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ABSTRACT

The principle aim of this research is to synthesize and analyze Zn-Ti oxide nanopowders
fabricated by the sonochemical method. The prepared samples are composed of two main
groups, including TiO,-based and perovskite ZnTiO;-basded compounds. The single-doping of
Zn-ion and 'co-doping of Co-Zn and. Mn-Zn were incorporated _in the TiOQ, to mcedify the
properties. of nanoparticles. The second system, perovskite ZnTiO; nanoparticles were
individually doped with Co and Mn ions. To study the properties of the prepared samples, X-ray
diffraction (XRD), field emission scanning electron microscope. (FESEM) and UV-VIS diffuse
spectrascopy were employed to investigate their structural phase, ‘morphology and optical
properties, respectively. Their chemical composition and local structure were analyzed by X-ray
absorption ' spectroscopy. (XAS). using X-ray absorption near edges structure (XANES) and
extended X-ray absorption fine structure (EXAFS) technique. Photocatalytic activity of TiO,-based
and ZnTiOs-based catalysts was evaluated by the Rhodamine B (RhB) dye degradation under
both ultraviolet and visible light irradiation.

Zn-singly doped TiO, sample reveals that the as-synthesized samples are in the anatase
phase and their crystallinity increase after annealing process. The particle size of as-synthesized
powders is around 20 nm. The Zn-dopant slightly affects the reduction of energy band gap of
the samples compared with pure TiO, samples. For doubly-doped TiO,, the structural analysis
exhibits that the pure anatase TiO, phase was found in all Co-Zn and Mn-Zn doped samples
using sonication time for 30 min without heat treatment process. FESEM images can induce the
nano-size of particle and uniform distribution. XANES and EXAFS analysis confirms that some T
lattice of TiO, were substituted by dopant ions. The optical analysis reveals the significant shift
of absorption spectra to visible light region. The photocatalytic activity of samples was tested by

the degradation of Rhodamine B dye solution under visible light irradiation. The doubly-doped



samples presents highly efficient and rapid degradation of dye compared with singly-doped and
bare titania. The highest degradation rate was achieved in the sample with 3% for Co- and 2%
for Mn-doping concentration. The uncomplicated and eco-environmental method can be useful
for synthesizing the potential catalysts for highly efficient degradation of organic pollutants for
environmental renewal.

For perovskite ZnTiOs—based compounds, the samples were prepared by sonochemical
method accompanying the annealing process for crystallinity improvement . XRD results of pure
ZnTiO; samples show that the phase of cubic and hexagonal are observed in sample calcined at
600°C and 700°C, respectively. In further, increasing calcination temperature up to 800°C, the
cubic/hexagonal phase would decompose into cubic spinel Zn,TiO, and rutile TiO, phase. The
XKANES analysis exhibits the oxidation state of Zn”" and Tiin the ZnTiO; nanoparticles. The
average particle size is in the nanoscale and its size increases with increasing annealing
temperature. The superior photodegradation of RhB under UV and visible irradiation is found in
the sample calcined at-700°C representing the highest percentage of hexagonal phase. In case of
transition metal ions of Co- and Mn-doped ZnTiOs samples, the samples were prepared by
sonochemical method with the calcination temperature of 700°C. XRD results represent that the
mixing phase of cubic and hexagonal structures are obtained in all prepared samples without
impurity phase of metal oxides. The existence of Co and Mn-in ZnTiO5 host was confirmed by
XANES technique. The XANES results confirm the Co’' of oxidation state in-Co-ZTO and the
mixing of M and Mn'* in- Mn-ZTO samples. The optical studies exhibit that the extended
visible light abserption are found in all doped samples. EXAFS analysis of Co-ZTO presents that
the Zn site is occupied by Co-dopants. For Mn-ZTO sample, some Mn-dopants occupy in Zn-site
of ZTO and some Mn-ions form small eluster of Mn,0Q;. The photocatalytic behavior for RhB dye
decomposition under visible light irradiation indicates that the doped samples have the superior
degradation compared to pure-ZTO sample. The results suggest that the incorporation of
transition metal ions of Co and Mn dopants is an effective way to improve the catalytic

efficiency of perovskite ZTO structure.

