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This thesis focuses on the electronic and photocatalytic properties of
tellurium-containing pyrochlore oxides, including (Rb and K)-doped CsAly33Te1670s,
Mn-doped CsTe,Og, and (Ag, Cu, and Sn)-doped KNbTeOs.

Cs1xAxAly33Te1 6706 (A= Rband K x = 0-1) were successfully synthesized by
solid-state reactions. Although replacing Cs with Rb and K results in smaller cell
parameters, electrical resistivity decreased. Detailed investigations have led to more
understanding of the band structure. X-ray photoelectron spectroscopy (XPS)
confirms that all samples contain Te**/Te®* mixed valency which is the origin of their
n-type conduction. The conductivities were determined by the energy difference
between the defect levels originated from Te** and the bottom of the conduction band.
The differences in electronic conductivity are affected by Rb and K content in the
structure as they seem to increase the band gap energy and valence band minimum.

CsMn,Te,xOg defect pyrochlore structure were successfully synthesized by
solid-state method with x=0.05-0.43. Interestingly, there are two substitution schemes
depending on the x values. The switch between the two schemes results in a sudden

change in the cell parameter trend and the activation energy of conduction. Based on



IV

the results from the experiments and the density functional theory calculation, Te 5s
states overlap with Mn 3d-O 2p states and become part of the valence band in
compounds with x<0.33.In addition, it was found that the unit cell parameters
correlate with the energy difference between Te 5s states and conduction band
minimum. On the other hand, the disappearance of Te*" and lifting of conduction
band minimum in the samples with x>0.33 cause the switching of activation energy.
Although valence band maximum of samples with x > 0.33 is raised because of the
oxygen vacancies, the conductivities are not improved. As a result, the CsMnyTe;xOg
compounds are considered intrinsic semiconductors.

Ag', Cu?*, and Sn®" are substituted in K site of KNbTeOg compounds to
modify the band gap energy by facile ion exchange method. The KNbTeOg parent
compound has been successfully prepared by solid state method. The reduction of
band gap energy from 3.38 eV in KNbTeOg to 2.76 (Ag-doped), 3.21 (Cu-doped), and
2.51 eV (Sn-doped) are attributed to the shift of valence band maximum caused by the
additional contribution of Ag 4d, Cu 3d, and Sn 5s states in doped samples. As a
result, the Cu®*, Ag’, and Sn2+-d0ped KNbTeOg exhibited higher photocatalytic
activity than pure KNbTeOs respectively. Because the catalysts have the narrower
band gap energy and the stronger light absorption in visible region, they can generate

more photoexcited electron—hole pairs and produces higher active species.
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CHAPTER I

INTRODUCTION

1.1  Significance of the study

Oxides are the major family of solid state materials that play important roles in
human’s lives. At present, several oxide materials have been discovered. They are
studied to be used for a wide range of applications such as energy storage, magnetic
spintronic, piezoelectric, dielectric and thermoelectrics. Nowadays, many new
electronic devices are created to meet the needs of the populations. In such devices,
materials with specific properties are required. This research focuses on the electronic
and photocatalytic properties, both of which are crucial in many applications.

Many modern electronic devices and applications demand materials with good
electrical properties. High electronic conduction obtained from the n-type doping in
post-transition metal oxides such as In,O3, SnO,, and ZnSnO3 (Alsac et al., 2013; Cai
et al., 2016; Chen et al., 2013) allow them to be widely used. According to Robin and
Day classification (Robin and Day, 1968), these materials can be classified as a type
I11 mixed valence compounds which contain two indistinguishable valences resulting
in a metallic conduction. While similar materials are known for many of the post
transition elements, examples are rare for tellurium. In fact, most of tellurium mixed
valence compounds are type | as Te*" and Te®" are in different sites, which results in
an insulating property. On the other hand, CsTe,O¢ contains both Te** and Te®" in

similar, but distinguishable sites, thus it is a type 1l Te mixed valence oxide. Recently,



it was found that the substitution of Te in CsTe,Og with M (M = various metal cations
in +3 and +4 states) in Cs(M,Te),O¢ series gives rise to mixed valence tellurium
oxides which leads to n-type materials (Siritanon et al., 2009). Investigations of
materials in the series have led to an assumption that compounds with smaller unit
cells and with appropriate M ion will have higher conductivity. However, there are no
direct evidences to support such conclusions. As the only series of semiconducting
tellurate oxides where Te plays a role in the electronic conductivity, understanding
their electronic structure is crucial in many aspects of solid state chemistry. Therefore,
it is the motivation in this work to study electronic properties in defect pyrochlore
oxides containing tellurium.

Concerning environmental issues, photocatalysis plays an important role in
many aspects because the solar light is a plentiful and green energy source in the
reaction. Photocatalysts can degrade hazardous pollutants especially in sewage water
and produce H, fuel by water splitting. Several Te-containing defect pyrochlore
oxides have been studied to show potential as photocatalysts (Jitta et al., 2015).
Various strategies have been utilized to achieve better photocatalytic activity and
catalyst stability. Because the reaction mechanisms and electronic band structures
relating to the photocatalytic performance, in this works, the structure-property
relationship especially the electronic conductivity and photocatalytic activity of Te-

containing defect pyrochlore oxides (A(M,Te),0Og) are explored.

1.2 Background

This thesis focuses on the investigation of the effects of metal ion substitution

on the electronic and photocatalytic properties of tellurium containing defect



pyrochlore oxide. Understanding the relationship between structure, composition and
the obtained properties is a key point of the study. The background of crystal and
electronic structure are, therefore, crucial to this work. Thus, this part presents basic
knowledge of defect pyrochlore structure, classification of mixed valence compounds,

band structure, electronic properties, and photocatalysis.

1.2.1 The structure of defect pyrochlore oxides

The general formula of a typical pyrochlore oxide is A;B,0s0’
(A2B207). A wide range of cations can be substituted into A and B sites leading to
many different compositions with various properties. The crystallographic structure of
pyrochloes is built up from corner sharing BOs octahedra and A-O’ chains. These
oxides crystallize in cubic lattice with Fd3m space group and 8 formula per unit cell
(z = 8). However, the interaction between B,Os network and A,O’ network is weak.
In fact, B,Og network acts as the back bone of the structure allowing many possible
types of vacancies. Partial vacancies at A position results in A,.xB,O7. O’ site may be
entirely vacant to yield A;B;0s while vacancies on both O’ and A site give AB,Og
(Jitta et al., 2015). Similar to the normal pyrochlore, the AB,Os defect pyrochlore
structure is built up of corner sharing BOs octahedra, which create networks of
hexagonal tunnels. The “A” cation are located in these tunnels (Figure 1.1). In AB,Og,
the A cation can be in 8b (3/8, 3/8, 3/8), 16d (1/2, 1/2, 1/2), or 32e (X, X, X) Site,
depending on ionic radius. On the other hand, the B cation and O ion are occupied in

16¢ (0, 0, 0) and 48f (x, 1/8, 1/8) site, respectively (Jitta et al., 2015).



(a) A28207 (b) A8206

A

0’ BOg octahedron BOg octahedron
Figure 1.1 The crystal structures of general pyrochlore (a) and defect pyrochlore (b)

(Jitta et al., 2015).

1.2.2 Classification of mixed valence compounds
Mixed valence compounds are the compounds that consist of elements
with more than one oxidation states. Many elements in the periodic table can possess
variable oxidation states. These elements include some of d-block, f-block,
lanthanides, actinides, and post-transition elements. Robin and Day (1968) studied
and classified mixed valence compounds into three classes based on the difference
between the environments surrounding the ions of differing valency (Robin and Day,

1968). Some examples are shown in Table 1.1.

(1) Class |
For class | mixed valence compounds, ions with different oxidation
state are in different environments. The compounds in this class are insulators because

a high activation energy is required to transfer electrons from site to site. For



examples, in GaCl,, Ga(lll) and Ga(l) are in tetrahedral and dodecahedral site,

respectively (Figure 1.2) (Brown, 1979).

() (b)

Q

Figure 1.2 The coordination around the Ga(lll) (a) and Ga(l) (b) ion in GaCl,

(Brown, 1979).

(2) Class Il

The ions with distinguishable oxidation states in this class are in
similar, but not equivalent, environment. The activation energy for electron transfer
from site to site is small. Therefore, mixed valence compounds in class Il are usually
semiconductors. For example, (C3H;NH3)4SbClg(Cl), consists of both Sb(lll) and
Sb(V) in octahedral site, but the two sites are distinguishable by small differences in
bond angles and bond lengths. The crystallographic site of Sb(lll) and Sb(V1) in

(C3H7NH3)4SbhCls(Cl), are shown in Figure 1.3 (Brown, 1979).



Figure 1.3 Crystal structure of (C3H;NH3),SbC1¢(Cl), (Brown, 1979).

(3) Class Il

For mixed valence compounds in Class Ill, ions with different
oxidation states are in the equivalent site. The mixed valence compounds in class 11
are often metals or superconductors because electrons do not require activation energy
to transfer from site to site. Ba;xK«BiO3 is an example in this class and shown in
Figure 1. 4. It consists of both Bi(lll) and Bi(V) in octahedral site. Electrons can be
transferred without activation energy because both ions are in the indistinguishable
crystallographic sites. Thus, Ba;.xKxBiO3 are metallic and, at low enough temperature,

superconducting (Kambe et al., 1998).



B site
(Bi)

A site
(Ba/K)
c

I

Figure 1.4 Crystal structure of Ba;.xK«BiO3 (Rubel et al., 2015).

Tablel.1 Classification of mixed valence compounds (Brown, 1979).

Class Compound Oxidation states
| GaCl, Ga (I, 1)
Sh,04 Sb (111, VI)
I Fes[Fe(CN)e]3.xH,0 Fe (11, 111)

(C3H7NH3)4SbC16(Cl)z and CSszC|6 Sb (|||, V|)

EusSs Eu (I, 11
1l (Na,WOg) 0.4<x<0.9 W (V,VI)
LiTi,O4 Ti (111,1V)
BaBi,Pb1..Os Pb (11, 1V)

1.2.3 Band structure and electronic properties
The band structures in solid state compounds are built from the overlap

of a large number of atomic orbitals. The highest filled band is called the valence



band (VB) and the lowest empty band is called the conduction band (CB) (Atkins et
al., 2014; West, 2014). The distance between the top edge of the valence band (E.),
and the bottom edge of the conduction band (E.) is called the band gap or energy gap
(Eg) (Tilley, 2013). Thus, Eq = E¢ — E,. Eg determines the electrical properties of
solids which can be classified into metals, semiconductors, and insulators (Dann,
2000). The energy of highest filled state in the band structure at a temperature of
absolute zero (T = 0 K) is known as the Fermi level, which is also another important
component in electrical properties of materials (Cox, 1987; West, 2014).

Based on the energy band model, the differences among insulators,
semiconductors and metals can be explained. In insulators, the electrons are
completely filled in the VB and the band gap is very large. Only a few electrons can
accept enough thermal energy to move from the VB into the CB. Therefore, an
insulator has very small electronic conductivity (Atkins et al., 2014; West, 2014). The

band structure of an insulator is shown in Figure 1.5.

A

Empty

Femi level
(Ek)

Energy

Figure 1.5 The band structure of insulators (Atkins et al., 2014).



Metals are materials with large conductivity. Electrons in highest
occupied band is partly filled (Figure 1.6(a)) or the highest filled occupied band and
the next lowest unoccupied band overlap in energy (Figure 1.6(b)), therefore the
electrons need very small additional energy to move into higher states (Atkins et al.,
2014; Dann, 2000). In general, when temperature increases, the conductivity
decreases (Figure 1.7). This is due to the drop in electron mobility, which is a result of

the electron-phonon collisions obstructing the electrons movement.

@) (b)

Empty

L Femi level
(Er)
i > Full

Figure 1.6 The band structure of metals (Atkins et al., 2014; Dann, 2000).
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Figure 1.7 Variation in electrical conductivity with temperature for some metals.

(West, 2014).
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The semiconductors are the border line between insulators and metals.
Semiconductors are similar to insulators but with a smaller band gap energy.
Semiconductors can be divided into two types: intrinsic and extrinsic. An intrinsic
semiconductor has a small band gap and thus small activation energy. Therefore,
some electrons can accept enough thermal energy to move into the CB, and leaving
holes in the VB as shown in Figure 1.8. The conductivity increases with temperature,

as can be explained by Arrhenius equation [1]:

-(E4/2TK)

G = Gpe [1]

where o, k, and T are electrical conductivity, Boltzmann constant, and temperature

(K), respectively. Adding the logarithm to both sides results in Equation [2]:
In G =In Og — (E¢/2Tk) [2]

which indicates that Arrhenius plot of In o versus T™ gives a straight line with a slope
of -E¢/2k (Figure 1.9). Therefore, activation energy (Ea) is approximately equal to a

half of E4 (Shackelford, 2015; Tilley, 2013).

Thermally
promoted
electrons

Amost full \

-~

Energy —>»

Figure 1.8 The band structure of an intrinsic semiconductor (Atkins et al., 2014).
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Figure 1.9 The Arrhenius plot of the electrical conductivity for an intrinsic

semiconductor (Shackelford, 2015).

The extrinsic semiconductors are created by adding impurity atoms or
ions known as dopants. There are two types of extrinsic semiconductors depending on
the major charge carriers. Materials are classified as n-type and p-type
semiconductors when the major charge carriers are electrons and hole, respectively
(Shackelford, 2015). Band structures of n-type and p-type semiconductors
additionally consist of filled donor level (E4) below the CB and empty acceptor levels

(Eac) over the VB, respectively (Figure 1.10). Similarly, thermal activation involving

Eq and E,c in extrinsic semiconductors follows the Arrhenius equation [3]. Adding the

logarithm to both sides of Equation [3] give Equation [4].

- (EalTK)

O = Ope [3]

In 6 = In 6o — (E4/TK) [4]
E. is the activation energy, which is a difference between the bottom edge of the CB

(Ec) and Eq4 (n-type), or difference between the top edge of the VB (E,) and E4 (p-
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type) (Shackelford, 2015; Tilley, 2013). The Arrhenius plot of extrinsic

semiconductors are shown in Figure 1.11.

(a) (b)
[ Conduction band ] A [ Conduction band ] A
E, Ec Ec
lllllllllllllllllllllEd - e
20 20
e Y2 = — = o o= 2] 2
| 5 | 5
E IIIIIIIIIIIIIIIIIIIIIEa.c
. ) E,
[ Valence band [ Valence band
(n-Type) (p-Type)

Figure 1.10 Energy band structures of n-(a) and p-type (b) semiconductor (Tilley,

2013).

(b)

Saturation
range

In o

Figure 1.11 Arrhenius plots of electrical conductivity for n-(a) and p-type (b)

semiconductor (Shackelford, 2015).
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1.2.4 Interactions between UV-Visible light and solids

The interactions between UV-Visible light and solids can be classified
into five processes: absorption, reflection, emission, scattering, and transmission
(Figure 1.12). Generally, the absorption and emission are the processes that determine
the color in solids (Tilley, 2013). The light that leaves the material is the transmitted
light. If the portion of transmitted light is high, the solids are said to be transparent to
that wavelength. In addition, some of the incident light may be scattered. The most
common scattering process is reflection, which occurs at surfaces. Smooth surfaces
reflect light uniformly known as specular reflection. Rough surfaces will reflect
incident light in all directions, called diffuse reflection (Tilley, 2013).

The absorption and emission process is useful in investigating the
optical properties of solids (Tilley, 2013). The energy in UV-Visible range causes the
excitation of electrons, which gives the electronic transition details. If the photon
energy is equal to or greater than the Eq, the photon will be absorbed and used to
activate electrons in VB to CB. This process is called absorption (Figure 1.13(a)). On
the other hand, when electrons are in a high-energy state, they may lose energy by
dropping to a lower energy state and simultaneously emit photons. This process is
called spontaneous emission (Figure 1.13(b)).

The diffuse reflectance UV-Vis spectra obtained from solids can be
used to estimate Eg4 value using the theory proposed by Kubelka and Munk (Kubelka
and Munk, 1931). The Kubelka-Munk equation [5] is applied to an infinite-thick

sample at any wavelength.

