiO,
(001) surfaces modeled by (2 x 3) slab of nine layers, containing altogether 18 Ti and

36 O atoms. Top and side views are shown at the top and bottom images, respectively.
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6.4.3 Adsorption of adsorbate gases on the Mn—doped TiO, surface

6.4.3.1 Adsorption of oxygen on the Mn—doped TiO, surface

Two optimized adsorption structures of oxygen molecule adsorbed on the Mn—
doped TiO, surface were found. There are two configurations of O, adsorbed on the
Mn—doped TiO, surface, one is the \V—shape configuration (denoted by O,"/Mn-TiO,)
and the other is the I-shape configuration (denoted by O,'/Mn-TiO,), as shown in
Figure 6.2. The V—shape configuration (O,"/Mn-TiO,) was found to be more stable
than the l-shape configuration (O./Mn-TiO,) by 18.35 kcal/mol. Accordingly,
adsorption strengths of two configurations of O, adsorbed on the Mn-TiO, are in
order: 0,Y/Mn-TiO, (AEass =—102.35 kcal/mol) > O,/Mn-TiO, (AEass =—84.00
kcal/mol) of which adsorption strengths are larger than the O, adsorbed on the un—
doped TiO; (AEags =68.13 kcal/mol), see Table 6.2. Only one conformation of CO
gas adsorbed on the Mn-TiO; (AE,gs =66.08 kcal/mol) was found and the adsorption
strengths is much less than the adsorption of O,'/Mn-TiO, and O,/Mn-TiO, as
shown in Table 6.2. For adsorption strengths of oxygen atom on un- and the Mn-—
doped TiO, are in order: O/Mn-TiO; (AEags =—216.50 kcal/mol) > O/TiO; (AEags =
187.70 kcal/mol).
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AE.=0.00 AE = 18.35

Figure 6.2 The adsorption structures of O, on Mn—doped TiO, surface as (a) V-shape
configuration (O,'/Mn-TiO,) and (b) |-shape configuration (O,/Mn-TiO,). Their
relative energies (AE) are in kcal/mol and bond distances are in A. Top and side

views are shown at the top and bottom images, respectively.
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Table 6.1 Lattice parameters of the anatase TiO, crystals based (I41/amd space

group), compared with other computed and observed results.

Lattice parameters

Methods
a C

DFT/PBE 3.776 9.581
DFT+U"® 3.806 9.679
DFT/PBE ° 3.794 9.515
DFT/B3LYP* 3.736 9.981
Exp. © 3.785 9.513
Exp. 3.785 9.514
Exp. Mn-TiO, | 3.785 9.304
Exp. ¢ 3.786 9.504
Exp. Mn-TiO; (0.02 wt% Mn) ¢ 3.784 9.492
Exp. Mn-TiO; (0.04 wt% Mn) ¢ 3.804 9.468
Exp. Mn-TiO; (0.06 wt% Mn) ¢ 3.760 9.440
Exp. Mn-TiO; (0.08 wt% Mn) ¢ 3.780 9.428

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

b Computed with the DFT+U method, taken from reference. [174]

¢ Computed with the DFT/PBE method, taken from reference. [175]

¢ Computed with the DFT/B3LYP method, taken from reference. [159]

¢ Experimental data, taken from reference. [91]
" Experimental data, taken from reference. [176]

9 Experimental data, taken from reference. [166]
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Table 6.2 The adsorption energies (AE,gs) of gas adsorbed and co-adsorbed on un—
and Mn-doped TiO, (001) surfaces.

AEags?
Adsorbates Tio, Mn-TiO,
V—conf. I- conf. perfect conf.
Mono adsorption:
0, -68.13 -102.35 -84.00 b
O -187.70 —216.50° —216.50° b
co -27.19 -P -b -66.08
co A ~7.07° 720" b
co —6.339 5.81" -2.09' b
Co-adsorption:
CO/0,] - ~109.42* -91.20 b
co/0'  -194.03 —222.31 —218.59* b

#In kcal/mol.

Y No adsorption is obtained.

¢ The same configuration.

¢ Unreliable value is obtained.

® CO located over the Mn atom of the Oo/Mn-TiO5.

"CO located over the Ti atom of the O,/Mn-TiO,.

9 AE ;s is defined as E(CO/O-slab)— [E(O-slab)+E(CO)].

" CO located over the Mn atom of the O/Mn-TiO5.

' CO located over the Ti atom of the O/Mn-TiO5.