Keywords: TiO,, co-doped TiO,, ZnTiO; Sonochemical method, nanopowder, XANES, EXAFS,

Photocatalyst
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CHAPTER 1

INTRODUCTION

1.1 Motivation

In the past decade, the development of nanomaterials has been the focus of
considerable attention with photocatalysis being used in a variety of products across a broad
range of research areas, including especially environmental and energy-related fields [1-2].
Among the photocatalyst materials, titania (TiO,) nanoparticles has been widely studied and
utilized in many applications due to its strong oxidizing abilities, for the decomposition of organic
pollutants, super-hydrophobicity; long durability; nontoxicity, low cost and transparency to
visible light [3-5]. After first time for discovery of titania for photo-electrolysis of water by
Fujishima and Honda [6], titania- has been widely investigated and modified for the
environmental application as a photo-catalyst. However, the -major limitation of titania catalyst
includes its rather wide band eap indicating that only ultraviolet spectrum can be harvested for
excitation and-the high:recombination rate between electron (e) and hele (h") pairs which
results in low quantum yield. Recently, many studies have been dedicated to modify titania by
substitutional dopine of metal or non-metal element such as V, Cr, Mn, Fe, Co, Ni, Cu, Zn, N and
C in order to extend its absorption edge to visible light region and to enhance the photocatalytic
properties [7-23]. Among these, metal doping shows the shift of optical response from UV to
visible spectral range and-the reduction of recombination rate of electron () and hole (h") pairs
during the photocatalytic process [24]. Previous studies suggested that the Zn-doping is one of
the potential candidate dopant ions which can enhance the physical and chemical properties of
TiO, nanoparticles. For example, G. Marci et al. [25] found that Zn jons can considerably
enhance the photocatalytic performance of TiO, under UV irradiation, which is attributed to the
increase in the separation rate of phote-induced charge due to the difference in the energy band
position. The dynamic processes of photo-induced charges are affected by the oxygen vacancies,
which can be determined sometimes on the metal ions doped in the surface of TiO,
nanoparticles. Moreover, other recent examples have demonstrated the studies of effect of
different transition magnetic metal ions doping on TiO, nanoparticles such as Co and Mn-doping.
It exhibits that the doping ions are able to introduce new intrabands within the forbidden band
gap of TiO, which narrows the band gap of titania [26]. Lately, an approach to dope TiO, with
more than one transition metal ion has received attention since it could provide a finer control

for tuning capability of its energy gap [27-28]. Moreover, compared with single metal doping, it



also improves the photocatalytic performance of host materials. Zhi et. al. studied and
compared the pure-, singly- and doubly-doped of Fe-Zn into TiO, nanoparticles prepared by
alcohol-thermal method [29]. The results represented that the presence of co-doping exhibited
two folds improvement in photocatalytic efficiency, which could be attributed to the enriched

electronic properties of TiO,.

Recently, researchers have also focused on the titanium-based oxide with a general
formula ATiOs, which have a wide range of application and are regards as functional inorganic
materials [30]. ZnTiO; (ZTO) is one of ABO, perovskite oxide materials having BO, octahedral with
cations A”* inserting in the framework. This compound belongs to the binary system of ZnO-TiO,,
including perovskite ZnTiOs, spinel Zn,TiO4 and defect spinel Zn,Ti;;0g. [31]. The cubic structure
ZnTiO; has a thermodynamic stability at low temperature and it would decompose to spinel
structure and rutile phase around 945°C [32]. Perovskite strueture great interesting has been paid
for wide range applications, which -is. precious nanostructure for-practical industrial application
such as regenerable catalyst, pigment, CO and NO sensor and dielectric material in microwave
frequency region [33-39]. The properties of perovskite ZTO nanostructure could be improved by
the adaptability: in the electronic structure which arises from the change in content of cation
dopant with different valence states. Doping with transition metal ion is one of effective routes
to modify the structural and relevant properties of perovskite ZTO nanostructure. Y. W. Wang
group [40] prepared ZTQ nanopowders by a sol-gel process combined with calcinations at 800°C
and investigated their. photocatalytic behavior in the photodegradation of humic acid. The Ag-
doped and Ag-dispersed nano ZTOs were studied by D. P. Dutta and it was revealed that the

prepared nanoparticles showed high efficiency for antibacterial activity [41).