K _ (1-Rw)?® _
S - 2Roo - F(Roo) [5]
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where R = reflectance, Re = Rsample/Rstandard, F(Rx) 1S remission or Kubelka-Munk
function, S, and K are scattering and absorption coefficients, respectively. In the band
structure, bandgap, and absorption coefficient of semiconductors are related through

the equation [6]
[F(R-)hv]'" = C(hv - Eg) [6]

where C is a proportionality constant and n = 1/2 and 2 for direct and indirect allowed
transition, respectively. The extrapolation of the highest slope line in the plot of
[F(R.)hv]"™ with the corresponding n against hv gives the estimated Ey (Morales et

al., 2007).

incident
scattered light

light %

diffuse
reflection

specular ,
reflection A

transmitted
\ light

._.\a
fluorescence/luminescence

Figure 1.12 The interactions between the incident light and solids (Tilley, 2013).
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() (b)

P X

hv%
E, Es

light absorbed spontaneous emission

Figure 1.13 Absorption (a) and spontaneous emission (b) of light radiation (Tilley,

2013).

1.2.5 X-Ray absorption spectroscopy of 3d transition metals
X-ray absorption spectroscopy (XAS) has been proven a powerful tool
in identifying the oxidation states of ions in the materials. XAS spectra are also
capable of giving information about the environment around ions in the structure
(Daengsakul et al., 2015; Wongsaprom et al., 2015). XAS spectra of any materials are
characteristic of absorbing element with sharp absorption at specific X-ray photon
energies. Thus, these sharp absorption are called absorption edges (Schnohr and

Ridgway, 2015; Van Bokhoven and Lamberti, 2016).

XAS is based on core-level absorption. When core electrons are ejects
to the continuum by required energy (X-ray irradiation) which are dipole allowed
transition. The absorption discontinuity is known as the K-edge and L3 ,-edge when

excitations are from 1s and 2p core level, respectively. For 3d transition metals, L-
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edge spectroscopy is more sensitive to the electronic structure comparing to the K-
edge spectroscopy (Haverkort, 2005; Yano and Yachandra, 2009). Figure 1.14 shows
typical energy level diagram for K-edge and Lj-edge transitions of 3d transition

metals.

(a) (b)

continuum continuum
4p y 4p
3d - 3d v, S
2p{ Ez 2p{ Ez
2s L, 2s L,
1s K 1s K
K-edge L;,-edge

Figure 1.14 The energy level diagram for K-edge and Lj,-edge transitions of 3d

transition metals (Yano and Yachandra, 2009).

Figure 1.15(a) shows the 2p core level XAS spectra for of some 3d
transition metal oxides. The 2p to 3d excitation of 3d transition metals can be found in
the 350 to 950 eV energy range (Haverkort, 2005). These spectrum is split into L

(2p3/2) and L, (2p12) because of the spin-obit coupling. The distant between the Lz and
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the L, edge of late transition metal is larger than early transition metal compounds
because the higher charge at nucleus increase the 2p spin-orbit coupling constant
(Haverkort, 2005). Moreover, each peak is also split into toq and eq state due to crystal
field effect (Garvie and Craven, 1994). For example, the Ti L3,-edge XAS spectra of
V doped LiTi,O4 compare with TiO, (anatase) and Ti,O3 are shown in Figure 1.15(b)
(Chen and Dong, 2015). The L3z and L, edges further split into t,q (As and Cs) and eq
(Bs and Ds) states because of crystal-field-splitting in 3d orbitals. This is octahedral
(Op) crystal-field splitting. The broadening in Bs peak when increasing V content is
due to the Jahn-Teller effect distortion with AE,r energy is split in the ey band.
However, the L;,-edge XAS spectrum shape and position of 3d transition metals can

refer to valence state of metal ions (Balasubramanian, 2013; Thakur et al., 2008).

(a)_l (b)

AR AR NS N\ Ti L-edge XAS
LaTiO; VO Cr0; MiO  Fe0  CoD N0 (w0 1 = ] "
| i E A, B, o S
= : s
I
1 & x=0.02
! =
Z 2 X=0.015
z l =
3 | £ x=0.01
£ (l =
= | 1 S x=0.005
A - i i =2 LiTi,0,
| Py 2
E . {C'3 TiO
| ' S :
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\ Ly e :
- L | L B Ti,0,
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Figure 1.15 The 2p core level XAS spectra of some 3d transition metal oxides (a). Ti
L3 ,-edge XAS spectra of V doped LiTi,O4 compare with those of TiO, (anatase) and

Ti,03 (b) (Chen and Dong, 2015; Haverkort, 2005).
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1.2.6 Oxygen 1s X-Ray absorption spectroscopy

In oxide materials, O 1s XANES can be used to explain character of
electronic band structure (Pellegrin et al., 1997). The O 1s XANES spectra is the
absorption edge of 1s to 2p transition in oxygen atom that is directly related to the
oxygen p-projected states in the conduction band (Balasubramanian et al., 2013).
Thus, the oxygen p character in unoccupied states of oxides compounds can be
explained primarily based on the O 1s XAS spectra. Groot et al. (1989) have studied
and reported the O 2p character hybridization of unoccupied state of 3d-transition-
metal oxides (Figure 1.16). The spectra can be divided into two regions: the first is a
double-peaked sharp structure (shade), which is related to the metal 3d states; the
second is a broader structure at 5 -10 eV above the edge which is related to the metal

4s and 4p bands (De Groot et al., 1989).

S¢,0;

NiO

Normalized Intensity

3

CuO

Normalized Intensity

ey
T 3
530 540 550 530 540 S50

Figure 1.16 Oxygen 1s X-ray absorption edge spectra of 3d transition metal oxides

(De Groot et al., 1989).
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1.2.7 Photoelectron spectra at valence band
Photoelectron spectroscopy makes uses of the photoelectric effect with
soft X-ray. Al Ka (1486.6 eV) X-ray is usually used (Wagner, 2011). When a surface
of solid is irradiated with X-ray photons of sufficient energy, hv, photoelectrons can
be ejected from inner shells with a kinetic energy (K.E.) equal to [7]. The schematic
of photoelectron process are shown in Figure 1.17.

KE.=hy-B.E.-® [7]

when @ is the instrument’s spectrometer work function and B.E. is the binding energy
of the photoelectron (Cox, 1987). The binding energy of electrons in core levels of an
atom is unique to each element. The binding energy of core levels depends on formal
oxidation states, chemical environments, and lattice sites of atoms. The difference of
binding energy is called chemical shift which is the result of exchange potentials
exercised on an electron by its environment. The photoelectron spectra in the binding
energy range of about 15 eV to 0 eV (Fermi level) is used to probe a valence band
(Cox, 1992). In oxides, XPS spectra at valence band can be used to explain the O 2p
hybridization character in the occupied states near the Fermi level (Ef) (Cox, 1992).
Such an application is very useful because the said states significantly influence the
materials electronic properties.

XPS valence band has been used to study the electronic structure of
materials (Dudric et al., 2014; Falub et al., 2003; Fujimori et al., 1992). Hishida et al.
(2013) reported the electronic structure of p-type La;«SrxMnO3 using XPS spectra at
valence band spectra. They can identify Mn 3d and the Mn 3d-O 2p hybridization
character of the occupied states (Hishida et al., 2013). In additions, XPS spectra at

valence band can be combined with O K-edge XAS to propose electronic band
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structure, leading to the deeper understanding of the electronic properties (Zhang et

al., 2015).
O Photoelectron
Kinetic T
Ener
c gy
V
Iq)specimen
B
Valence F Binding
band Energy
Photon / Core hole
O O- v
Core
levels ’ ~

Figure 1.17 Schematic of photoelectron process (Wagner, 2011).

1.2.9 Photocatalysis
Photocatalysis consists of two processes: photoreaction and catalysis.
Photocatalysis is the process in which light is used to activate a substance, called
photocatalyst, which modifies the rate of a chemical reaction. The classification of the
photocatalysts is the same as that of general catalysts. If the phase of reactants and
photocatalysts are the same, the reaction is known as ‘homogeneous photocatalysis’.
In contrast, heterogeneous photocatalysis is assigned when they have different phases.
The reactions occur on the surface of catalysts as depicted in Figure

1.18 (Aditya et al., 2015). The UV and visible light with the energy equal to or higher



21

than bandgap (hv > Ey) initiates the excitation of electrons and generates electrons (€)
and holes (h"). The electron-hole pairs can combine with surface H,O and adsorbed
O, via the redox reaction to form active species. Taking a photodegradation as an
example, the active species react with dye molecules and degrade them (Jitta et al.,
2015). However, if the recombination of electrons and holes takes place, the redox
reaction cannot progress. The competition between separation and recombination of

electron-hole pairs determines the photocatalytic efficiency.

A A~
Reduction
Ate-. > A
hy CONDUCTION BAND (e)
(light) A A
E
N
E Excitation Recombination
R
G
Y D
! B - . Oxidation
VALENCE BAND (h") D+ k' . D"
D*

Figure 1.18 A schematic diagram of a photocatalytic process (Aditya et al., 2015).

Semiconducting metal oxides are promising for photocatalytic
applications as they have the ability to create charge carriers. Here, we focus on the
application in pollutant degradation and water splitting (Jitta et al., 2015).

The primary photocatalytic oxidation mechanism includes the

following five steps. The details of the mechanism are as follows (Tayade, 2013)
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(1) Irradiation

The first step is the light irradiation process for activation and
conversion of light energy to chemical energy, thus leading to the generation of e /h*
pairs. The requirement of this step is that the incoming photon have an energy, hv, of

equal to or higher than the semiconductor band gap energy.

(2) Separation and recombination of e / h* pairs
The photoexcited e is transferred into the conduction band, leading to

the separation of e’/ h™ pairs.
Semiconductor + hv > h" + e [8]

However, the photogenerated e- and h+ can recombine in bulk or on
the surface of the semiconductor within the short time, by losing energy in the form of

heat or photons.

h" + e = recombination + energy (heat or photons) [9]

(3) h™ trapping reactions

In the valence band, the separated h™ migrates to the surface and is
trapped by surface-adsorbed hydroxyl groups or water to produce trapped holes,
which is usually explained as a surface-adsorbed hydroxyl radical ((OH). On the other

hand, h* can also be directly involved in oxidation of pollutant.

h"+H,0>"OH+H" [10]

h' + pollutant > (pollutant)Jr [11]
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(4) e trapping reactions

In the conduction band, O, often acts as the electron acceptor to trap
the photoexcited e, thus protecting the e/h* recombination. In this process, ‘O, is
formed which can have a variety of reactions to produce active species. H,O, can also

produce the highly reactive ‘OH by reduction or cleaving.

e +0;>°0y [12]
‘0, +H" > *O0OH [13]
*O0H = 0, + H,0; [14]
H,0; +°0;” > *OH + OH + 0, [15]
H,0; + hv > 2(°0OH) [16]

(5) The pollutants decomposition
During the overall photochemical process, the photo-generated e/h*
and the produced active species such as ‘OH, ‘O, ‘'OOH and H,O, react with

pollutants to decompose them

Pollutant + (*OH, h', "OOH or *0, ) > pollutants decomposition [17]

The essential property for semiconducting metal oxides with high
photodegradation efficiency is the appropriate level of VB and CB. This means that
the oxidation potential value of the photogenerated h* must be more positive than
oxidation potentials of H,O to generate *OH radicals. The reduction potential value of
the photogenerated electrons needs to be more negative than reduction potentials of
O, to reduce absorbed O, to *O,-. The *O," and H,O; are, thus, formed. H,O, can

transform into -OH (Chiu et al.,, 2019). The CB and VB positions of some
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semiconductors and the chemical potential of some chemical reactions are displayed
in Figure 1.18. However, pollutant species is also an important factor in choosing the
catalysts. The cationic species such as methylene blue (MB) (Houas et al., 2001;
Xiang et al., 2013), Malachite green oxalate (MG) (Laid et al., 2015), and
RhodamineB (RhB) (Xing et al., 2013) are degraded by reduction process, while the
anionic species such as methyl orange (MO) (Wang et al., 2007), Eosin yellow (EY)

(Laid et al., 2015), and nitrophenol (Aditya et al., 2015) are degraded by the oxidation

process.
No -OH or 0, ﬂ nS
V vs. NHE (pH = 0) Photocataiysts with strong reduction abilitics for
. Al No 0=  dye degradation (- 0,) -/\-
-2.0 1 " :
C,N
I'a,N. CdS ma * ) >(“:()
SrTiO, Zn0O laON — B'_‘S\--
0T A N0R) TIOKA) - A A
Fe,O BiVO; vl T . —
23w, SnO 5 — A A
_. 0.0 < : P A A
E(02/ - 03) - S TP -t
ROl 0 st y W L. d W,
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E(H,0/- OH)
3.0 — 1 — _h_
4.0 — - l
Jl No -OH
5.0 <~

Photocatalysts'with strong oxidation abilities
for dye degradation (-OH )

Figure 1.19 Scheme for the band structures of common photocatalysts, and potentials

of the radical generation (Chiu et al., 2019).
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CHAPTER Il

LITERATURE REVIEW

2.1 CsTe,Og and Cs(M,Te),04-based oxides

CsTe,Og crystallizes in rhombohedral structure (Hamani et al., 2011; Loopstra
and Goubitz, 1986). The structure consists of (Te*")Os octahedra layers located
between corner sharing network of (Te®*)Og octahedra layers (Figure 2.1(a)). It is well
known that CsTe,Og structure is related to the defect cubic pyrochlore. The major
difference between rhombohedral CsTe,Os structure and the Cs(M,Te),Os cubic
pyrochlore is the order-disorder arrangement of the corner sharing (M,Te)Og
octahedra network (Figure 2.1). The crystallographic site of Te and M in CsTe,Og and

Cs(M,Te),0¢ are shown in Table 2.1.

Table 2.1 The crystallographic site of Te and M in CsTe,O and Cs(M,Te),0s

(Siritanon et al., 2011).

Crystallographic site

lon site
X y z
CsTe0p
Te* %e 0 0 0.5
Te™ 3b 0.5 0 0
Cs(M,Te),0¢
Te 16¢ 0 0 0

M 16¢ 0 0 0




31

Figure 2.1 Structure of CsTe,O¢ (a) and Cs(M,Te),Ogs (b) (Siritanon et al., 2009

Siritanon et al., 2011).

CsTe,Op was first prepared from Cs,CO3; and TeO, by solid state reaction
method (Loopstra and Goubitz, 1986). The compound Cs(Te*")o5(Te®*)1506 can be
viewed as a class Il mixed valence compound because both Te*" and Te®* are in
octahedral sites. However, the difference octahedral size, suitable with ionic radii of
both Te*" and Te®" | leads to a splitting of Te 5s band between filled 5s states from
Te*" and empty 5s states from Te®" (Figure 2.2(a)). The distance between filled and
empty 5s bands is large and consequently low conductivity (Siritanon et al., 2009).

Siritanon et al. (2009) have prepared Cs(M,Te),0s (M = Al, Cr, Mn, Fe, Co,
Ga, Sc, In, Tl, Lu, Tb, Tm, Er, Ho, Ge, Ti, Rh, Ru, Mg, Zn, and Ni) by solid state
reaction method. These compounds are black in color and show semiconducting
behavior. They have concluded that the compounds contain Te®*/ Te** mixed valency
which leads to an n-type materials. Based on the electronic conductivity, the

electronic band structure of these materials was proposed as shown in Figure 2.2(b)
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(Siritanon et al., 2009). The conduction and valence bands are predominantly Te 5s
and O 2p in character, respectively. The conductivity of materials is due to a small
amount of Te** defect donor state in this system whose energy is close to the
conduction band. However, other factors that affect conductivity of materials in the
series are unit cell size and type of M metal as compounds with smaller unit cell and
with appropriate M ion have higher conductivity. Li et al. (2011) have studied
structure and electrical conductivity of CsAl Te,.xOs. Based on the results, there are
two different scenarios of substitution depending on Al content. When Al is lower
than 1/3, A" replaces Te*" resulting in Cs™"(AP)x(Te*")o5.3x2)(T€%)15:x206. ON
the other hand, when x is higher than 1/3, the compounds can be described by (Cs'*,,
Te* ) (AP 5.2(Te")s3.,06. They concluded that the highest electrical conductivity is
found in the middle of the range close to CsAlps3Te; 6706 composition, which is a
switching point between the two schemes. It was also evidenced that conductivity of
the materials in the series is strongly related to cell parameters. Compounds with
smaller unit cells tend to have higher electronic conductivity because Te** in the
lattice is compressed which raises the energy of the defect states. When the defect
states are close to conduction band, activation energy of conduction is decreased and
the compounds have higher conductivity.