J AEqqs of co—adsorption is defined as E(CO/O,/slab)-[E(slab)+E(O,)+E(CO)].

K Computed based on a theoretical equation, AE,gs(CO/Oy/slab) = —AE,qs(CO/slab)

" AE.qs of co—adsorption is defined as E(CO/O-slab)-[E(slab)+E(O)+E(CO)].
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6.4.3.2 Adsorption of CO on the Mn—doped TiO, and oxygen—pre—adsorbed Mn-—

doped TiO; surfaces

The adsorption strength of CO adsorbed on the Mn-TiO; is obviously much
less than the O, adsorbed on the Mn-TiO,, as shown in Table 6.2. Nevertheless, the
CO adsorptions on the Mn-TiO; are stronger than on the TiO; (AEss =—27.19
kcal/mol). The CO adsorbs on two different configurations of oxygen molecule—pre—
adsorbed Mn—doped TiO, surfaces which are 0,Y/Mn-TiO, and O,/Mn-TiO, are

quite weak.

The optimized configurations of CO adsorbed on the O,/Mn-TiO, and
0,'/Mn-TiO, surfaces as CO/O,"/Mn-TiO, and CO/O,'/Mn-TiO, surfaces of which
adsorption energies (—7.07 and —7.20 kcal/mol, respectively) are quite close to each
other. It was found that co—absorption energies of CO and O, on the Mn-TiO, surface
as CO/0,’/Mn-TiO, and CO/O,'/Mn-TiO, configurations are —109.42 and —91.20
kcal/mol, respectively. For the co—absorption energies of CO molecule and O atom on
the Mn-TiO; surface as CO/O/Mn-TiO; and CO’/O/Mn-TiO, configurations are —
222.31 and —218.59 kcal/mol, respectively.

6.4.4 The mechanism of the CO oxidation by O, to CO, on the Mn-TiO,

The oxidation reaction of CO conversion CO; on the Mn-TiO, by O, was found to be
two mechanisms of which are composed of five elementary steps. The preferred
mechanism of the CO oxidation by O, to CO;, on the Mn-TiO, undertakes via the
formation of the O,"/Mn-TiO, conformation as the first step of reaction; adsorption
energy of O, on the Mn-TiO; surface of —102.35 kcal/mol was found. The second
step, the O,"/Mn-TiO, conformation can weakly adsorb CO molecule to form CO/
0,Y/Mn-TiO,, CO+ 0,Y/Mn-TiO, — CO/ O,"/Mn-TiO, of which reaction energy is
—7.07 kcal/mol. The CO was found to be located over the Mn atom of the Mn-TiO,
by pointing its C atom toward Mn atom of which bond distance (OC---Mn) is 2.04 A.
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The bond distance between C atom of CO and nearby O atom of O, (OC---O) is 2.44
A. The third step is to form CO, while desorb from the O/Mn-TiO, surface which can
weakly adsorb the second CO gas to form CO/O/Mn-TiO; structure as the forth step.
The last step, the second CO, was formed and desorb from the Mn-TiO, surface. The
energy profile for the oxidation reaction between CO and O, to afford CO; via the

0,'/Mn-TiO, conformation is shown in Figure 6.3
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Figure 6.3 Potential energy profile for CO oxidation to CO, on V-shape oxygen—pre—
adsorbed on the Mn-TiO, (001) (O,"/Mn-TiO,). Potential energies are in kcal/mol
and bond distances are in A. Top and side views are shown at the top and bottom

images, respectively.
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The other mechanism of the CO oxidation by O, to CO;, on the Mn-TiO,
undertakes via the formation of the O,'/Mn-TiO, conformation as the first step of
reaction; adsorption energy of O, on the Mn-TiO; surface of —84.00 kcal/mol was
found. The second step, the O,/Mn-TiO, conformation can weakly adsorb CO
molecule to form CO/O,'/Mn-TiO,, CO+ O,'/Mn-TiO,— CO/O,'/Mn-TiO; of which
reaction energy is —7.20 kcal/mol. The CO was found to be located over the Ti atom
of the Mn-TiO,, which close to the Mn atom, by pointing its C atom toward
neighboring Ti atom of which bond distance (OC---Ti) is 2.40 A. The bond distance
between C atom of CO and nearby O atom of O, (OC---0) is 2.51 A. The third step is
to form CO, while desorb from the O/Mn-TiO; surface which can weakly adsorb the
second CO gas to form CO’/O/Mn-TiO; structure as the forth step. The last step, the
second CO, was formed and desorb from the Mn—TiO, surface. The energy profile for
the oxidation reaction between CO and O, to afford CO, via the O,/Mn-TiO,

conformation is shown in Figure 6.4.
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Figure 6.4 Potential energy profile for CO oxidation to CO, on I-shape oxygen—pre—
adsorbed on the Mn-TiO, (001) (O.'/Mn-TiO,). Potential energies are in kcal/mol
and bond distances are in A. Top and side views are shown at the top and bottom

images, respectively.
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6.5 CONCLUSION