One of challenge for materials synthesisis to find a processing method for preparation
process. Sonochemical synthesis is one candidate for nanomaterial fabrication. It has been
proven to be a useful technique for generatine novel nanomaterials with unusual properties and
environmental-friendly [42-43]. The sonochemistry typically provides high frequency and energy
of ultrasonic wave to initials chemical reaction of starting precursor, and induces particle
formation during the irradiation. The sonication acoustic cavitation phenomenon abruptly
generates cavities in the liquid solution of reactant. In general, the cavitation process consists of
reaction, growth and implosive collapse of gas vacuoles in the solution. Regarding the hot-spot
theory, extreme temperature and high pressure occur in the bubbles during cavitation collapse
[44-45]. In synthesis process of metal nanoparticles, sonochemical method gains several

advantages. No chemical reducing agent is necessary when using sonochemistry. Also due to the



extreme conditions, reaction rates are reasonably fast and very small metal nanoparticles are
typically formed. Sonochemical process, however, generally only produces spherical metal

nanoparticles which limits its use in applications that require shape tuning.

In this present study, the sonochemical method was employed to prepare the TiO,-
based and ZTO-based materials. The singly-doping of Zn- and co-doping of Zn-Co and Zn-Mn
ions were provided in TiO, at various concentrations. In addition, Co and Mn dopant were
individually doped into perovskite ZTO. The structural phase and microstructure of prepared
samples were investigated the by X-ray diffraction and Field emission scanning electron
microscope. The X-ray absorption spectroscopy including both X-ray absorption near edge
structure and extended X-ray absorption fine structure was used to determine the chemical
composition and the local structure of prepared samples. The optical properties were studied by
UV-visible spectroscopy. The Rhodamine-B dye was used as a model to evaluate to
photocatalytic performance under the visible and ultraviolet (UV) light irradiation. The effect of
dopant concentration on physical, chemical, optical and photocatalytic properties were also

proposed in this work.

1.2 Objective of the study
This work has conducted with its main goals including following aspects:

1.2.1 To obtain the nanopowders of TiO,-based compound doped with Zn-, Zn-Co and
Zn-Mn ions prepared by sonochemical method.

1.2.2 To obtain the nanopowders of ZTO-based cournpound doped with Co and Mn ions
prepared by sonochemical method.

1.2.3 To study the crystal structure, morphology, chemical composition, local structure,
optical properties and photocatalytic activity of prepared nanopowders.

1.2.4 To study the effect of sonochemical process on properties of prepared samples.

1.2.5 To study the functionality of prepared samples for photocatalytic application.

1.2.6 To understand the effect of different amounts of divalent cations, Zn, Co and Mn

in each oxide-based compound on properties of prepared samples.

1.3 Scope of the study
The aim of this work is presented as following:
1.3.1 Use the sonochemical method for synthesizing TiO,-based nanoparticles doped

with Zn-, Zn-Co and Zn-Mn ions at various concentrations.



1.3.2 Using the sonochemical method for synthesizing ZTO-based nanoparticles doped
with Co- and Mn-ions at various concentrations.

1.3.3 Investigating the crystal structure, morphology, chemical composition, local
structure, optical properties and photocatalytic activity of the prepared samples.

1.3.4 Utilizatizing the prepared samples as a photo-catalyst for organic pollutants in a
water.

1.3.5 Examining the effect of different dopant ions on structural, chemical, local, optical

and photocatalytic properties of the prepared samples.



CHAPTER 2

THEORETICAL BACKGROUND

In this chapter, a brief introduction to theoretical background of this research is given.
The TiO, and ZnO semiconductor theories and their application are presented. Then, a
perovskite structure material is introduced. A brief history of photocatalytic process and details
of the sonochemical synthesis are described. A review of TiO, ZnTiO; and sonochemical
preparation was reported. Finally, the materials characterization used in this work are

represented.

2.1 TiO, and ZnO based semiconductor
Titanium dioxide (TiO,)

TiO, was singled out as an important oxide material in the wide-ranging review of future
application, including especiatly in envirenmental and energy-related fields, because of its strong
oxidizing abilities for degradation of organic pollutants, chemical ‘stability, long durability, non
toxicitiy, low cost and transparency to visible light [46]. Titania consists of oxygen (O) and
titaniumn (Ti) ions arranged in a way that one Ti jonis surrounded by six ions bonded to create a
distorted structure with majority carriers being electrons, TiO,, naturally occurring oxide of
titanium, was discovered in 1795, which generally have three phases including brookite, anatase
and rutile [47] as seen in figure 2.1, Rutile is the most stable phase at ambient pressure and
temperature in macroscopic sizes while, anatase is more stable in nanoscopic size. The more
compact structure. of rutile relative to anatase causes important differences in physical
properties. Rutile has a higher refractive index, hicher specific gravity and ereater chemical
stability than anatase. Rutile melts at 1825°C while anatase irreversibly transforms to rutile
beginning at about 500°C. Brookite is the rarest naturally oceurring form of TiO, and is difficult to
produce in pure form. Brookite has the same colorand luster as rutile. Its hardness and density

are nearly the same as those of rutile [48].
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Anatase [100] Rutile [001] Columbite [001]

Figure 2.1 Representation of the TiO, (a) anatase, (b) rutile and (c) brookite [48].