However, there are no direct evidences on the Te**/Te®" mixed valency and the
proposed band diagrams are not confirmed experimentally. In addition, the role of Cs
in the conductivity has never been discussed. To understand electronic behavior on
Te-containing defect pyrochlore oxides, this research aims to study effects of K, Rb
and Mn substitutions on electronic band structure and related electrical properties of

Te-containing defect pyrochlore oxides.
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Figure 2.2 Band structure of CsTe,Og (a) and cubic Cs(M,Te),Os pyrochlores (b)

(Siritanon et al., 2009).

2.2 ABB’Og cubic defect pyrochlores as photocatalysts

The significant characteristics of good photocatalyst oxides are the desired
band gap, suitable band potential, high surface area, stability and reusability etc.
Many metal oxides have been investigated to have these characteristics. In addition,
valence band of metal oxides consisting d® and d*® metal ions such as NaTaOs,
Li;TiOs3, La,Sn,07 and some of ABB’Og cubic defect pyrochlores, valence bands are
usually formed with O 2p orbitals, which lies approximately +3.0 V vs normal
hydrogen electrode (NHE). Thus, the valence band potential is more positive than the
redox potentials of *OH radical generation. It is well known that *OH radical is a very
powerful chemical oxidant in the photocatalytic oxidation of organic pollutants.

Several W-containing cubic defect pyrochlores have been investigated as

candidates for photocatalytic application such as AMWOg (A= Rb and Cs; M= Nb
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and Ta), KSbWOg, KNbWOg, KFeg33W16706, and KTiosW1506 (Ikeda et al., 2004;
Jitta et al., 2015; Ravi et al., 2014; Zeng et al. 2018). Substitution of K* by other
cations such as Ag*, Sn*, Cu®*, Bi**, Sm*", Eu**, and Gd*" on KMWOgs cubic defect
pyrochlores results in the decrease of the bandgap energy (Guje et al., 2016; Ravi et
al., 2013; Ravi et al., 2013). The bandgap energy reduction is one strategy to improve
photocatalytic efficiency of catalysts. In addition, substitutions of oxygen by nitrogen
and sulfur similarly lead to a decrease in the bandgap energy (Marschall et al., 2011;
Reddy et al., 2013). Ravi et al (Ravi et al., 2014) reported N, Sn-doped KTiosW; 506
and their uses in the photodegradation of methylene blue and Rhodamine B. The
KTipsW1 506 parent compound (KTW) was prepared by a sol-gel method. The N-
doped KTi0.5W;50s (NKTW) was prepared by heating the mixture of a parent
compound and urea (CO(NH3),). On the other hand, ion exchange method was used
to prepare Sn-doped KTipsW1506 (SNKTW). The overlapping of N 2p and Sn 5s
states with O 2p states lifts the band edge of the valence band and reduce Eq value.
The results show that the photocatalytic activity of SnKTW is higher than NKTW and
KTW respectively. It is due to a change in its valence band position. The bandgap
energy (Eg) decrease from 3.03 eV (KTW) to 2.83 and 2.28 eV for NKTW and
SnKTW respectivel.

In addition, Te-containing pyrochlore oxides are also reported for
photocatalytic dye degradation (Guje et al., 2016; Guje et al., 2015; Venkataswamy et
al., 2018). Ravi et al. (Guje et al., 2015) reported Ag and Sn-doped KSbhTeOg. The
KSbTeOg parent compound was prepared by a solid state method. On the other hand,
Ag and Sn-doped KSbTeOg were prepared by ion exchange method with AgNO3; and

SnCl;, solution respectively. They are used in the methylene blue photodegradation.
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The mixing of Ag 4d and Sn 5s states with O 2p states lifts the band edge of the
valence band leading to a reduction in Eg value as shown in Figure 2.3. As a
consequence, the photocatalytic activity of AgSTO is higher than SnSTO and KSTO
respectively. Thus, the photodegradation performance of cubic defect pyrochlore
shows clear correlation with the band gap energy. Catalysts with lower band gap

energies show higher efficiency.

KSTO SnSTO AgSTO

Sb4d + Te 4d Sb4d + Te 4d Sb 4d + Te 4d

, 3

A° 8E'C
A9 ZE'T

A 0'E

Agd4d+02p

4
'
2

o

Potential/arb. units

Figure 2.3 Schematic diagram of energy band structure of KSTO, SnSTO and

AgSTO (Guije et al., 2015).

Photocatalytic efficiency and photodegradation mechanism of cubic defect
pyrochlores oxides have been investigated (Guje et al., 2016; Guje, et al., 2015).
Venkataswamy et al. (Venkataswamy et al., 2018) have prepared KTaTeOs
nanoparticle (KTTO) and Ag doped KTaTeOs (ATTO) with defect pyrochlore
structure by solid-state and ion-exchange methods, respectively. The results show that

substituting K™ with Ag™ decrease the bandgap energy (Eq) from 2.47 eV (KTTO) to
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2.14 eV for ATTO. The red shift of the absorption edge of ATTO was due to the
overlap of Ag 4d states with O 2p states (Figure 2.4). Degradation of methyl violet
(MV) and solar water splitting reactions of KTTO and ATTO were investigated. In
both cases, ATTO showed higher photocatalytic activity than KTTO. Besides the
lower Eg, the higher surface area, more surface hydroxyl groups, and stronger light
absorption in visible region were additional factors for the high activity observed in
ATTO.

The active species in the photocatalytic degradation of MV was detected by
using benzoquinone (BQ, 2 mM), ammonium oxalate (AO, 2 mM), and iso-propanol
(IPA, 2 mM) as scavengers. The concentration of generated h* was much less than
those of *O, and *OH species. Therefore, it was concluded that <O, and *OH are the
main active species in the photocatalytic degradation of MV (Venkataswamy et al.,
2018). The mechanism of photodegradation of MV is shown in Figure 2.4. The other
Te-containing defect pyrochlores used as photocatalysts for dye degradation are listed

in Table 2.2.

MV

= Mo
N S =

Figure 2.4 Schematic representation of photocatalytic mechanism of MV over ATTO

catalyst (Venkataswamy et al., 2018).



37

Table 2.2 List of Te-containing defect pyrochlores used as photocatalysts for dye

degradation.

Catalayst Bandgap (eV) Dye degraded Reference
KAl 33Te1 6706 2.09

KCro33Te16706 1.25 MB and MV (Guje et al., 2015)
KFeo33Te16706 1.92

KSngs5Te1506 2.95

AgSngsTe; 506 2.30

CupsSnosTe1 506 2.44 MB and MV (Guje et al., 2016)
SnosSnosTe1 506 2.80

KTipsTe1 506 2.96

AgTipsTe1506 2.55 MB and MV (Guje et al., 2016)
SnosTipsTe1506 2.40

However, several researches have investigated that Nb-containing pyrochlore
oxides are good photocatalysts such as K,Nb,Og, CSNbWOg and Sn-doped KNbWOg
(Jitta et al., 2015; Zeng et al. 2018). Yin et al. (2004) have compared photocatalytic
activity of Nb-containing and Ta-containing photocatalyst and found that the Nb-
containing oxide show higher photocatalytic activity than Ta-containing one because
charge carriers in Nb can migrate easier (Yin et al., 2004). Moreover Sergio et al.
(2018) have studied crystal structure of KNbTeOs, KNbWOg, and KSbWOQOg. The
possess of interleaved K,O’ network in KNbWOs, leads to the presence of water
molecules within crystal lattice, which pushes K™ close to 16c sites. On the other
hand, extra H,O molecules are absent in KNbTeOg and KSbWOs and the K* ions are

along 32e sites. From the structure data, they have forecasted that K* in KNbTeOg and
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KSbWOg are easier to exchange with other ions than KNbWOs (Sergio et al., 2018).
Thus in this part, the current work focuses on synthesis and photocatalytic activity of

KNbTeOg and Ag*, Cu?* and Sn?* doped KNbTeOs.
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CHAPTER Il
ELECTRICAL PROPERTIES OF AAlj33Te;1 6,06 (A = K,

Rb, AND Cs) MIXED VALENCE PYROCHLORES

3.1 Abstract

To study the effects of K, Rb and Cs on electronic properties of tellurium
containing defect pyrochlore oxide, Cs;xAxAly33Te1670s (A = K and Rb) were
prepared by solid state method. The substitution of Cs with smaller Rb and K reduces
cell parameters of the compounds but does not affect the overall structure. The
conductivities at 300 K vary from 0.1 S.cm in CsAlys3Te16,0s to 3x10° and 3x10~’
S.cm in RbAly33Te; 6706 and KAlg33Te1 6,06, respectively. X-ray photoelectron
spectroscopy (XPS) confirms that all samples contain Te**/Te®" mixed valency which
is the origin of their n-type conduction. To understand the large differences in
electronic conductivities, UV—Vis spectra, XPS spectra at valence band region and
activation energies of conduction are used to proposed the band structure diagrams
which suggest that the conductivities were determined by the energy difference
between the defect levels originated from Te*" and the bottom of conduction band.
Such differences are affected by Rb and K content in the structure as they seem to

increase the band gap energy and lower the top of valence band.
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3.2 Introduction

The structures and properties of oxides containing heavy post transition
elements are interesting. The presence of diffused s orbitals results in wide conduction
bands and low carrier mobility, thus giving rise to good electronic conductivity
(Kawazoe et al., 2000). Some well-known examples include In;Os;, ZnSnOs, and
Ba;—\KBiO; (Cai et al., 2016; Noguchi and Sakata, 1980; Sato et al., 1991).
However, tellurium is one of post transition element but the electron conduction in
tellurium oxides are very rare. The only clear examples are series of defect
pyrochlores with general formula Cs(M,Te),0s; M = 2+, 3+ and 4+ cations which
show n-type semiconducting behavior due to Te*'/Te® mixed valency (Siritanon et al.,
2009).

It has been investigated that CsAlossTe16:0s shows relatively high
conductivity comparing to Cs(M,Te),Og series (Siritanon et al., 2009). Li et al. (Li et
al., 2011) concluded that the conductivity comes from small deviations from
stoichiometry which results in small amount of Te*" producing mixed valence
compounds. Therefore, the n-type behavior of compounds in these series is explained
by the presence of donor defect levels from Te**. In addition, type of M cations in
Cs(M,Te),0O¢ affects the conductivity of the compounds as small M cation reduces
M/Te-O distance thus destabilizes Te*" in the structure and increase their energy level.
Moreover, some M cations can provide orbitals with appropriate energy to overlap
with Te 5s at conduction band which increases the conductivity. Nevertheless, the role
of Cs in the structure remains unclear. Thus, the objectives of this work are to deepen
the understanding of these series of oxides and to study the effects of cations at Cs

position on the electronic properties of the compounds in Cs; xAxAlp33Te16706; A =
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Rb and K series.

3.3 Experiments

3.3.1 Preparation of Cs;xAxAlp33Te16706; A =Rb and K ( x = 0.0, 0.2,
0.4, 0.8, and 1.0)

All samples were prepared by solid state reaction. The reactants were
CsNOs(Sigma-Aldrich, 99+%), RbNO3 (Acros Organic, 99.8%), KNOs (Carlo Erba,
99+%), Al,O3 (Acros organic, 99+ %, for Rb-doped series), Al(OH)3; (Acros Organic,
99.9%, for K-doped series) and TeO, (Acros Organic, 99+%). Stoichiometric
mixtures of the reactants were weighed and ground in an agate mortar and heated to
500°C for 5 h. After that, the samples were reground and sintered at 625 °C for 12 h in
air.

3.3.2 Characterizations and Electrical properties

Powder X-ray diffraction (XRD) patterns were recorded by a Bruker
D2 Phaser diffractometer (Cu Ko radiation, A = 1.5406 A) for phase identification.
The X-ray Photoelectron Spectra (XPS) of Cs 3d, Rb 3d, K 2p, Al 1ls, Te 3d and
valence band (\VVB) were recorded by a PHI5000 VersaProbe Il XPS instruments
(ULVAC-PHI, Japan) (Monochromatic X-ray of Al K, =1486.6 eV)at SUT-
NANOTEC-SLRI joint research facility, Synchrotron Light Research Institute
(SLRI), Thailand. The binding energies drift due to charging effects were corrected
using the position of the C1s as a reference at 284.8 eV (Howng et al., 1980; Lv et al.,
2016). Agilent UV-Vis-NIR spectrophotometer modeled Carry 5000 was used for
optical diffuse reflectance spectroscopy (DRS). The diffuse reflectance (%R) spectra

were recorded in the wavelength range of 200-2000 nm with the double beam mode.
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Band gap energy was obtained by extrapolation of the plot of (Khv)Y?

versus photon
energy (hv), where K is reflectance transformed according to Kubelka—Munk function
[K=(1-R)¥2(R)], where R = (%Rsample /%0 Rstandara) (Guje et al., 2015; Morales et al.,

2007). The electrical conductivities of all sintered samples were measured from 300

to 673 K by four-probe method using Keysight B2901A source/measure unit.

3.4 Calculations

The density of states (DOS) were calculated based on density functional
theory (DFT) using the Vienna ab initio simulation package (VASP) (Fuchs et al.,
2007; Kresse and Hafner, 1993) employing the Perdew, Burke, Ernzerhof (PBE)
exchange-correlation function implemented with the projector augmented-wave
method (PAW)(Blochl, 1994; Kresse and Joubert, 1999). T'-cen tered 3x3x2
Monkhorst-Pack k-mesh was used for the Brillouin zone integrations. The cutoff
energy for plane-wave basis sets was set at 520 eV. Structural relaxation was

performed until the force on each ion is less than 0.01 eV/A.

3.5 Results and discussions

3.5.1 Crystal Structure
Powder X-ray diffraction patterns (XRD) of all samples were recorded
for phase identification as shown in Figure 3.1. All diffraction peaks of
AAly33Te16706; (A= Cs, Rb and K) can be indexed as AB,Og cubic defect pyrochlore
with Fd3m space group and no impurity is observed (Subramanian et al.,1983). Base
on defect pyrochlore structure, the lattice is built up of (Al, Te),Os corner sharing

octahedral creating hexagonal tunnel. The A cations (Cs, Rb, and K) are situated in
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these tunnels. Comparing to A;B,07 (A;B,060’) pyrochlore, AB;Os defect
pyrochlore structure has vacancies at A and O’ sites. In addition, there are few
possibilities of crystallographic sites for A cations. The XRD patterns in this work
suggest that they are at the normal 8b position but small deviation from this ideal

position, like the 32e position, is also possible.
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Figure 3.1 XRD patterns of Cs; xRbxAly33Te1 6706 and Cs;xKxAlg33Te1,670s.

It is worth to note that the disorder of A cation in AB,Os defect
pyrochlore from 8b to 32e position results in a nonlinear of plot cell parameter versus
the ionic radii of A cation when increasing of cell parameters in AAly33W16706; A =
Cs, Rb, and K (Thorogood et al., 2009). On the other hand, such disorder is not

observed in this work although the samples are quite similar. Figure 3.2 displays plots
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of cell parameter versus the substituting content. As both K* (1.51 A) and Rb" (1.61
A) are smaller than Cs* (1.74 A), increasing their content results in smaller cell
parameters (Shannon et al.,1976; Shannon et al.,1969). However, Castro and Rasines
(Castro et al., 1989) have reported that the changing of A cations has a much smaller
effect on the cell parameters comparing to changing the B cations, because the main
network of the AB,Og structure is created by the B,Og octahedral network.

Thus, it is concluded that replacing Cs with Rb and K do not change
the general structure and crystallographic sites for A cations. Additionally, the amount
of Rb and K can be varied from zero to one forming a complete series of solid

solution.
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Figure 3.2 Plots of cell parameters versus Rb and K content.
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3.5.2 X-ray photoelectron spectroscopy (XPS) results

The XPS survey spectra of CsAlys3Te; 6706 (CATO), RbAIlp33Te; 6706
(RATO), and KAly33Te; 6706 (KATO) show in Figure 3.3 agree well with elemental
composition of each compound. The XPS spectra of Cs 3d, Rb 3d, K 2p, and Al 1s
show semi-quantitative results on the composition of the prepared samples (Figure
3.4). The intensity of Cs 3d peaks in both series decreases while the intensity of Rb 3d
and K 2p peaks increase with increasing Rb and K content, respectively. On the other
hand, the intensity of Al 1s is unchanged. The trend in peak intensity of each element
in the samples agrees well with their nominal composition and the starting
composition of the prepared samples. In addition, the obtained binding energies of Cs
3d, Rb 3d, K 2p, and Al 1s are close to those reported in literature (Atuchin et al.,
2012; Guo et al., 2012; Kumar et al., 2015; Marschall et al., 2011; Ravi et al., 2013;
Van den Berghe et al., 2000).