The binding energy for Mn bound to [TiO,+V+i] and mechanisms of CO
oxidation by O, over the Mn—doped TiO,(001) surface to afford CO, was investigated
using periodic DFT method. The binding energy for Mn bound to [TiO,+Vri], of —
750.28 kcal/mol was obtained. There are two similar mechanisms of different
structures of oxygen pre—adsorbed on the Mn—doped TiO, surface were found that are
energetically preferred reactions of which overall reaction, 2CO+0O, — 2CO, and
reaction energies (-199.69 kcal/mol) are obtained. The Mn—doped TiO»(001) was

therefore suggested to be the efficient catalyst to conversion of CO to CO,.



CHAPTER VII
CONCLUSIONS

We have studied the properties of modified anatase TiO, (001). Due to the
reason that ZnOSL show strong binding onto anatase TiO, (001) surface, it was
immobilized by anatase TiO; (001) surface. Interconversion of CO + O, to CO, on the
ZnOSL-decorated TiO, (001) surface was investigated using periodic DFT
computations at the B3LYP level. The reaction mechanism for CO to CO; on the
ZnOSL of the ZnOSL-TiO;, is composed of five reaction steps. The stepwise
adsorption energies of the first and second CO, adsorptions are —5.21 and —2.31
kcal/mol, respectively. The energy of —179.76 kcal/mol for the reaction of 2CO + O,
to 2CO, over the ZnOSL was obtained. Moreover, the optimized and electronic
structures of doped ZnOSLs by single transition—metal atoms (Sc, Ti, V, Cr, Mn, Fe,
Co, Ni, Cu, Pd, Ag, Pt and Au) and single nonmetal atoms (B, C, N, Al, Si, P, Ga and
Ge) doped ZnOSL were studied. The binding abilities of these dopants to Zn vacancy
for metal doping system and O vacancy for nonmetal doping system are in orders:
Cr>Ti>Sc>V>Fe>Mn>Ni>Co>Pt>2Zn>Cu>Pd>Au>Ag and
O>N>C>P>Si>Ge>Ga>B>Al, respectively. The Sc-ZnOSL has
remarkably lowest energy gap. The adsorption abilities of diatomic gases on the Sc—
ZnOSL surface are in the order: O,/Sc-ZnOSL > NO/Sc-ZnOSL > CO/Sc-ZnOSL >
N2/Sc—ZnOSL > H,/Sc—ZnOSL, respectively. The adsorption abilities of polyatomic
gases on the Sc—ZnOSL surface were in the orders: SO,/Sc—ZnOSL > N,O/Sc—
ZnOSL > NO,/Sc-ZnOSL > NH3/Sc-ZnOSL > H,0/Sc-ZnOSL > CO,/Sc-ZnOSL,
respectively. It was found that the Sc active site is the stronger adsorption site than Zn
site. In particular, the SO is the most preferred adsorbed gas on the Sc—ZnOSL. The
most decreasing of energy gap for bridge—structured adsorption of N,O on Sc—ZnOSL
was found. Hence, the Sc-ZnOSL can be used as N,O or SO, sensing material.
Finally, the conversion reaction on Mn—doped TiO, (001) was studied. For Mn—doped
TiO; (001), Mn** strongly binds to [TiO.+Vri] surface because its charge to radius
ratio is closely to Ti* on the surface. The Mn—doped TiO, is suggested to be the

efficient material for CO conversion via oxygen pre—adsorbed. Two similar
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mechanisms are energetically preferred reactions of which overall reactions are
2C0O0+0, — 2COo.

It can be concluded that the adsorption and reaction of small gases can occur
on those modified anatase TiO, (001). The doping and supporting modification can
enhance the chemical properties of anatase TiO, (001) surfaces. These studies could

be useful for sensing and catalysis material application.
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