Zinc oxide (Zn0O)

ZnO is an amphoteric oxide which is either a covalent or an ionic semiconductor. ZnO
has three crystal structures; hexagonal wurtzite, cubic rock salt, and cubic zinc blende [49]. The
most commaon structure is the hexagonal wurtzite structure since it is the most stable at ambient
conditions. Rock salt can be formed at relatively high pressures at approximately 10GPa and a
substantial decrease in volume of about 17%. However, cubic substrates can be used to
synthesize zinc blende structure. Figure 2.2 shows the three different ZnO crystal structures. ZnO
nanostructures have been synthesized and proven versatility and applicability in numerous
applications since 1930 [50]. ZnO has intriguing properties, and hence its wide applicability.
Researchers report that the direct band eap of 3.4deV exhibited by ZnO at low temperatures and
3.37eV at room temperature allows luminescent and high optical transparency properties in the
visible and near ultraviolet regions [38]. ZnO can be applied in optoelectronic and electronic
industries such as liquid crystal displays and solar cells due to this property. Additiocnally, ZnO
has a large exciton binding energy of 60meV hence it permits its excitonic emissions to occur at
room temperature and higher temperatures. Since ZnO-exhibits large exciton binding energy, it

can be used as various optical device materials [51].

(a) Rocksalt (b) Zinc-Blende (c) Wurtzite

Figure 2.2 A representation of the different structures of Zn0O; (a) cubic rock salt, (b) cubic zinc

blende (c) hexagonal wurtzite. The shaded black and gray spheres denote Zn respectively [52].



2.2 Perovskite materials

Perovskites have the general formula ABO,, where A and B are both cations and O is
typically an oxide (0%) or halide (X). It is well known that the diverse range of properties of
perovskites that can exhibit derived form from the fact that almost 90% of the metallic natural

elements in the periodic table are known to be stable within the structure [53-55], with possible

combinations listed in Table 2.1.

Table 2.1 Potential elemental combinations for the perovskite system ABO, and possible

valence parings that conforms the charge neutrality [55].

Site Occupant Valence
A Alkali, alkaline-earth, post-transition or rare earth metal A+, /—\2+ or A3+
B Transition metal BS+, Bﬁ1+ or B”
¢} Oxide er halide anions 0 or X

The ideal perovskite structure can be described by the cubic space group Pm3m, with
one formula unit (Z=1) enclosed within the unit cell. The A site cation is the larger ion and
requires twelve-fold coordination to neighbaring anions, whereas the B site is-much smaller and
occupies the central position of asix-coordinate octahedron. The cubic structure of this unit cell
is perhaps thought of mest simply consisting of a network of BO, octahedra with the larger A site
cation residing in the interstitial site [56], as shown by Figure 2.3. The cubic arrangement means
that either A or B site can be treated as the origin 'of the unit cell, with the BO octahedron or the
A site cation occupying the body center of the unit cell, respectively. This equivalency is shown
in figure 2.3. Alternatively, the structure can be described as the A cation being close-packed in
layers with oxide ions, with the smaller B site metal situated in octahedrally coordinated holes

between these AQ; layers.

Figure 2.3 Ideal cubic perovskite structures (a) showing the equivalence of both the A and B site
cations as the origin. The dimensions of the cubic unit cell, including bond lengths, are shown in

(b). The A site is shown in blue, the B site in beige, and oxide ions in red [41].



The ideal structure model is shown in Figure 2.3 (b) and with A-O and B-O bonds at
equilibrium distances, the ions are treated as hard spheres and can be thought of as touching
one another. This therefore makes the B-O distance equal to half of the unit cell length, a/v2,
where a is the cubic lattice parameter. The A-O distance diagonally across the face of the unit
cell is longer and is equal to a/\/i, producing the following relationship between the ionic radii

of the A and B site cations:
T4+ 7o = V2(r5 + 10) (2.1)

First observed by Goldschmidt in 1926 [57]; it was used to show that the A site cations
fit precisely into the twelve-coordinate site when they were of equal size to the anions. The O-
A-O distance from one cell edgeto the other would be exactly equal to V2 times that of the
cubic cell length. Goldschmidt realised that, by taking the ratio between the two, it was possible
to use just the ionic radii of the two cations to quantify the deviation away from the ideal

structure. This ratio, known as the tolerance factor [58], is shown by Equation:

Ta+To

=B B

where ry, rg and rg are the ionic radii-of A, B and O, respectively.