Te 3d XPS spectra were also investigated to probe oxidation states of
Te in the samples. Figure 3.5 show Te 3d XPS spectra of CATO, RATO and KNTO
comparing to that of CsTe,Os (CTO). These spectra are fitted using two Gaussian-
Lorentzian peaks; one represents Te*at lower binding energy and the other represents
Te®". For comparison, Te 3d spectrum of (CTO), a known compound which contains
both Te*'and Te®"is also shown. The Te 3ds; binding energies of the observed
Te®"are close to the reported values (Sathiya et al., 2013). However, the binding
energies of Te*'in AAly33Te16706 (A = K, Rb, and Cs) are slightly lower than most
reported values for Te**(Sathiya et al., 2013; Tan et al., 2004) but are higher than
Te(0) or Te* states (Sartz et al., 1971). The chemical environments affect the binding

energy. Thus, Te*" in these samples, which is compressed in octahedral, are expected
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to be different from that of Te*" in TeO, standard. In fact, our values are close to that
reported in Gdy(Ti,-yTey)O7 pyrochlores which similarly contain compressed Te*
(Heredia et al., 2010). The binding energy and peak area of each peak are summarized

in Table 3.1.

In addition, Te 3ds; XPS results reveal the presence of Te** in all
samples with similar peak areas suggesting that Rb and K substituted samples contain
a similar amount of defect. However, the presence of Te*" in the cubic pyrochlore
samples is very low. The presence of a small amount of Te*" is a result of a small
deviation in stoichiometry as reported by Li et al. (Li et al., 2011) who concluded that
the nominal CsAlys3Te1670s Was actually CsAls0Te17006. The small amount of Te®*

must then be reduced to Te*" to maintain charge neutrality.
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Table 3.1 Te 3ds, fitting results.

o1

Comp. Te* Te* Ratio of
%) BE. FWHM BE. FWHM Te®: Te* R?
(eV) (eV) (eV) (eV) (1.67)
0 576.03 1.70 574.12 1.62 1.62:0.05 0.9983
Rb-doped
0.2 576.25 1.72 574.19 1.68 1.61:0.06 0.9991
04 576.27 1.79 574.22 1.78 1.62:0.05 0.9987
0.6 576.28 2.00 574.25 1.86 1.62:0.05 0.9994
0.8 576.36 1.90 574.28 1.68 1.60:0.07 0.9992
1.0 576.40 1.85 574.28 1.80 1.60:0.07 0.9995
K-doped
0.2 576.28 1.89 574.29 1.68 1.61:0.06 0.9993
04 576.32 1.79 574.33 1.72 1.60:0.07 0.9995
0.6 576.32 1.84 574.34 1.61 1.60:0.07 0.9982
0.8 576.35 2.02 574.43 1.99 1.60:0.07 0.9987
1.0 576.42 1.97 574.46 1.87 1.61:0.06 0.9992
CsTe,06
- 577.07 1.72 575.50 2.00 1.66:0.44 0.9981

(Te6+1,5: Te4+0,5)
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3.5.3 Electronic structure

Figure 3.6(a) show XPS spectra at valence band region that gives
useful information about the electronic structure of the samples. Almost all
semiconductor oxides consisting of d° and d*° metal ions, valence bands are usually
formed with O 2p orbitals (Scaife, 1980). The outstanding feature of the spectra is the
position of alkali p orbitals which is at about 10, 13, and 17 eV for Cs 5p, Rb 4p, and
K 3p, respectively. The positions of these states are similar to values in other reports
(Atuchin et al., 2012; Slobodin et al., 2005; Van den Berghe et al., 2000). Rb 4p and
K 3p bands are quite separated from O 2p near the top of the valence band and should
not have many contributions in it. Thus, the spectral feature and position of the
valence band in Rb and K containing samples are very similar. This also implies that
the effects from different bond distances and angles are insignificant, if any. The
spectra of two samples containing Cs are similar although there are some differences
as both samples contain quite a different composition and the crystal structure. As Cs
5p bands are clearly overlapping with O 2p, Cs is believed to contribute to the valence
band. The overlapping between Cs 5p and O 2p in the valence band is observed in
many oxides (Waghmode et al., 2003; Yang et al., 2014). The contribution from Cs 5p
in the valence band causes the shift in its position comparing to the other two samples
with no Cs. In addition, the spectral shape of CTO valence band is different from
others and there is another small peak on top of the valence band maximum (VBM)

(Figure 3.6(b)).

To understand the electronic structure, the band structure calculation of
CTO was performed. The valence band of CTO may be divided into three regions

(Figure 3.7). The small peaks at VBM consist of O 2p and Te 5s orbitals. The wide
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region about -1 to -6 eV is a feature of O 2p with a small contribution from Te 4d
orbital and the sharp peak at about -6 to -8 eV is formed mainly by Cs 5p orbital with
some contribution from Te 5p. These main features of the valence band are compared
to the obtain XPS spectra. It is interesting to note that the small peak above VBM is
not observed in XPS spectra of the AAly33Tes1 6706 Series. However, as proposed by
Li et al (Li et al., 2011) and estimated from Te 3ds/, Spectra, AAly33Te1 6706 Samples
should contain only about 3% of Te** which is very little comparing to 25% in CTO.
Thus, it is difficult to see Te 5s state at VBM of AAlys3Te; 6706 . In addition, the

different structure may lead to the different position of Te 5s state.
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Figure 3.6 XPS valence band spectra of CsTe,Os and AAly33Te16706 (A = Cs, Rb,
and K) (a) and the close-up of Cs containing samples showing an additional small

peak near the Fermi level (b).
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Figure 3.7 The calculated valence band of CsTe,Os.

3.5.4 Optical property

The UV-Vis absorption spectra of CTO and AAly33Te16706 (A = Cs,
Rb, and K) and the band gap energy obtained from the extrapolations are shown in
Figure 3.8. Although Cs,0, TeO,, and TeO3 have large band gap and white color, the
band gap of CTO is only about 1.4 eV and the compound is dark brown. This small
band gap is a result of Te** and Te® intervalence charge transfer (IVCT) which gives
rise to the absorption in a visible region corresponding to the transition from Te** 5s°
to Te® 5s°. Even though there are very few reports about Te*/Te®" charge transfer, a

similar mechanism is widely studied in other mixed valence systems including those
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with post-transition cations like Sh, Sn, Tl (Atkinson and Day, 1969; Mizoguchi et al.,
2013).

The UV-Vis spectra of AAly33Te; 6706 series are different from that of
CTO although the compounds also contain Te**/Te®* mixed valency. However, Te**
and Te®" in AAlys3Te1 6706 are in the same crystallographic sites while those in CTO
are in the different ones. As Amax Of absorption should be directly related to the
energy difference between Te*'5s”and Te®'5s°, the higher similarity of the
environment around Te*" and Te®" in AAlys3Te: 6706 results in absorptions at a longer
wavelength. The very broad and strong absorption centering at long wavelengths of
AAly33Te1 6706 is associated with IVCT of Te*" and Te®* similar to the diffuse
reflectance spectra of BaSn.Sh,Os containing Sb**/Sb>* (Mizoguchi et al., 2013).

Thus, it is concluded that the band gap energy obtained from the
extrapolations (Figure 3.8(b)) of CTO and AAlys3Te; 6706 refer to energies of
intervalence charge transfer from Te*" 5s*to Te®" 5s° and the transition of valence

band (O 2p) to conduction band, respectively.
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Figure 3.8 UV-Vis spectra (a) and extrapolation of the band gap energy (b) of

CsTes 06 and AA|0_33T61_6706 (A = Cs, Rb, and K)
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3.5.5 Electrical properties

Electronic conductivity of Cs;xAxAlp33Te1 6706 (A =Rb and K)
decrease with increasing A content. The effect is very significant as room temperature
conductivity of KAlys3Te; s70sand RbAly 33Tes 6706 are 10° and 10° times lower than
that of CsAly33Te; 6706 (0.1 S.cm), respectively (Figure 3.9). The conductivity of
CsTey0g is too low to be measured at room temperature. The conductivity of all
samples are plotted based on Arrhenius’ equation: ¢ = Ae"=¥" where A is pre-
exponential constant, k is Boltzmann constant, E, is activation energy, and T is
absolute temperature as shown in Figure 3.9. The activation energy are calculated and
summarized in Table 3.2. It is obvious that the lower Cs content, the higher the
activation energy. Interestingly, Siritanon et al.(Siritanon et al., 2009) have reported
that the Arrhenius plot of Cs(M,Te),0g are not linear in temperature range 50-300 K
and concluded that the samples exhibit variable range hopping conduction as the plots
of log conductivity vs. 1/TY* are linear. Therefore, the samples have different
conduction processes at different temperatures. In fact, crossover from variable range
hopping conduction to thermally activated band conduction from low to high
temperatures have been reported in many systems (Han et al., 2012; Okutan et al.,

2005) which is believed to be the case here.

In addition, CsAlTe,xOs and RbAITe,xOs were prepared and their
conductivities were measured as shown in Figure A4. The conductivity of both series
exhibit similar dependence on Al content which is also in agreement with the previous
work (Li et al.,, 2011). Therefore, it is reasonable to conclude that the amount of
defect (Te*™) are similar. If the number of Te* is similar, the difference in

conductivity must be related to Te** energy level relative to the conduction band.
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Figure 3.9 Electronic conductivity of CsixAxAly33Te1 6706 (A =Rb and K) and

CsTe,0Op samples fitted with Arrhenius equation.

Table 3.2 Activation energy and R? obtained from fitting the electronic conductivity

of Cs1xAxAlp33Te16706; A= Rb and K and CsTe,0g With Arrhenius equation.

. E. (eV) R? X E. (eV) R
0 0.108 0.9854 CsTe;06 1.15 0.9987
Rb-doped K-doped
0.2 0.113 0.9985 0.2 0.151 0.9914
0.4 0.174 0.9921 0.4 0.180 0.9856
0.6 0.183 0.9972 0.6 0.186 0.9855
0.8 0.194 0.9919 0.8 0.247 0.9934

1.0 0.224 0.9870 1.0 0.364 0.9888
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3.5.6 Band structure

When Cs is replaced by Rb and K in Cs;xAxAlos3Te1 6706, although
the same number of Al and Te*" are present as observed from XPS, the samples
containing Rb and K have much less conductivity despite the smaller cell parameters.
To explain the large differences in electrical conductivities of AAly33Te; 6706 and
CsTe,06 (CTO), the schematic band structure diagrams are proposed using the band
gap energy obtained from UV-Vis results and the VBM position obtained from XPS
valence band spectra (Figure 3.10). From the figure, the difference between Fermi
energy level and the bottom of the conduction band (Eg) is obtained. In general, the
band diagrams of these four samples represent their semiconducting behavior.
However, the activation energies of conduction indicate that their behavior are
different. The activation energy of conduction of CTO (1.15 eV) (Figure 3.9) is in the
same order with its band gap energy suggesting the intrinsic semiconducting behavior.
The conductivity of this sample is small because it required large energy to activate
electrons from valence band to conduction band. It is worth noting that E4 and the
activation energy of conduction in CTO are significantly different which indicates
that there is no defect level at the Fermi energy level (Ef). On the other hand, the
activation energies of AAly33Te; 6706 are close to Eq and much smaller than their
band gap energy which suggests the presence of defect levels close to the conduction
band within the band gap. The presence of such defect levels is a characteristic of n-
type semiconductors which agrees well with the negative Seebeck coefficients
(Siritanon et al., 2009). E4 in these three samples indicate the position of defect levels
relative to conduction band minimum (CBM) which determines conductivity of the

samples.
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n N 1\ N
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Rb 4p) K3

Band gap Activation energy
Valence band Eq
Compounds energy of conduction
position (eV) (eV)
(eV) (eV)
CsTey0p 1.24 1.36 0.12 1.15
CsAlp33Te16706 1.38 141 0.03 0.108
RbAly 33Te16706 1.67 1.91 0.24 0.224
KAlp33Te1670s 1.68 2.05 0.37 0.364

Figure 3.10 Proposed schematic band structures of CsTe,Og and AAly33Te16706 (A =

Cs, Rb, and K).

Overall, substitutions Cs with Rb and K have two effects on the band

diagram; lowering the VBM and lifting the CBM leading to the increases in the band

gap energy. Without the presence of Cs, VBM of both RATO and KATO is about 0.3

eV lower in energy. However, the band gap differences between the samples are 0.5-
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0.6 eV. Two factors that might affect valence and conduction band edge position are
the degree of overlapping and the relative energy level of Al 3s/Te 5s to O 2p, Te/Al-
O bond distance and Te/Al-O-Te/Al bond angle (Frand et al., 1995). As previously
reported, replacing with smaller cation at A site of AB,O¢ defect pyrochlore which
leads to a change in the B-O bond distance and B-O-B bond angle (Garcia-Martin et
al., 1991; Thorogood et al., 2009). Nevertheless, the combination of VBM lowering
and CBM lifting when Cs is replaced with Rb and K result in larger Ed and

consequently lower conductivity.

3.6 Conclusion

The series of Cs1.xAxAlh33Te1 6706 (A = K and Rb) with defect pyrochlore
structure have been successfully prepared by solid state reaction. The electrical
conductivity of all samples have been measured. Evidences from XPS confirm the
Te**/Te® mixed valency. Although containing similar Te**/Te®" mixed valency, the
samples with Rb and K are significantly less conductive. To clarify the large
differences in electronic conductivities, UV-Vis spectra, XPS spectra at valence band
region, and activation energies of conduction are used to proposed the band structure
diagrams. The band diagrams indicate that the samples are n-type semiconductor. The
conductivities were determined by the energy difference between the defect levels
originated from Te** and CBM. Such differences are affected by Rb and K content in
the structure as they seem to increase the band gap energy by lowering the top of
valence band. Additionally, replacing Cs with Rb and K increases energy difference
between the defect levels and CBM which consequently result in lower electrical

conductivity.
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CHAPTER IV
ELECTRONIC BAND STRUCTURE AND CONDUCTION
MECHANISM OF CsMnxTe,.,Os MIXED VALENCE

CUBIC PYROCHLORES

4.1 Abstract

To study the effects of M cations on structure and electronic properties of
Cs(M,Te),06 mixed valence compounds, series of oxides with the general formula
CsMn,Te,xOs have been prepared by solid state method. The substitution of Te in
CsTe,0p with 2.5% Mn (x = 0.05) changes the structure from rhombohedral to cubic
phase. Based on the XPS and XANES, it indicates that there are two substitution
schemes depending on the x values. When x is lower than 0.33, Mn** replaces Te*".
On the other hand, for samples with x > 0.33, Te®" are replaced by a mixture of Mn**
and Mn**. The switching between these two schemes occurs at around x = 0.30-0.33
which results in a change in the trend of the cell parameter and electronic
conductivity. To explain the electronic properties, simple schematic band structure
diagrams of the samples were proposed based on experimental results and DFT
calculations. Although the number of Te** in CsMn,Te,.Og (x<0.33) is higher but its
energy level is lower comparing to n-type Cs(Al, Te),Os with Te 5s donor states. In
these samples, Te 5s states overlap with Mn 3d and O 2p states at the top of the

valence band instead of behaving like a donor level near the conduction band.
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However, it was founded that the unit cell parameters correlation with the energy
levels of Te 5s states. When the cell parameter is small, Te* is destabilized in the
lattice causing its energy level and conductivity of the sample to increase. Although
samples with x > 0.33 contain oxygen vacancies and Mn**/Mn*" mixed valency, they
do not show any improvement in the conductivity. Thus, the CsMn,Te;«Og
compounds exhibit intrinsic semiconducting behavior and have much lower

conductivity.

4.2 Introduction

The development of new materials for modern electronic devices becomes
typical issues for sustainable development of human society. The many applications
of materials, such as thermoelectric, solar cell, and transparent conductors, etc., gain
attention in both science and engineering research fields. These applications are
strongly related to the electrical properties (Mikami et al., 2005; Wenas et al., 1991;
H. Zhang et al., 2015). Among all solid-state materials, oxides containing post-
transition elements have attracted great attention. Particularly, the n-type doping in
post-transition metal oxides such as In,Oz, SnO,, ZnSnO3, and BaBiO; (Alsac et al.,
2013; Cai et al., 2016; Chen et al., 2013; Sato et al., 1991) which show high
conductivity due to the presence of diffused s orbitals which results in wide
conduction bands and low carrier mobility (Kawazoe et al., 2000). However, the lists
of such examples are scarce for Sb and Te oxides despite being in the same row and
the electron conduction of tellurium oxides are very rare. One important example for
tellurium containing oxides with relatively high conductivity is Cs(M,Te),O¢ series

reported in 2009 (Siritanon et al., 2009). It has been concluded that the conductivity
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stems from Te*"/Te®" mixed valency in the compounds (Li et al., 2011). Small amount
of Te*" in the lattice caused by a slight deviation from stoichiometry generates donor
states close to the conduction band leading to the n-type character.

One crucial structural factor that allows the high conductivity is the cubic
symmetry of the unit cell where both Te*" and Te®" occupy the same crystallographic
site leading to a class Il mixed valency according to Robin and Day’s classification
(Robin and Day, 1968). In fact, it was postulated that the hypothetical cubic CsTe,Og
itself could be metallic (Siritanon et al., 2009). However, the actual rhombohedral
CsTe,0s contains long Te**-O and shorter Te®*-O. The longer Te*-O bond means
that Te*" states are stabilized and their energy level is too low. The conductivity of
CsTe,O¢ is therefore very low (cannot be measured at room temperature). The
substitution of small M cation at Te site not only changes the rhombohedral CsTe,Og
to cubic Cs(M,Te),O¢ but also determines the cell parameter and hence Te-O bond
distance. It is generalized that the smaller unit cell, e.g. the shorter Te-O bond,
destabilizes Te*" donor level moving it closer to the conduction band edge and results
in higher conductivity. Among all compounds in the series, only Cs(Al,Te),0¢ has
been extensively studied (J. Li et al., 2011). While the small AI** causes donor states
in CsAly 33Te; 6706 to have high energy level, the number of such states are very low.
To the best of our knowledge, the only Cs(M,Te),O¢ related compounds that form
cubic structure with high content of Te*" is Cs(W,Te).0s. However, the compounds
show no measurable electronic conductivity (Siritanon et al., 2011).

In this work, we will study the electrical properties of Mn doped CsTe,Og with
different concentrations of manganese. To understand the structure-property

relationships of mixed valence tellurium containing oxides, we studied the electronic
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structure using both X-ray absorption and X-ray photoelectron spectroscopy (Hishida
et al., 2013; Zhang et al., 2015; H. Zhang et al., 2015). It is the purpose of this work
to explore Cs(M,Te),Og related compounds with M = Mn. Mn is chosen because our
preliminary results indicated that the cubic pyrochlore structure can be achieved with
various Mn content. Therefore, Cs(Mn,Te),0s would be the second series of
compounds with cubic structure and higher Te*" content. This work supplies a
theoretical and experimental knowledge for the doping approach in order to have

control over the electronic properties of new tellurium oxide materials.

4.3 Experiments

4.3.1 Preparation of CsMnxTe,.xOs
The solid-state reaction method was used to prepare CsMn,Te,.xOg
series. Stoichiometric amounts of CsNOj3 (Sigma-Aldrich, 99+%), Mn,0O3 (Sigma-
Aldrich, 99%), and TeO, (Acros Organic, 99+%) were ground in an agate mortar and
heated at 550 °C for 5 h. After that, the samples were reground and sintered at 625 °C

for 24 hiin air.

4.3.2 Characterizations
Powder X-ray diffraction patterns were recorded by a Bruker D2
Phaser diffractometer (Cu Ko radiation, A = 1.5406 A) for phase identification. X-ray
absorption near edge structure (XANES) and X-ray photoelectron spectroscopy (XPS)
experiments were carried out at Synchrotron Light Research Institute, Thailand. The
Te Ls-edge spectrum was obtained at the BL5.2: SUT-NANOTEC-SLRI XAS

Beamline using transmission modes. The Mn Ls»-edge and O K-edge spectra were
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obtained at the BL3.2Ua: PES (Photoelectron Emission Spectroscopy) using total
electron yield modes (TEY). The XPS of Mn 2p, Te 3d and valence band (VB) were
recorded by a PHI5000 VersaProbe Il XPS Instruments (ULVAC-PHI, Japan)
(Monochromatic X-ray of Al Ka,1486.6 eV) at BL5.3: SUT-NANOTEC-SLRI. The
C 1s at 284.8 eV was used as a reference for the binding energies drift due to charging
effects. The electrical conductivities of all sintered samples were measured from 298

to 673 K by a four-probe method using a Keysight B2901A source/measure unit.

4.4 Calculations

To further explore the electronic structures of the CsMnyTe,xOg cubic
pyochlores, the projected density of states (PDOS) of the CsMng5Te; 7506 System
was calculated. The model was taken from the Rietveld-refined experimental unit cell
of CsTe,Op containing 8 Cs cations, 16 Te cations, and 48 O anions which
corresponds to eight CsTe,Og formula unit (CsgTe15045) (Siritanon et al., 2011). Then,
the CsMng 25 Te; 7506 model system was achieved by replacing two Te ions with two
Mn ions. The foreign Mn ions are expected to statistically distribute at the Te sites
which yield nonequivalent lattice configurations with different total energies. While
the other lower energy configurations may exist, it is expected that the overall
electronic structures are not affected by the positions of the two Mn ions.

The calculated electronic structures reported herein were carried out using
spin-polarized density functional theory (DFT+U) with periodic model as
implemented in Vienna Ab Initio Simulation Package (VASP 5.3) (Kresse and
Furthmuller, 1996; G. Kresse and Hafner, 1993). Dudarev’s approach (Kresse and

Hafner, 1993) was used for DFT+U calculations to correct for the self-interaction
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error inherent in current exchange-correlation functionals DFT when applied to
transition metals with tightly localized d electrons, such as Mn in the
CsMng 25 Te1 7506 model system. It is known that the proper value of U parameter
varies from systems to systems and also depends on the interested properties of the
system. There have been several studies reported the use of U value in the range of
4.0 to 5.5 eV for studying various properties of bulk and surfaces of MnO, (Dudarev
etal, 1998; L. Liet al., 2015; Sun et al., 2011; Tompsett et al., 2012; Tompsett et al.,
2013). In this work, the U value of 4.0 eV was chosen for Mn 3d electrons as it was
used to properly describe the electronic structures of stoichiometric and reduced
MnO, systems (Sun et al., 2011). Exchange correlation is described within the
generalized gradient approximation with the Perdue-Burke-Ernzerhof functional
(Perdew et al., 1996). The ultrasoft pseudopotential with the projector augmented
wave method was chosen to represent the inner core potentials and treated the Cs
5sbp6s, Te 5s5p, Mn 3s3p3d4s, and O 2s2p as valence electrons (Blochl, 1994;
Kresse and Joubert, 1999). Their wave functions were expanded in the plane-wave
basis with a cutoff energy of 400 eV. The tetrahedron smearing method with Bloch
corrections with a gamma-centered k-point of 3x3x3 were used to produce the PDOS.

Using a denser 5x5x5 k-mesh yields a negligible difference of the PDOS results.

4.5 Results and discussion
4.5.1 Crystal Structure
Figure 4.1 shows the powder X-ray diffraction patterns of all prepared
CsMn,Te,.xOs samples which indicate that all diffraction peaks can be indexed as

AB,O¢ cubic defect pyrochlore with Fd3m space group. Not that the single phase
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compound was achieved for composition with x = 0.05 — 0.43. Lower or higher Mn
content resulted in impurities. In this defect pyrochlore lattice, hexagonal tunnels are
created by corner-sharing network of (Mn/Te)Og octahedra. The Cs cations occupy
the position in these tunnels (Subramanian et al., 1983). However, it is interesting that
only 2.5% of Mn is enough to disrupt the ordering of Te** and Te®" in rhombohedral
CsTe,0s. As reported earlier, substituting Te with W could also alter the symmetry of
the structure but at least 10% W content was required (Siritanon et al., 2011). The
shift of the diffraction peaks suggest that Mn is incorporated into the lattice. In
addition, the lattice parameters were carefully calculated by Le Bail refinement with
the use of NaCl internal standard. As illustrated in Figure 4.2, the relationship
between cell parameters and Mn content form two linear lines with a different slope.
This observation suggests that there are two different mechanisms of the Mn

substitution with the switching point around x = 0.33-0.37.
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Figure 4.1 Powder X-ray diffraction patterns of CsMnyTe,xOs.
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4.5.2 X-ray absorption near edge structure (XANES) results

As Mn with more than one oxidation states can occur in oxides. The
oxidation states of Mn in the samples and substitution mechanisms were investigated
by XANES. Figure 4.3 show the Mn L3z ,-edge XANES spectra of the samples. The
spectra correspond to Mn 2p — 3d allowed transition and are split into Mn L3 (2p3/2)
and Mn L, (2p12) because of the spin-obit coupling (Garvie and Craven, 1994; Sultan
et al., 2015). Each peak is furthered split into t,4 (denoted A and C in Figure 4.3) and
eq State (denoted B and D in Figure 4.3) due to crystal field effect. These complex
spectra feature gives valuable information on Mn in the samples. First of all, the
energy position of Mn Ls-edge peak of all samples align well with that of Mn**
indicating that Mn®" is a major component (Arun et al., 2018). The small shoulder is
observed in Mn Ls-edge spectrum of the sample with x > 0.33 which indicates the

presence of Mn*" (Arun et al., 2018; Thakur et al., 2008). Furthermore, the intensities
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of the spit peaks reflect the total unoccupy of Mn 3d states which can additionally
imply the valence situation of Mn (Asokan et al., 2009; Shukla et al., 2008; Thakur et
al., 2008). The ratio of unoccupied ey states to unoccupied tyq states is higher in Mn**
than in Mn** (Asokan et al., 2009; Garvie and Craven, 1994). Thus, the increases of
B/A and D/C ratio indicate the increase of Mn** content. In this case, the Mn L,-edge
regions clearly shows splitting into two features which can be identified to t,q and eq
state. It is clear that the intensity of eq region is higher than t,q in sample with x > 0.33
which reflects the increase in the eq unoccupied state and the positive charge of Mn
ion. Thus, based on the area and position of Mn L-edge peak, it is clear that sample
with x > 0.33 contain Mn**/Mn*" mixed valency. It is interesting to note that this
mixed valency appears at the same switching point observed in XRD patterns (Figure

4.2).
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Figure 4.3 Mn L3 »-edge XANES spectra of CsMn,Te,4Og.
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The Te Ls-edge XANES spectra were collected to study Te oxidation
states (Figure 4.4(a)). With the use of a calibration curve constructed from edge
energies of TeO, (Te*"), CsTe,0p (mixed Te*"/Te®") and KTaTeOg (Te") (Figure
4.4(b)), the Te*"/ Te® ratio in the samples were estimated as summarized in Table
4.1. 1t is obvious that for samples with x = 0.05 — 0.33, Te** is replaced by Mn**
leading to the decrease of Te** content while Te®* content increase. One could
represent the substitution situation for these samples with the general formula
Cs ™ (MN**)(Te*)0.5.(32)(Te™) 1.5+(x2)Q6. Although the ionic radius of Mn** (0.645 A)
is much smaller than that of Te** (0.97 A) and larger than that of Te®* (0.56 A)
(Shannon, 1976; Shannon and Prewitt, 1969), this formula is in agreement with the

significant reduction in unit cell parameters of the samples with x<0.33.
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Figure 4.4 Te Ls-edge XANES (a), 1¥ derivative spectra (b) and a calibration curve

used to estimate average oxidation state (c) of Te in CsMn,Te;.Os.
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The obtained results as summarized in Table 1 suggest that Te®" was
replace by Mn in the samples with x > 0.33. As results from Mn Lj,-edge XANE
suggest that these samples contain Mn®**/Mn** mixed valency, they must have a
different mechanism for charge compensation. The most probable mechanism here is
the formation of oxygen vacancies. Thus, the charge compensation mechanism of
compounds with x = 0.37-0.43 may be represented with the general formula
Cs*" (Mn*"#),(Te®"), 4O 5. This would also lead to a less significant change in the
cell parameters as observed in Figure 4.2. It was previously reported that the AB,Og
defect cubic pyrochlore structure including CsTe,Og, can accumulate some oxygen
vacancies (Groult et al., 1982; Siritanon et al., 2011). Note that the Te*"/ Te® contents
calculated from this proposed formula agree well with the numbers estimated from the
calibration curve (Table 4.1).

Table 4.1 Estimated Te*" and Te®" content in CsMn,Te,.,Os samples.

Te Content Ideal Te Content*

Mn content (ﬁ\li) Valence Teo TeF Te5 T
0.00 (CTO) 3.00 5.48 1.48 0.52 1.50 0.50
0.05 3.16 5.56 1.52 0.43 1.52 0.43
0.15 3.49 5.72 1.59 0.26 157 0.28
0.24 3.76 5.86 1.63 0.13 1.62 0.14
0.30 3.94 5.95 1.65 0.05 1.65 0.05
0.33 412 6.05 1.70 -0.03 1.67 0.00
0.37 412 6.05 1.66 -0.03 1.63 0.00
0.43 4.04 6.00 1.57 0.00 157 0.00

*calculated from Cs™ (Mn®)x(Te")o.53x2)(T€"")1.5:(x2)06 for x = 0.05-0.33 and from
Cs* " (Mn*"*),(Te®"),_xOg _ s for x > 0.33.
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4.5.3 X-ray photoelectron spectroscopy (XPS) results

XPS was used to further study the elemental composition and
oxidation states of elements (Figure 4.5). The Mn 2p and Te 3d XPS were recorded to
support XANE results, which indicate that the same conclusion (see Figure B1-B2
and Table B1). Cs 3d and O 1s XPS spectra are shown in Figure 4.6. The obtained Cs
3d binding energies at ~723.5 eV are characteristics of Cs" and are similar to previous
reports (Marschall et al., 2011; Van den Berghe et al., 2000). The shoulder at slightly
higher binding energy (~724.8 eV) is observed in Cs 3d spectra of the sample with x
> 0.33 but its energy is still within a range of Cs™ (723.5-725.1 eV) (Van den Berghe
et al., 2000; Wahoud et al., 2014). Thus, these shoulders may suggest a presence of
Cs"in different environments, such as Cs'in the vicinity of the oxygen vacancies or
hydroxyl (Podgornov et al., 2000). O 1s spectra could be deconvoluted into three parts
which correspond to lattice oxygen (Op), oxygen vacancies (V,), and absorbed
oxygen (Op) respectively (Dudric et al., 2014; Rahimnejad et al., 2014; Wang et al.,
2017). The higher V, content is obtained in samples with x > 0.33 suggesting the
presence of more oxygen vacancies which is consistent with the proposed formula. As
change in unit cell parameter and previously discussed XANES data suggest the

change of substitution mechanism which could be a reason behind this.
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4.5.4 Electrical properties

Electronic conductivities of the samples were measured from 298 to
673 K and plotted according to the Arrhenius equation: o = Ae™®¥") where A is pre-
exponential constant, k is Boltzmann constant, E, is activation energy, and T is
absolute temperature as shown in Figure 4.7(a). The obtained activation energies of
conduction are also plotted with Mn content as shown in Figure 4.7(b). The lowest
activation energy of all samples in the series is CsMng3Te; 706, The conductivities and
activation energies clearly depend on the cell parameters. The smaller the unit cell
parameters, the higher the conductivities. The same trend is previously reported in
Siritanon et al., 2009. As reported by Siritanon et al (Siritanon et al., 2009), the type
of M cations in Cs(M,Te),0s affects the conductivity of the compounds as some M
cations can provide orbitals with appropriate energy to overlap with Te 5s at
conduction band which increases the conductivity. The conductivity of
CsMng3Te; 706 is lower than that of previously reported CsGapssTes 706 despite
having similar cell parameters because Mn 3d orbital is not as diffused as the s orbital
of Ga. It is interesting to note that the Mn series in this work generally have smaller
cell parameters than the W series (Siritanon et al., 2011). As a result, Mn series
exhibit higher conductivities. Although oxygen vacancies can often improve
electronic conductivity of oxides, it is not the case for this group of tellurium oxide
pyrochlores. The CsTe,O¢« Series were not conducting (Siritanon et al., 2011) and
CsMn,Te,xOs samples with x > 0.33 do not show any improvement in the
conductivities. In addition, CsMn,Te,.xOs have black color which indicates a more
similar environment between Te**and Te®*. The color reflects the intervalence charge

transfer from Te** 5s% to Te®* 5s°and d-d transition of Mn (Kim et al., 2017).
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Figure 4.7 Arrhenius plots of electronic conductivities (a) and the obtained activation

energy of conduction (b).