2.3 Photocatalytic activity

TiO, is considered as-the most efficient photocatalyst for the degradation of various
organic and inorganic. pollutants in water and air. The commenly studied principle of the
photocatalysis reaction mechanisms is given in Figure 2.4. Upon absorption of photons with
energies larger than the band gap of TiO,, electrons are excited from the valence band to the
conduction band, creating electron-hole pairs [59]. These photogenerated charge carriers
undergo recombination, become trapped in metastable states, or migrate to the surface of the
TiO,, where they can react with adsorbed molecules. In an air-saturated aqueous environment,
the photogenerated electrons and holes participate in reacting with dissolved molecular oxygen,
surface hydroxyl groups, and adsorbed water molecules to form hydroxyl and superoxide
radicals [60]. Although the detailed mechanism of TiQ, photocatalysis reactions differs from cne
pollutant to another, it has been widely recognized that superoxide and, specifically, -OH

hydroxyl radicals typically act as active reagents in the degradation of organic compounds. These



radicals are formed by scavenging of the electron-hole pair by molecular oxygen and water,

through the following:

TiO, + hv » e~ + h* (2.3)
0, +e” =03 (2.49)
H,0 + h* »-OH + H* (2.5)
*OH ++ OH —- H,0, (2.6)
H,0, ++ OH; —»-OH™ + 0, (2.7)

7 ‘ Adsorption (0:)

» .
Photon energy Reduction (0" )

2<40@nm POLLUTANT P Degradation
y Oxidation (P")

/w4 Oxidation (H4+OHD

e ﬁ*:n- Adsorption (POLLUTANT P)

Adsorption (H.0)

Figure 2.4 The principle of photocatalysis in case of TiO,.

The - photocatalytic activity of a semiconductor depends on many factors: (1) light
absorption properties, (2) surface reduction and oxidation rates by the electron and hole and (3)
electron-hole recombination rates. On the other hand, the following three factors pertaining to
the band structure of semiconductors have the greatest effect on the photocatalytic reactions:
(1) band gap energy, (2) position of the lowest point in the conduction band and (3) position of
the highest point in the valence band [61]. In photocatalytic reactions, the band gap energy
principally determines which light waveleneth is the most effective, and the position of the
highest point in the valence band is the main determinant of the oxidative decomposition power
of the photocatalyst.

As noted, the mechanism for a photo-induced electron to transfer to an adsorbed
pollutant on a semiconductor catalyst is controlled by the band energy position and the redox
potential of the adscrbed species. Referring to the Normal Hydrogen Electrode (NHE) scale on
figure 2.5, for an oxidation reaction to occur the potential level of the donor species must be
above (more negative) then the valence band position of the semiconductor catalyst. Likewise,

for a reduction reaction to take place the potential level of the acceptor species must be below
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(more positive) that the conduction band position of the semiconductor catalyst. It should be
noted that the band edge position of the semiconductors catalysts shown in figure 2.5 are given
for a pH=1, and that the pH of the solution influences the band edge position of the

semiconductor [62].
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40 |-05 0, 00 o
azev 3z0ev 2O 2w
[ 2Fe0, i g
S X p— LY N T - s e WM,
eV Reduction
-5.0 |05 Wwo. Potential
: i l‘i'l:__\'
55 |10
siassssses. DAHIO
Oxidation
p g J Potential
i
85 |20
-7.0 2.5
-7.5 3.0
80 |35

Figure 2.5 band edge positions of commaon semiconductor photocatalyst [62].

2.4 Sonochemical method

Ultrasonic waves at frequencies above 20 kHz are-a branch of sound waves and it
exhibits  all "the characteristics properties of sound waves. Depending on the frequency,
ultrasound is divided into three categories, with power ultrasound (20-100 kHz), high frequency
ultrasound (100 kHz—1 MHz), and diagnostic ultrasound (1-500 MHz) [63]. Ultrasound ranging from
20 to 100 kHz is used in chemically important systems, in-which chemical and physical changes
are desired as it has the ability to cause cavitation of bubbles. The cavitations are created when
it reaches rarefaction cycle where' a negative acoustic pressure is-sufficiently large to pull the
water molecules from each other. As a result, “voids’ are created in the liquid. On the other
hand, the acoustic pressure is positive during compression cycle of ultrasonic wave to push

molecules apart [65].