4.5.5 Electronic structure

The obtained XPS at valence band region (Figure 4.8), O K-edge
XANES (Figure 4.9) and theoretical calculation (Figure 4.10) were used to study the
electronic structure of CsMnyTe,.xOg cubic pyrochlore. XPS spectra at valence band
region give useful information about the electronic band structure at occupied state of
all samples. The valence band feature of all samples can be roughly separated into
three regions. The bottom of valence band (denoted A in Figure 4.8(a) and Figure
4.10(c)) is mainly of Cs 5p state with small contribution from Te 5p and O 2p which
is similar to the previous report (VVan den Berghe et al., 2000; Waehayee et al., 2017).
Hybridization between O 2p, the Mn 3d, and Te 5p results in the peak denoted B. The
position of this peak slightly shifts toward higher energy when Mn content is
increased. There are two factors that might affect B position, the degree of

overlapping and the energy level of Mn 3d, both of which are correlated with the unit
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cell parameters and the environments around Te/Mn including Te/Mn-O distance and
Te/Mn-O-Te/Mn angle. Furthermore, the presence of Mn**in samples with x>0.33
also affected B position because the 3d of Mn*" contribute to the top of the valence
band as reported in (Fu et al., 2018; Hishida et al., 2013). A small shoulder (denoted
C in Figure 4.8(a) and Figure 4.10) is most likely a result of Mn 3d and Te 5s states
from Te*"present in the samples. Therefore, the change in the intensity of peak C is
related to the changes in Te** and Mn content of each sample. In addition, samples
with x =0.37 and 0.43 exhibit small tailing around C which might be caused by the
oxygen vacancies (Lv et al., 2016).

O K-edge XANES spectra is the absorption edge of 1s to 2p transition
in oxygen atom and relate to the conduction band of oxides (Balasubramanian et al.,
2013; Pellegrin et al., 1997). Figure 4.9(a) displays O K-edge XANES of CsMn,Te..
xOg samples. The bottom of the conduction band, A*, is identified to consist of Te 5s
states with some contribution from Mn states (Figure 4.9(a) and Figure 4.10). This
feature clearly becomes more intense with Mn content. Thus, it is most likely
contributed by hybridization of Mn 3d and O 2p (Abbate et al., 1997;
Balasubramanian et al., 2013; Pellegrin et al., 1997). The feature B* corresponds to
hybridization of Te 5s-O 2p. The split-off conduction band is separated from a broad
higher conduction band contributed by Mn 3d and Te 5p states which denoted C* and
D* respectively. The strong contribution from Mn 3d is reflected by the slight
increase in intensity of the peak in this region when Mn content increases. These
peaks position agree well with the calculated DOS results. Furthermore, the first
derivative plot (Figure 4.9(b)) shows a shift of conduction band minimum when Mn

content changes.
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In addition, the calculated magnetization of 8 uB indicates that there
are in total 8 unpaired electrons in the system implying a formation of two Mn*" ions
([Ar]3d*). Our calculated results are consistent with those of experimental
observations that at lower range of Mn concentrations (x < 0.33 in CsMnyTe,xOg) the
oxidation state of Mn is 3+. The calculated band gap of 0.2 eV is also consistent with
the activation energies obtained from Arrhenius analysis for x = 0.24, 0.30; E, = 0.45

and 0.24, respectively ((Figure 4.7(a))

4.4.6 Band structure
To explain the electronic properties of the samples, the simple

schematic band structures of the compounds comparing to previous work (CsTe;Og
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and CsAly 33Te; 6706) Were proposed based on the XPS at valence band region, O K-
edge XANES and activation energy (Figure 4.11). As concluded in chapter III,
CsTe,Op is an intrinsic semiconductor while CsAlg33Te; 6706 IS an n-type
semiconductor. The electronic conductivity of CsTe,O¢ relates the activation of
electrons from the valence band (Te** 5s) to the conduction band. On the other hand,
CsAlp33Te; 6706 is more conducting because of the low activation energy required to
activate electrons in donor levels (Te** 5s). However, the band structures, especially
the energy difference between the top of the valence band and the bottom of the
conduction band (E. - E,) indicates that all samples in CsMnyTe,xOg Series are an
intrinsic semiconductor.

In CsMn,Te,xOp (X<0.33), Te 5s states have low energy that they
overlap with Mn 3d state and become part of the valence band. This situation is
similar to that observed in CsTe,Og although the hybridized states in CsMn,Te;xOg
have slightly higher energy because of the different structure. On the other hand, Te
5s state in CsAly33Te; 6706 is considered a donor state whose energy is close to the
conduction band minimum because Te** in octahedra is compressed by a smaller cell
dimension. It should be noted that there are much more Te*in CsMn,Te,,Os
(x<0.33) than in CsAly33Te16706. It is interesting that if the energy of Te 5s band in
CsMn,Te,xOs move up to overlap with the conduction band, the materials will show
a metallic-like property. Unfortunately, the number of Te*" is correlated with the unit
cell dimension and higher Te*" content expands the unit cell, hence lowers its energy
level. The correlation between cell parameters and activation energy of conduction is
quite significant as a simple plot shown in Figure 4.12 is roughly linear. Note that this

correlation is obvious because both parameters are from the same series of
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compounds with similar electronic structure. However, when compare with other

Cs(M,Te),Og, other factors such as the energy level and diffusivity of M orbitals

could result in some deviations.
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Figure 4.11 The proposed schematic band structures of CsMn,Te,.«Os compared to
CsTes 06 and CSA|0.33T61.6706.
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Because of the disappearance of Te* in CsMngssTers:0s, its
electronic behavior depends on the energy differences between the energy level of Mn
3d state and the conduction band minimum. Thus, the switching in the trend of
electrical conductivity of these two schemes occurs at around x = 0.30-0.33. Although
occurrence oxygen vacancies in samples with x>0.33 can raise valence band
maximum, it does not increase the electrical conductivity because the conduction

band minimum is also lifted.
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4.6 Conclusion

The series of CsMn,Te,.xOg (X =0.05 to 0.43) with defect pyrochlore structure
have been successfully prepared by solid state reaction. While the CsTe,Os compound
is rhombohedral, substituting Te with 0.05 Mn into the lattice leads destroys the
octahedra ordering resulting in a cubic structure. Based on the XPS and XANES
results, the substitution can be represented by two different formulas. When x is lower
than 0.33, Mn®" replaces Te*" resulting in Cs""(Mn*")x(Te*")o5.2x2)(T€ )15+ (x20s. ON
the other hand, Te®" are replaced by Mn®*"and Mn*" when x is higher than 0.33 as can
be described by Cs*"(Mn®*"*"),(Te®"), ,Os 5. The switch between the two schemes
results in a sudden change in the cell parameter trend and the activation energy of
conduction. To explain the differences in electrical properties, XPS at valence band
region and O K-edge XANES were employed to probe the electronic structures and
propose the schematic band structure diagrams. Based on the proposed diagrams, it is
clear that CsMn,Te,xO¢ are different from previously reported n-type CsAlcTe;xOs.
Although the number of Te*" state is higher in CsMn,Te,,Os (X <0.33) samples, the
Te 5s states overlap with Mn 3d-O 2p states and become part of the valence band
leading to the intrinsic semiconducting behavior. In addition, the energy of the Te 5s
states in CsMnyTe,xOs (X <0.33) samples shows a correlation with unit cell
parameters. Thus, it is expected that high conductivity would be achievable by
compressing the Te**-O bond. On the other hand, the disappearance of Te** and
lifting of conduction band minimum in the samples with x>0.33 are causing the
switching of substitution mechanism which lower the conductivity, although the
occurrence of oxygen vacanciesin samples with x > 0.33 raise valence band

maximum.
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CHAPTER V
ENHANCEMENT PHOTOCATALYTIC ACTIVITY OF
KNbTeOs DEFECT PYROCHLORES THROUGH BAND

ENGINEERING

5.1 Abstract

To study the effects of Ag, Cu, and Sn substitutions on photocatalytic activity
of KNbTeOg compounds, the KNbTeOg parent compound has been successfully
prepared by solid state method. Its Ag, Cu, and Sn doped were obtained by facile ion
exchange method. All of the samples were characterized by X-ray diffraction (XRD),
Thermogravimetric analysis (TGA), Scanning electron microscope-energy dispersive
X-ray spectroscopy (SEM-EDS), X-ray photoelectron spectroscopy (XPS), and UV-
Vis diffuse reflectance spectroscopic (DRS). To describe the electronic structure of all
compounds, we proposed simple schematic band structures of the compounds based
on the XPS at valence band region and UV-Vis absorption spectra. The reduction of
band gap energy in KNbTeOg from 3.38 eV to 2.76 (Ag-doped), 3.21 (Cu-doped), and
2.51 eV (Sn-doped), are attributed to the up of valence band caused by the formation
of Ag 4d, Cu 3d, and Sn 5s states in each samples overlap with O 2p states at the top
of the valence band. As a result, the Ag*, Cu**, and Sn**-doping exhibited higher
photocatalytic activity than pure KNbTeOs. However, the factor such as more surface

adsorbed oxygen species, stronger light absorption in visible region, narrower band
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gap energy, and wider bandwidth of valence band were supposed to be the reasons
for the highest activity observed of Sn-doped sample. The mechanism of Methylene
blue photodegradation was studied by using different quenchers in the presence of
Sn**-doped KNbTeOg as photocatalyst. The hydroxyl radicals (*OH) is major active
species, while, photogenerated holes (h*) and superoxide radicals (O,) are miner

active species in this photodegradation process.

5.2 Introduction

During the past decades, wastewater containing various dyes was one of the
most important environmental issues. The semiconducting materials have been
synthesized and studied to apply for the environmental remediation in a
photodegradation process (Molla et al., 2016; Tian et al., 2012; Wu et al., 1999).
Among all, photocatalytic degradation using oxides containing post-transition element
compounds has attracted great attention. Many oxides containing post-transition
metals have been reported to show photodegradation activity toward organic dyes. For
example, BiSbOy, La,Sn,07, and Bi;WOgs have been used as efficient photocatalysts
(Fu et al., 2005; Lin et al., 2006; Zeng et al., 2007).

It is well known that, good photocatalysts should have large absorption in the
visible region, large separation of electron-hole pairs and suitable band potentials to
produce active species (Ansari et al., 2016; Jitta et al., 2015; Weber et al., 2012).
Incorporation of Ag*, Cu?*, and Sn®" in crystal lattice can create Ag 4d, Cu 3d, and Sn
5s state near top of valence band leading to increase absorption in the visible light
region (Guje et al., 2015; Sun et al., 2012). Recently, several researches about

improving photocatalytic performance of KBB’Og defect pyrochlore structure using
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facile ion exchange of K* with ions such as Ag*, Sn**, Cu®, Bi**, Sm*, Eu*, and
Gd** have been reported (Guje et al., 2016; Guje, Gundeboina, Reddy, et al., 2016;
Ravi et al., 2013). This high exchangeability is due to the fact that K* locate in large
hexagonal tunnels which are built up from corner sharing networks of B(B”)Og
octahedra (Guje et al., 2016; Ravi et al., 2014). However, tellurium containing defect
pyrochlores are less investigated in their photocatalytic properties.

To understand the structure-photocatalytic property relationships of tellurium
containing defect pyrochlores, we studied the electronic structure of KNbTeOg and
Ag*, Cu?*, and Sn*" substituted KNbTeOs. Photodegradation activity of Methylene
blue in the presence of these materials as catalysts is studied. In addition,
phtocatalytic mechanism in Methylene blue degradation is investigated with the use

of appropriate quenchers.

5.3 Experiments

5.3.1 Preparation of KNbTeOg
KNbTeOg parent compound was prepared by solid state method using
KNOj3 (Carlo Erba, 99+%), Nb,Os (Acros Organic, 99+%), and TeO, (Acros Organic,
99+%). Stoichiometric mixtures of the reactants were weighed and ground in an agate
mortar. The mixed powder were pressed into pellets and heated at 550 °C for 5 h.
After that, the samples were reground, pressed into pellets, and sintered at 650 °C for

24 hin air.

5.3.2 Preparation of Ag*, Cu?*, and Sn** doped KNbTeOs

lon exchange method was used to prepare Ag, Cu, and Sn doped
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KNbTeOs samples. About 1 g of KNbTeOg were added to 100 mL of 0.0225 M
solution of AgNOs, CuCly, or SnCl,.2H,0 and stirred for 24 h at room temperature.
The resultant solids were washed several times with double distilled water and dried

in air.

5.3.3 Characterizations

Powder X-ray diffraction patterns were recorded by a Bruker D2
Phaser diffractometer (Cu Ka radiation, A = 1.5406 A) for phase identification. The
decomposition of absorbed and lattice water were investigated by thermogravimetric
analysis (TGA) under nitrogen gas with a heating rate of 5 °C/min. The elemental
composition of the samples were investigated by energy dispersive  X-ray
spectroscopy (EDS) using the Oxford Instrument, model X-Max 50 mm. X-ray
photoelectron spectroscopy (XPS) were carried out at BL5.3: SUT-NANOTEC-SLRI,
Synchrotron Light Research Institute, Thailand. The XPS spectra were recorded by a
PHI5000 VersaProbe 11 XPS instruments (ULVAC-PHI, Japan) using Al Ka
monochromatic X-ray (1486.6 eV). The C 1s binding energy at 284.8 eV was used as
a reference. Agilent UV-Vis-NIR spectrophotometer modeled Carry 5000 was used
for optical diffuse reflectance spectroscopy (DRS). The diffuse reflectance (%R)
spectra were recorded in the wavelength range of 200-2000 nm with the double beam

mode.

5.3.4 Photocatalytic Test
The photocatalytic activity of all samples was tested by
photodegradation of methylene blue (MB) under light exposure using 150W halogen

lamp (The spectrum of halogen lamp is shown in Figure C2). The solutions were kept
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at constant temperature of 27 °C during the test. Typically, a mixture of 50 mL of
methylene blue solution (3 mg/mL) and 0.05¢g of catalysts was stirred in dark for 1 h
to achieve an absorption-desorption equilibrium. At every 1 h, 5 mL of solution was
collected and centrifuged to remove catalysts. The concentration of MB solution was
determined by a UV-Vis spectrophotometer with the absorbance at 664 nm. The

photodegradation efficiencies were calculated by

D=[(Co-C)/Co] X100 [1]

where D is percent degradation, Co and Cs are initial and final concentration of dye,
respectively (Jitta, Guje, et al., 2015).

To quantitatively analyze hydroxyl radicals in the photocatalytic
process, the photocatalytic hydroxylation of terephthalic acid (TA) was observed by
the measurement of fluorescence intensity of 2-hydroxy-terephthalic acid (2-TAOH)
with excitation energy at 315 nm (Li et al., 2017). The measurement procedure was as
follows: TA was added into NaOH solution with a concentration of 1.0 mmol/L, to
obtain a 0.25 mmol/L TA solution. Exactly 50 mg of the catalyst was added into 50
mL of TA solution. The mixture was stirred in dark for 1 h to achieve absorption-
desorption equilibrium and ensure the uniform dispersion of the catalyst.
Subsequently, the solution was irradiated by a 150 W halogen lamp. At a given time
interval (O h and 3 h), 10 mL of the reaction solution was sampled and the catalyst
was removed by centrifugation. A fluorescence spectrophotometer was used to
measure the PL spectrum of the reaction solution. In addition, we investigated the
active species in photocatalytic reaction to studied photodegradation mechanism. The

hydroxyl radicals (+OH), holes (h") and superoxide radicals (O,*) were investigated
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by using 0.2 mM of isopropanol (+OH scavenger), sodium oxalate (h* scavenger), and

benzoquinone (O scavenger) to the reactions ( Jitta et al., 2015; Huang et al., 2014).

5.4 Results and discussion

5.4.1 Crystal structure

Powder X-ray diffraction (XRD) pattern of KNbTeOgs (KNTO) and
Ag, Cu and Sn doped-KNbTeOgs (AGKNTO, CuKNTO, and, SnKNTO) were recorded
for phase identification (Figure 5.1). All diffraction peaks of KNTO can be indexed as
AB,O¢ cubic defect pyrochlore with Fd3m space group, no impurity is observed
(Guje et al., 2015; Guje et al., 2015; Jitta et al., 2015). Similarly, a single-phase
AgKNTO, CuKNTO, and, SnKNTO with cubic defect pyrochlore structure were
successfully obtained by ion exchange method. The unit cell parameters of KNTO,
AgKNTO, CuKNTO, and SnKNTO were calculated by Le Bail refinement as
summarized in Table 1. Although replacing K" (1.51 A) with smaller Ag® (1.28 A),
Cu* (0.73 A)and Sn*" (1.27 A)ions in lattice should lead to small unit cell
parameters (Shannon, 1976), the obtained results do not follow this trend. The cell
parameters of AGKNTO, CuKNTO and SnKNTO are slightly larger than that of
KNTO. The most probable explanation is the incorporation of water in the crystal
lattice during the ion exchange reaction (Guje et al., 2016; Jitta et al., 2015).

Thus, TGA technique was used to identify the presence of lattice water.
As reported in previous works, the loss of adsorbed water is observed at temperature
50-250 °C, while weight loss at around 250-600 °C corresponds to both absorbed and
lattice water (Guje et al., 2016; Guje et al., 2015). In this work, the loss of both

absorbed and lattice water was observed at temperature 50-500 °C (Figure 5.2).
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The presence of both absorbed and lattice water about 1.5-4.5% are close to
previously reported values (Guje et al., 2016; Guje et al., 2015). It is normal to have
water in the defect pyrochlore because the structure contains lots of vacant sites that

can accommodate water molecules (Jitta et al., 2015).
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Figure 5.1 Powder X-ray diffraction patterns of KNTO, AgKNTO, CuKNTO, and

SNKNTO.

Table 5.1 Cell parameter (a) and elemental composition of all compounds.

Compounds Cell paremeter a (A) *Composition
KNTO 10.250 KNbTeOg
AgKNTO 10.250 Ko.sAgo2NbTeOs
CuKNTO 10.267 KosCug1NbTeOg
SnKNTO 10.280 Ko.7Sno.15sNbTeOg

*calculated from energy dispersive X-ray spectroscopy (EDS) elemental mapping
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Figure 5.2 The TGA profiles of KNTO, AGKNTO, CuKNTO, and SnKNTO.

5.5.2 Morphology

SEM images of KNTO, AgKNTO, CuKNTO, and SnKNTO (Figure
5.3) show irregularly discontinuous lumps shape without significant differences
particle sizes which indicates that there are no changes in the morphology and particle
size after ions exchange. EDS elemental mapping was used to confirm the presence of
each elemental. EDS mapping images of all compounds are shown in Figure 5.4.
According to the mapping, all elements are homogeneously distributed in the samples.
While KNTO contains K, Nb, and Te as expected, the doped samples additionally

contain doping elements. In addition, the presence of K in doped samples suggests
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only partial substitution of K* by guest ions. The obtained ratio of each element was

used to calculate the compositions of all compounds as shown in Table 5.1.
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Figure 5.4 The energy dispersive X-ray spectroscopy (EDS) elemental mapping

images of KNTO, AgKNTO, CuKNTO, and SnKNTO.
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5.4.3 X-ray photoelectron spectroscopy (XPS).

XPS was used to study the elemental composition and oxidation states
of elements (Figure 5.5). The obtained binding energies of K 2p XPS spectra of all
compounds (Figure 5.6(a)) are characteristics of K*(Atuchin et al., 2012; Moggia et
al.,& Cornaglia, 2003). The presence of K 2p XPS spectra in all samples indicates that
K is only partially exchanged with Ag, Cu, and Sn. Figure 5.6(b) show the Ag 3d, Cu
2p, and Sn 3d XPS spectra of AGKNTO, CuKNTO, and SnKNTO. The Ag 3d core
level spectra with binding energy about 367.5 and 373.6 eV confirms the +1 oxidation
state of Ag (Kruczek et al., 2006). The Cu 2ps;, and Cu 2p;/, spectra located at 933.2
and 953.2 eV suggest Cu®* (Xu et al., 2013). The binding energy at about 486.6 and
495.0 eV for Sn 3ds, and Sn 3ds, Spectra, respectively are characteristics of Sn?*
(Wang et al., 2013). It is interesting to note that the elemental analysis based on EDS
(Table 5.1) gives compositions with charge neutrality. Additionally, it seems that at
this studied condition, only about 20% of K* can be exchanged and the oxidation state

of the exchanging ions determines how much each will be in the lattice.

Intensity (a.u.)

0 200 400 600 800 1000
Binding energy (eV)

Figure 5.5 Survey XPS spectra of KNTO, AgKNTO, CuKNTO, and ShnKNTO.
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The Nb 3d XPS spectra of all compounds are shown in Figure 5.7(a).
The binding energy at about 207.3-207.4 and 210.0-210.1 eV are attributed to the
Nb>* 3ds), and 3ds, respectively (Liu et al., 2016; Qamar et al., 2015). The binding
energy values of Te 3ds, and Te 3ds;, observed at 576.4-576.8 and 586.8-587.2 eV
(Figure 5.7(b)), respectively, indicate that Te of all compounds is in +6 oxidation state
(Sathiya et al., 2013). The observation of O 1s spectrum (Figure 5.8) is asymmetric
and can be deconvoluted into lattice oxygen (O.) located at binding energy around
530.4 — 530.7 eV (Lee et al., 2014; MekkKi et al., 2005) and surface adsorbed oxygen
species (Oqq) located at higher binding energy peaks, such as carbonyl species (C 1s
peak showed also a small component at 286-289 eV), hydroxyl species, adsorbed

molecular water and oxygen (Chen et al., 2018; Liu et al., 2016). However, the slight
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shift towards higher binding energy of Nb 3d, Te 3d, and O, after ion exchange could
be attributed to be the different environment and lattice distortion (Su et al., 2012). As
previous reported, replacing with smaller cation at A site of AB,Og defect pyrochlore
which leads to the lattice distortion (Garcia-Martin et al., 1991; Thorogood et al.,
2009).

The presence of hydroxyl species, molecular water, and oxygen on the
surface of the catalyst has a positive effect on enhancement of photocatalysis (Jun et
al., 2015; Veldurthi et al., 2014). Generally, photoexcited holes were trapped by
surface adsorbed water and generate hydroxyl radical while surface adsorbed oxygen
trapped photoexcited electron to produce superoxide radical. Therefore, having a lot
of hydroxyl, molecular waters, and oxygen on the surface can improve the formation

of the active species.
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Figure 5.7 Nb 3d (a) and Te 3d (b) XPS spectra of KNTO, AgKNTO, CuKNTO, and

SNKNTO.
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Figure 5.8 O 1s XPS spectra of KNTO, AGKNTO, CuKNTO, and SnKNTO.

XPS spectra at valence band region give useful information about the
electronic band structure. To study the valence band feature, the spectra of all
compounds were record as shown in Figure 5.9. The valence band of KNTO, denoted
A, is predominantly from the hybridization of O 2p, Nb 4d, and Te 5s (Kruczek et al.,
2006; Norman and Botana, 2017). Comparing to KNTO, the shape of valence band of
AgKNTO, CuKNTO, and SnKNTO are different due to owning the domination of
guest ions orbitals (Ag 4d, Cu 3d, and Sn 5s) which hybridizes with O 2p, Nb 4d, and
Te 5s states. A small shoulder at the top of valence band is observed in the substituted
samples which result in wider bandwidth comparing to KNTO and cause a shift in the
top of valence band position toward Femi level (Ef). These shoulder are contributed
by Sn 5s, Cu 3d and Ag 4d, similar observations are also observed in previous works

(Harb et al., 2014; Hosogi et al., 2008; Mahmood et al., 2014).
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Figure 5.9 XPS at Valence band of KNTO, AgKNTO, CuKNTO, and ShnKNTO.

5.4.4 Optical properties
The UV-Vis absorption of the KNTO, AgKNTO, CuKNTO, and
SNKNTO are shown in Figure 5.10(a). Clearly, the red-shift of optical absorption
edge was observed from the ion exchanged compounds. Doping with Ag®, Cu*" and
Sn?* can increase absorption in the visible light region, which affects the sample color
(inset of Figure 5.10(a)). The band gap energies of the samples are estimated from the

extrapolation of the plot of (Khv)*?

versus photon energy (hv) (Figure 5.10(b)) (Guje
et al., 2015; lJitta et al., 2015; Ravi et al., 2013), where K is reflectance transformed
according to Kubelka-Munk function [K = (1-R)?%2(R)]. In this function, R =
(%Rsample/%0Rstandard) (Morales et al., 2007). The band gap energy value of KNTO,

AgKNTO, CuKNTO, and SnKNTO are 3.38, 2.76, 3.21, and 2.51 eV, respectively.
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Based on the XPS at valence band region and UV-Vis absorption
spectra, it is obvious that the significant red-shift of the optical absorption edge in ion-
exchanged samples are attributed to the shift of the valence bands as a result of Ag 4d,
Cu 3d, and Sn 5s states. In addition, hybridization of Ag 4d, Cu 3d, or Sn 5s and O 2p
orbitals broadens the valence band (Kurra et al., 2019; Veldurthi et al., 2014) which to

increases the mobility of photogenerated holes in valence band (Hosogi et al., 2008).
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Figure 5.10 UV-Vis absorption spectra (a), sample color (inset), and Kubelka-Munk

plot (b) of KNTO, AgKNTO, CuKNTO, and SnKNTO.

5.4.5 Photocatalytic activity
The photocatalytic performance of KNTO, AgKNTO, CuKNTO,
and SNnKNTO was investigated by methylene blue (MB) photodegradation under
UV-Visible light irradiation. Figure 5.11(a) shows photocatalytic activity of all
compounds compared with blank (MB). We found that Ag*, Cu®*, and Sn?*-doped
KNbTeOs exhibit significantly higher photocatalytic performance than pure KNbTeOg

(Figure 5.11(b)).
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Figure 5.11 The photocatalytic activity (a) and the percentage MB degradation after 3

h of UV-Visible light irradiation (b) of KNTO, AGKNTO, CuKNTO, and SnKNTO.

In addition, the pseudo first order kinetics (Langmuir—Hinshelwood
model) was used to investigate the reaction kinetics of the MB photodegradation
process (Figure 5.12), as shown in the following equation (Ravi et al., 2013; Wang et

al., 2016):
IN(Co/C)= Keppt [1]

where Cy is the initial concentration of the MB (mg/L), C is MB concentration at time
t, (mg/L), and Kapp is the rate constant of the apparent pseudo first order reaction (h™).

The half-life time of the pseudo first order reaction (t1,) can be calculated by (Ravi et

al., 2013).
t1/2: In2/kapp [2]

The rate constant and half-life time values of all samples for MB

photodegradation are shown in Table 5.2. From the result, it can be conclude that the
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SNKNTO, AgKNTO, and CuKNTO compounds display higher rate constants than
KNTO, respectively. It means that SnKNTO compound has higher photocatalytic

efficiency than KNTO, CuKNTO, and AgKNTO, respectively.
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Figure 5.12 Kinetics plot for MB photodegradation in the presence of KNTO,

AgKNTO, CuKNTO, and SnKNTO.

Table 5.2 The apparent pseudo first order rate constant (Kapp), half-life time (t12) and

2
correlation coefficient (R ) of KNTO, AgKNTO, CuKNTO, and SnKNTO.

Photocatalyst Keop (h'l) ‘[1/2 (h) R2
KNTO 0.073 9.44 0.996
AgKNTO 0.280 2.48 0.955
CuKNTO 0.132 5.26 0.994

SnKNTO 0.413 1.68 0.997
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The photodegradation performance shows obvious correlation with the
band gap energy. Catalysts with lower band gap energies and broader valence band
shows higher efficiency (Jitta et al., 2015; Ravi et al., 2014; Ravi et al., 2013).
However, the higher surface adsorbed hydroxyl, water, and oxygen also play roles in
photocatalytic performance of catalysts because the photogenerated electron and hole
can react easily with surface adsorbed oxygen species to form hydroxyl and
superoxide radicals (Huang et al., 2014). In a photocatalytic process, when light is
irradiated on the catalysts, holes and electrons are generated in the valence band and
conduction band, respectively. These holes migrate to the surface of the catalyst and
reacts with hydroxyl and water to form hydroxyl radicals. On the other hand,
electrons in the conduction band on the catalyst surface can reduce molecular oxygen
to form superoxide radical. Some superoxide radical can be neutralized by protons in
water and finally form hydroxyl radical. It is well known that *OH radical is a very
powerful chemical oxidant in the photocatalytic oxidation of organic pollutants and it
is an important indication of photocatalysts efficiency. Hence, we investigate the
generation and concentration of *OH radicals in the photocatalytic process using the
photocatalytic hydroxylation of terephthalic acid (TA). Terephthalic acid (TA) reacts
with *OH radical to form 2-hydroxy terephthalic acid (TAOH) which gives
luminescence when excited by photon with appropriate energy (Li et al., 2017).
Figure 5.13 displays the photoluminescence of aqueous TA solutions in the presence
of KNTO, AgKNTO, CuKNTO, and SnKNTO catalysts under visible light irradiation
after 3 h. The fluorescence intensity indicate the concentration of *OH radicals.
Among all catalysts, SnKNTO shows highest PL intensity which can be attributed to

the highest concentration of -OH radicals. This result is consistent with photoactivity
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results.
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Figure 5.13 Fluorescence of TAOH with visible light irradiated KNTO, AgKNTO,

CuKNTO, and SnKNTO suspensions (Agx =315 nm).

It is clear that the higher photocatalytic activity of Sn*", Ag", and Cu®'-
doped, is due to the narrower band gap energy and the stronger light absorption in
visible region leading to more photoexcited electron-hole pairs and higher active
species. However, the increase bandwidth of valence band and the higher surface
adsorbed water (supported by TGA and O 1s XPS) also play critical roles in
photocatalytic performance of SnKNTO. As mentioned above, the wider bandwidth
of valence band can increased the lifetime of photogenerated electron-hole pairs
separation. It is well known that photocatalysts have small band gap energy and bettet
electron-hole pairs separation can generate more number of electron—hole pairs,

leading to higher photocatalytic activity.
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5.4.6 Possible photocatalytic mechanism

The detection of active species during photocatalytic reaction could
give insight to the photocatalytic mechanism. In this work, isopropanol (IPA), sodium
oxalate (NazC,0,), and benzoquinone (BQ) were used as hydroxyl radicals («OH),
holes (h") and superoxide radicals (O.*) scavengers, respectively (Huang et al.,
2014). The photocatalytic degradation of MB over SNnKNTO in the presence of
different scavengers is shown in Figure 5.14. The results show that, the percentage of
MB degradation after 3 h was found to be about 31%, 45%, and 47% when IPA,
Na,C,04 and BQ were added, respectively. Thus, hydroxyl radicals (*OH) is the
major active species for photodegradation of MB over SnKNTO under UV-Visible
light irradiation. On the other hand, photogenerated holes (h") and superoxide radicals

(O2¢) are miner active species in this process.
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Figure 5.14 The photocatalytic degradation of MB over SNKNTO in the presence of

different scavengers.



116

Furthermore, band position is another important factor for
photocatalysis. The relationship between bottom of conduction band (Ecg) and band
gaps (Eq) for oxide semiconductors consisting d° and d'° metal ions that was reported
by Scaife as shown in the equation: (Scaife, 1980).