Seismology & Medical Medical & Destructive
i
Low Bass  Animal ’ Diagnostic & non-destructive
' chemistry ] evaluation

|
I
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2 @ i e )

g g e i
Infrasound ~~ Acoustic Ultrasound

Figure 2.6 Diagram of ultrasound range. [64].
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depending on the technigue used and experimental conditions. Meanwhile, the temperature of
the interfacial region of cavitation bubbles in the water supercritical phase is only 647 K. Hence,
the sonochemical method is a potential technique for preparation various nanomaterials in both

lab scale and large scale [68].

2.5 Materials Characterization technique
2.5.1 X-ray diffraction (XRD)

Powder XRD is one of the primary technigues used to characterize solid state materials.
It can provide valuable information about the crystalline phase and average crystallite size. The
crystal size measured by this technique is-smaller than the measurement limit of the optical or
electronic microscope [69]. The structure of a crystal is analyzed by the X-ray diffraction patterns.

The X-ray diffraction of a crystal can be formulated by means-of Bragg’s law [70] as in figure 2.9:

2dsing = na (2.8)

when d is the d-spacing, perpendicular distance between pairs of adjacent planes in the crystal,

B is the incident angle, n is the layer of planes, and A is the wavelength of the X-rays.

—
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Figure 2.9 Schematic of X-ray reflection on the crystal planes.

In the cubic systems, the plane spacing is related to the lattice parameter and the Miller indices

[71] by the following relation:
a

dhia = e 2

On the other hand, the non cubic systems such as hexagonal system, the Miller indices can be

calculated by using the lattice parameter from Bravais lattice:

1 4 h®2+hk+k?> 12
2 e ifi— (2.10)

E 3 a? c?
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where, d is the d-spacing; a, b, ¢ are sides of the unit cell; and h, k, and | are the Miller indices,

which are used to describe the lattice planes and directions in a crystal.

2.5.2 X-ray absorption spectroscopy (XAS)

X-ray absorption spectroscopy (XAS) is a powerful technique to determine the local
structure around the absorbing atom. The XAS spectra are found to be sensitive to the oxidation
state, coordination number and distance, type of neighboring atoms and their configurations.
Since XAS is an atomic probe (around 6 A from absorbing atom), the crystalline property is not
required for XAS measurement. This makes XAS applicable to non-crystalline and highly disorder
systems such as solution and doped sample. In.many cases, including this work, XAS can be
performed on elements of minority and even trace abundance, giving a unique and direct
measurement of chemical and physical states of dilute species in a variety of systems [73-74].
The absorption process occurs when x-ray photon energy is higher than binding energy of core
electrons. The core electron will be excited to a' continuum  state_and leave the hole on the
core shell. To keep the stability of the atom, the electron from the outer shell will be relaxed to
replace the vacancy. The exceeding energy will be released in the form of an x-ray photon which
is called “Characteristic x-ray fluorescence” or used to excite another electron to a vacuum level

which is called “Auger electron”, [75] as shown in figure 2.10.

A3suy

(a) (b)

Figure 2.10 The schematic diagram showing the process of X-ray absorption [74].

X-ray absorption spectroscopy measures the absorption of x-ray or absorption as a
function of x-ray photon energy, E = hw. The x-ray absorption coefficient is assigned from the
decay in the x-ray beam intensity [ with distance x. The loss of intensity dI in each infinitesimal

slab of material dx is shown in figure 2.11.
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Figure 2.11 The schematic view of X-ray absorption [76].
The total intensity after passing through the sample can be written in the form:;
[ = e ™% (2.11)

The constant parameter i is defined to be an x-ray absarption coefficient which is found
to be depending onenergy and atomic number of sample. The X-ray absorption can be

expressed in the term 'of multiplication. of x-ray absorption coefficient, u and.thickness, x.

Wox = zn;’ﬂ (2.12)

1

The XAS spectrum is generally found that the X-ray absorption decreases with increasing
photon energy. The présence of the sharp rise at certain energy iscalled “absorption edge”.
Each absorption edee is related to the quantum-mechanical transition by exciting a particular
atomic core-orbital electron to the continuum level, as shown in figure 2.12(a). The absorption
edge is named after. the electron origin in-the core orbital, for'example, K-edges referring to
transition that excite the innermast 1s electron. The energy-that provides the first maximum rise
is called “edge energy”. The position of edge energy is_unique to a given absorbing atom and

will be shifted to the higher energy as the oxidation state increases, as shown in figure 2.12(b).
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Figure 2.12 The XAS spectrum of Ti K-edge and Ba L;-edge for BaTiO; [74].

For the XAS spectrum; there are two regions of interest in.XAS spectra as shown in figure
2.13. The first region is the x-ray absorption near edge structure (XANES). XANES covers the range
between the thresholds of the absorption edge to the energy around 30 eV from the absorption
edge. Since it gives a large signal, therefore XANES can be utilized at lower concentration and
does not require a perfect sample condition. XANES contains information of oxidation state, the
configuration of neighboring atom and gives a unique spectrum which can be used as fingerprint
of any materials. The small feature presents before absorption edge in some kind of material is
called “pre-edge” as shown in inlet of figure 2.13. This feature which is caused by electronic
transitions to_empty bound states is also used for XANES analysis. The second region is the
extended x-ray absorption fine structure (EXAFS). This region is extending to the energy about
500-1000 eV after the edge. The EXAFS 'spectrum, y(E) can be inferred to.the oscillatory part of

x-ray absorption above the given absorption edee [59], as seen in figure 2.13,

X(E) = —m“(E}A::"(E) (2.13)

where U, (E) is the smoothly varying atomic-like backeround absorption and Ay, is a

normalization factor that arises from the net increase in the total atomic backeround absorption

at the edge or edge step.
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Figure2.13 A schematic of XAS spectrum [75].

2.5.3 UV-visible spectroscopy

Many molecules absorb ultraviolet (UV) or visible light. The absorption of UV or visible
radiation is caused-by the excitation of outer electrons, from their ground state to an excited
state. The Bouguer-Lambert-Beer law. forms the mathematical physical basis for the light
absorption measurements on gas and in solution [76]. According to this law, absorbance is
directly proportional to the path length [, and the concentration of the absorbing substance c,
and can be expressed as A=alc, where e is a constant of proportionality, called the absorptivity.
In addition, absorption strongly depends on the types of samples, and the environment of the
sample. For example, molecules absorbing radiation of various wavelengths depending on the
structural groups present within the molecules and show a number of absorption bands in the
absorption spectrum. The solvent .in which the absorbing species is dissolved also has an effect
on the spectrum of the species. Moreover, the size of the particle is‘also important. If the size of
the particle d>>4, light interactswith the samples instead of absorption, with parts of the light
scattered and reflected.
When dealing with solid samples (figure 2.14), light penetrates into the sample; undergoes
numerous reflections, refractions and diffraction and emerges finally diffusely at the surface. The
Bouguer-Lambert-Beer law cannot handle solid samples [62], which is based on the assumption

that the light intensity is not lost by scattering and reflection processes
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Figure 2.14 Interaction of light with solid samples [77].

2.5.4 Field emission scanning electron microscope (FESEM)
An electron microscope, such as a transmission electron microscope (TEM), or a scanning

electron microscope (SEM),-is-a microscope that uses a-beam of electrons to illuminate a
specimen and then create an enlarged image, which - provides the surface and internal
information on a nanometer scale. Electron microscopes have much higher resolving power than
light microscopes, and can obtain much higher magnifications. The electron microscope is
extensively used for inspection, quality assurance and failure analysis applications in industry.
TEM and SEM have made crucial contributions to science and engineering, and made them
indispensable tools in nanotechnology for analyzing nanostructures [78-79].

In the FESEM, a very fine beam of electrons with energy up to several tens keV is
focused on the surface of a sample and is scanned across it in a parallel pattern. The intensity of
emission of secondary and backscattered electrons is very sensitive to the angle at which the
electron beam strikes the surface of the sample. The emitted electron current is collected and
amplified. The magnification produced by the SEM is the ratio between the dimension of the
final image display and the field scanning on the specimen. Usually, the magnification range of
the SEM is between 10 to 222,000 times, and the resolution is between 4-10 nm. Generally, the
TEM resolution is about an order of magnitude greater than the SEM resolution, however,
because the SEM image relies on surface processes rather than transmission, it is able to image
bulk samples and has a much greater depth of view, and so can produce images that are a good
representation of the overall 3D structure of the sample. FESEM usually images conductive or
semi-conductive materials. A common preparation technigue is to coat the sample with a
several-nanometer layer of conductive material, such as gold, or platinum, from a sputtering

machine. However, this process can damage delicate samples. It should also be mentioned that
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the specimen might be damaged by the electron-beam focusing for a long time on a small spot.
FESEM measurements are conducted to determine the size and morphology of synthesized

nanomaterials.
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Fieure 2.15 A Schernatic for FESEM [79].