Ece=2.94 - E, [3]

In semiconducting oxides, valence bands are usually formed with O 2p orbitals. The
potential difference in the conduction bands is mainly attributed from the difference
of band gaps. We speculate that the same case takes place in KNTO because the
compound contain (Nb>*/Te®")Ogs octahedra. From the observed parameters, it appears
that KNTO has E4 of 3.38 eV, and the valence band is at 2.94 V, consisting of only O
2p. Therefore, the conduction band will be at -0.44 V, which is contributed by Nb and
Te. The potential of the conduction band minimum of SNKNTO should be similar to
that of KNTO because they have the same pyrochlore structure and main components
(Nb/Te) (Hosogi et al., 2008). The presence of Sn 5s orbitals form new valence bands
at a more negative level than the O 2p orbitals. Consequently, the band gap of
SNnKNO was 0.87 eV narrower than that of KNTO (Figure 5.15). Thus, the CB
potention of SNKNO is more negative to the redox potentials of O,/O,¢ (-0.33V vs.
NHE; at pH=7), and the photogenerated electrons can reduce O, to generate O,+". On
the other hand, the VB potential of ShnKNTO is more positive than the redox
potentials of OH7/+OH (+1.9V vs. NHE; at pH=7) but more negative than that of
*OH/H,0 (+2.73V vs. NHE; at pH=7), indicating that the photogenerated holes in the
CB of SnKNTO can oxidize OH" to form <OH radicals but cannot oxidize H,O to
produce *OH radicals (Al-Fahdi et al., 2019; Ma et al., 2018; Wardman, 1989; Wood,

1988).
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Figure 5.15 The proposed band potential and mechanism of MB photodegradation

over SNKNTO photocatalyst.

Accordingly, the photocatalytic mechanism of SNKNTO is proposed.

As shown in Figure 5.15, formation of Sn 5s level on the top of valence band

effectively lifts the top of valence band and cause a red-shift on the optical absorption

edge. In this case, more electrons and holes are created at conduction and valence

band of ShAKNTO, respectively. Therefore, photocatalytic performance of SnKNTO is

improved when compare with KNTO. The MB photodegradation process is shown in

the following reactions: ( Lin et al., 2014; Reza et al., 2016; Xia et al., 2018)

SNKNTO + hv (UV-Vis) - SNKNTO (ecg+ h'vs) [4]

h+VB +OH - 'OH

[5]
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ecgt 02— Oy [6]
O+ + H" - HO,e [7]
2HO,+ — O, + H,0; 8]
H,0; + Oz¢” — 'OH + OH™ + O, [9]
"OH +h" + 0,¢ + MB - degrade [10]

The first step is the excitation of electrons from valence band to
conduction band, leaving holes in the valence band. In the valence band, the separated
h" migrates to the surface and is trapped by surface-adsorbed hydroxyl to produce
hydroxyl radical («OH). On the other hand, O, acts as the electron acceptor to trap the
photoexcited electrons, thus leading to Oe formation. Moreover, O, can be
protonated to yield hydroperoxyl radical (*"HO;), form hydrogen peroxide (H.O;), and
finally to hydroxyl radical («OH) active species (Lin et al., 2014; Reza et al., 2016;
Xia et al., 2018). Finally, the produced active species (*OH and O,*") react with MB to
degrade them. In addition, MB are also directly oxidized by h™ at the valence band of

SNKNTO (Guo et al., 2016; Lin et al., 2014; Reza et al., 2016).

5.5 Conclusion

KNbTeOs parent and Ag*, Cu®** and Sn**-doped KNbTeOg compounds have
been successfully prepared by solid state and facile ion exchange method,
respectively. The incorporation of Ag, Cu, and Sn into the KNbTeOg lattice after ion
exchange was investigated by X-ray photoelectron spectroscopy (XPS) and energy

dispersive X-ray spectroscopy (EDS) techniques. The red-shift of the optical
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absorption edge of ion exchanged compounds are attributed to the shift of valence
band caused by the hybridization of Ag 4d, Cu 3d, and Sn 5s states with O 2p states at
the top of the valence band. As a result, they exhibit higher photocatalytic
performance than pure KNbTeOs under UV-Visible light irradiation. In this research,
SNKNTO compound displays the highest efficiency. It is due to narrower band gap
energy, stronger light absorption in visible region, a lot of surface adsorbed oxygen
species, and wider valence band. The mechanism of Methylene blue photodegradation
was studied by using quenchers in the presence of Sn®*-doped KNbTeOs as a
photocatalyst. It is found that the hydroxyl radicals (*OH) is major active species,
while, photogenerated holes (h") and superoxide radicals (O2+) are minor active

species for this photodegradation process.
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CHAPTER VI

CONCLUSIONS

In this thesis, many tellurium containing defect pyrochlores oxides have been
synthesized and investigated in an attempt to study their electronic and
photocatalytic properties.

Cs(M,Te),0¢ were recently reported as a mixed valence pyrochlores which
show n-type semiconducting behavior due to Te*'/Te®'mixed valency. It was
reported that smaller M cations reduce cell parameters which increases the
conductivity. However, the role of Cs in these compounds is unclear and the
mechanism of conduction had not been proofed experimentally. In this work,
CsAlp33Te1 6706 is chosen to study the effects of cation at Cs position by Rb and K
substitutions. Despite the smaller cell parameters of the compounds when Cs is
replaced with smaller Rb and K, the conductivities at room temperature are
decreased. UV-Vis spectra, XPS spectra at valence band region and activation
energies of conduction are used to propose the band structure diagrams which
suggest that the conductivities were determined by the energy difference between
the defect levels originated from Te*" and the bottom of conduction band.

On the other hand, CsMnTe,xOs with x = 0.05 — 0.43 are chosen to
Investigate the effects of M metal on the structure and electronic properties of
Cs(M, Te),0s. It is found that substituting Te in CsTe,Og with as small as 2.5% Mn

changes the structure from rhombohedral to cubic symmetry. Based on results from
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XANE and XPS the compounds can be presented as Cs“*(Mn®*")(Te*)os.
3x2)(T€%) 15400206 for x <0.33 and Cs™"(Mn*"*")(Te®"), «Os 5 for x>0.33. The
switch between the two schemes, at x = 0.33, results in a sudden change in the cell
parameter trend and the activation energy of conduction. Based on the proposed
band diagram, the Te 5s states overlap with Mn 3d-O 2p states and become part of
the valence band in compounds with x<0.33. Compounds with x>0.33 contain small
amount of oxygen vacancies whose states contribute to the top of the valence band.
Nevertheless, all compounds are considered intrinsic semiconductors. Based on the
investigation, the unit cell parameters are strongly correlated with the energy levels
of Te 5s states. Despite having high Te*" content in the lattice, they are stabilized by
the large cell parameters and the compounds do not exhibit n-type character.

Many ABB’Og defect pyrochlores are promising candidates for
photocatalytic properties and have been widely developed for photocatalysts
application. It is well known that ion exchange with other cations for K in KBB’Os
results in a narrow band gap which leads to high photocatalytic activity under
visible light. However, photocatalytic properties of tellurium containing defect
pyrochlores are not widely investigated. Therefore, this thesis aims to study the
modification of band gap energy and its effects on the photocatalytic activity of
KNbTeOs defect pyrochlore oxides. Ag*, Cu?*, and Sn?* are substituted in K site of
KNbTeOs compounds to modify the band gap energy. The electronic structure of all
compounds was proposed based on the X-ray photoelectron spectroscopy at valence
band region and UV-Vis absorption spectra. The contribution of Ag 4d, Cu 3d, and
Sn bs states in doped samples results in a shift of valence band maximum, which

reduces the band gap energy leading to more active species generation and reduce
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the band gap energy leading to more active species generation and consequently

improved higher photocatalytic activity.
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APPENDIX A

XPS ANALYSIS, X-RAY DIFFRACTION, AND

RESISTIVITY

Al  XPS calculation of Te*" and Te®" contents

To obtain the Te*" and Te®" contents, the fitting analysis of Te 3ds, XPS were
performed and the obtained peak areas of both peaks were used for the calculation as

follows:

(peak area of Te(IV))
(peak area of Te(IV))+(peak area of Te(VI))

Te* content = | |x Total Te contents

Te®* content = (Total Te content) — (Te** content)
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Figure Al Te 3ds, XPD fitting of Cs;.xAxAlo33Te16706 (A= Rb and K) and CsTe,Os.
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A2  X-ray diffraction of AAl,Te,,Og (A = Cs, Rb, and K).

X-ray diffraction (XRD) was used to investigate the phase purity of AAITe,.
xOs (A =Cs, Rb, and K) with varied Al contents. The results indicate that only
samples with x =0.33 can be indexed as AB,Og cubic defect pyrochlore structure

without impurity.
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Figure A2 XRD pattern of CsAlyTe;4Os.
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Figure A3 XRD pattern of RbAlTe,.xO
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Figure A4 XRD pattern of KAIkTe,xOs.

A3

60

Resistivity of AAlTe,.xOs (A = Cs, Rb, and K)

Resistivity at room temperature of the AALTe,xOs (A = Cs, Rb, and K) were

measured by four-probe method. Note that only KAITe,.xOs sample with x = 0.33

exhibit measurable resistivity, the resistivity of other samples are too high to be

measured with the current technique.
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Figure A5 Resistivity at room temperature of the AAlLTe,xOs (A = Cs, Rb, and K).



AAPENDIX B

XPS AND TEM ANALYSIS OF CsMnyTe,Og

B1 XPS of Mn 2pand Te 3d

The Mn 2p and Te 3d XPS were recorded to support XANE results. It is
known that Mn 2ps, peak of Mn®" (641.2-641.7 eV) and Mn*" (642.1-642.6 eV) are
close to each other that the interpretation of Mn states based on the binding energies is
difficult. Thus, the spin—orbital splitting of Mn 2ps;, and Mn 2py, was used to identify
the oxidation states of manganese ions in the samples. As displayed in Figure B1,
such an energy separation between Mn 2py, and Mn 2ps;; (AE of Mn 2p) are about
11.99 - 12.03 eV for samples with x < 0.33 which indicates Mn**. For samples with x
> 0.33, on the other hand, AE of Mn 2p decrease to 11.80-11.81 eV suggesting
mixture of Mn** and Mn*. The Mn 2p XPS results agree well with those of
previously obtained XANES spectra. The observed intensities also agree with the
nominal compositions. The Te 3d spectra (Figure B2) obviously show asymmetric
peaks for samples with x = 0.15 — 0.30. Thus, they are fitted into two components,
one belongs to Te** and the other Te®". On the other hand, the samples with x > 0.30
show symmetric peaks which are fitted into only Te®".The fitting results are

summarized in Table B1



Intensity (a.u.)

Mn 2p

Mn 2p,,,

AE =12.03 eV
i
|

AE =12.01 eV

AE =11.99 eV

Mn 2p,,

AE =11.81 eV,

1

1 AE=12.01eV

Intensity (a.u.)

635 640 645 650 655 635 640 645 650 655
Binding energy (eV)
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Figure B2 Te 3d XPS spectra of CsMnyTe,<Oe.
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Table B1 Summary of Te components based on Te 3ds, XPS spectra.

Mn Te® Te* Te Content

Teb": Te*

content B.E.(eV) FWHM B.E. (eV) FWHM
(eV) (eV)

0.15 576.34 1.73 575.04 1.97 1.63:0.22
0.24 576.55 1.63 574.92 1.98 1.63:0.13
0.30 576.59 1.64 574.80 1.75 1.62:0.08
0.33 576.58 1.56 - - 1.67 : 0.00
0.37 576.59 1.51 - - 1.63:0.00
0.43 576.58 1.57 - - 1.57 : 0.00

B2 TEM analysis in a different area of CsMng 43Te1 5704

Figure B3 TEM analysis in a different area of CsMng43Te15;06. () STEM imaged

and (b-d) the corresponding Cs, Te, and Mn elemental mappings, respectively.
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From Cs 3d XPS result, samples with x>0.33 display a shoulder at a slightly
higher binding energy which may be characteristic of small Cs metallic cluster. TEM
and the energy dispersive X-ray spectroscopy (EDS) elemental mapping were used to
investigate the small Cs metallic cluster. According to the mapping of
CsMng 43Te1 5706, all elements are homogeneously distributed in the samples. This

indicates that the Cs metallic clusters are not present in samples with x > 0.33.
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AAPENDIX C
XANES SPECTRA, PHOTOCATALYTIC TEST, AND

HYDROXYL RADICAL GENERATION

Cl XANES spectra of Nb and Te Ls-edge

Nb and Te Ls- edge spectra were carried out to support the chemical state of
Nb and Te species in the catalysts from XPS results. Figure C1 shows the XANES
spectra at the Nb and Te Ls-edge of KNTO, AgKNTO, CuKNTO, and ShKNTO with
comparison to standard materials with different oxidation states. From the Nb and Te
Ls-edge XANES spectra, the absorption edge matches that of the Nb,Os and KTTO
(KTaTeOs :Te®) standard. This result indicates that the valency of Nb and Te in these

catalysts is Nb°>* and Te®" ion, respectively.

Nb L,-edge @ Te L,-edge (b)

Nb-foil

KNTO

AgKNTO

CuKNTO

SnKNTO

Normalized absorption (a.u.)
Normalized absorption (a.u.)

Nb,O,

T v T v T v T v T v T v T v T v T
2355 2370 2385 2400 2415 4320 4340 4360 4380 4400
Photon energy (eV) Photon energy (eV)

Figure C1 XANES spectra of Nb (a) and Te (b) Ls-edge.



C2 Photocatalytic test system
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Figure C2 Reactor for photocataytic test (a) and the spectrum of halogen lamp (b)

C3 UV-Vis spectrum and calibration curve of methylene blue
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Figure C3 UV-Vis spectrum ( Amax = 664 nm) and structure of methylene blue (inset).
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The experiment of MB photodegradation in this work, we tested under light

exposure using 150W halogen lamp (Figure C2). The

concentration of MB solution

was determined by a UV-Vis spectrophotometer with the absorbance at 664 nm and

compared with calibration curve (Figure C3).
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Figure C3 Calibration curve of methylene blue for all three sets of photodegradation.

C4  The *OH radicals generated on photocatalyst

The *OH radicals generated on the irradiated samples were measured by

fluorescence spectrometry. To determine *OH radicals generation of photocatalyst,

terephthalic acid (TA) was used as an *OH scavenger. Terephthalic acid reacts with

*OH to produce highly fluorescent product, 2-hydroxyterephthalic acid, as shown in

Figure C4.



142

UV @ 315 nm

5o \% o
5
«OH (@
_— \’
fluorescent @ 425 nm
Q
o cI> O X

Terephthalic acid 2-hydorxyterephthalic acid

(Non-fluorescent)

Figure C4 Formation of fluorescent 2-hydroxyterephthalic acid via the reaction of

*OH radicals with terephthalic acid.

References

Singh, H., Sinha, A., Ghosh, H., Singh, M., Rajput, P., Prajapat, C, and Ravikumar,
G. (2014). Structural investigations on Co3xMn,TeOg;(0<x<2); High
temperature  ferromagnetism and enhanced low temperature anti-

ferromagnetism. Journal of Applied Physics. 116(7): 074904.

Wang, B., Zhao, Y., Banis, M. N., Sun, Q., Adair, K. R., Li, R., Sham, T.-K., and
Sun, X. (2018). Atomic layer deposition of lithium niobium oxides as potential
solid-state electrolytes for lithium-ion batteries. ACS Applied Materials &

Interfaces. 10(2): 1654-1661.

Li, J., Ni, G., Han, Y., and Ma, Y. (2017). Synthesis of La doped Bi,WQO¢ nanosheets
with high visible light photocatalytic activity. Journal of Materials Science:

Materials in Electronic. 28(14): 10148-10157.



CURRICULUM VITAE

Name Mr. Anurak Waehayee

Education

2010-2013 B.Sc. (Chemistry) Thaksin University, Thailand
2014-2018 Ph.D. Candidate (Chemistry) at Suranaree

University of Technology, Thailand

Publications

Waehayee, A., Eknapakul, T., Chanlek, N., Kongnok, T., Rattanasuporn, S.,

Nakajima, H., Meevasana W., and Siritanon, T. (2017). Electrical properties
of (Cs1xAx)Alp33Te1 6706 (A = K and Rb) mixed valence pyrochlores. Journal
of Alloys and Compounds. 718: 215-222. (Impact factor (2017): 3.133)
Waehayee, A., Chanlek, N., Kidkhunthod, P., Nakajima, H., Suthirakun, S., and
Siritanon, T. (2019). Electronic band structure and conduction mechanism of
mixed valence Te**/Te®" pyrochlore oxides.Physical Review B. 100: 045132

(Impact factor (2017-2018): 3.813)



	Cover
	Approved
	Abstract
	Acknowledgement
	Content
	Chapter1
	Chapter2
	Chapter3
	Chapter4
	Chapter5
	Chapter6
	Appendix
	Biography