2.6 Literature review
2.5.1 TiO, doped with transition metal ions

In 2008, Y. Zhao et al. reported Zn-doped TiO, nanoparticles with high photocatalytic
activity synthesized by hydrogen-oxygen "diffusion flame [25]. They suggested that the
photosensitized degradation activity could be enhanced by doping an appropriate amount of Zn.
The improved properties by Zn doping could be attributed to the appropriate energetic position
between ZnO and the excited state of dye, which enhanced the electron injection into the
conduction band of TiO, by capturing electron, subsequently promoted the formation of reactive
oxygen species.

T. B. Nguyen et al. [80] studied the synthesis and high photocatalytic activity of Zn-
doped TiO, nanoparticles prepared by a novel sol-gel and ammonia-evaporation method. The
results indicated that the Zn ions completely incorporated into TiO, lattice by using this method.
The Zn-TiO, samples showed high photocatalytic activity for the degradation of methylene blue
(MB). The highest photoactivity efficiency could remove ~91% of the MB after 4 h, while the pure
TiO, only removed ~46% of the MB, as shown in figure 2.16. They also studied effects of the

mol% of zinc ion doping in TiO, on photocatalytic activity.
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Figure 2.16 Effect of zinc content on photocatalytic activity and effect of initial concentration of

ZnSO, on photo- catalytic activity [80].

M.M. Rashad et al. [81] studied the structural, optical, magnetic and photocatalytic
properties of transition metal of Mn and Co ions doped TiO, nanoparticles by using hydrothermal
method at 100°C with a post-annealing temperature process-at 500°C. They reported that the
anatase type structure-in TiO, nanopowders with high crystallinity and hich phase stability even
after annealing at 500°C substantially indicated that the dopants might inhibit densification and
crystallite growth in TiO, nanophase by providing dissimilar boundaries, A suitable amount (ca.
0.2, 0.3 mol%), the Mn, Co dopants reduced anatase grain size and increased the specific surface
area of TiO, powders. The energy band gap of prepared samples became narrow compared with
bare TiQ, as seen the optical spectra in the figure 2.17. Furthermore, magnetic measurement
results revealed that all the samples exhibited the paramagnetic behavior at room temperature.
Photocatalytic degradation of methylene blue (MB) under UV lights indicated that the meso-TiC,
exhibited enhanced activity under UV lights. However, photodegradation of the MB under UV

lisht was enhanced with the presence of Mn and Co with TiO-.

: (a) TiO, nanoparticles
90 - (b) 0.3 Mn-doped TiO |
(c) 0.3 Co-doped TiO,

Intensity (T%)

200 300 400 500 600
Wavelength (nm)

Figure 2.17 UV-visible transmittance spectrum T% of TiO, and Co [81]
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The effect of oxygen vacancy and dopant concentration on the magnetic properties of
high spin Co™ doped TiO, nanoparticles was studied by B. Choudhury group [82]. They revealed
that the Co-doped TiO, nanoparticles have been synthesized by a simple sol-gel route taking
7.5, 9.5 and 10.5 mol% of cobalt concentration. Formation of nanoparticles was confirmed by
XRD and TEM with increasing d-spacing for (0 0 4) and (2 0 0) peak and increasing impurity
content. The weak ferromagnetic properties were found in the vacuum annealed samples.
Increased magnetization was found for 9.5 mol% but this value again decreased for 10.5mol%
due to antiferromagnetic interactions. In this work, they reported that oxygen vacancy and cobalt
aggregation was a key factor for inducing ferromagnetism-superparamagnetism in the vacuum
annealed samples. Appearance of negative Curie=Weiss temperature revealed the presence of
antiferromagnetic Co;Q,, which was the oxidation result of metallic Co or cobalt clusters
presenting on the host TiO.,.

In addition, Meredith CK. et al. [83] have claimed the room temperature ferromagnetism
in Mn-doped TiO, nanopillar matrices diluted magnetic semiconductors. They indicated that the
morphology and microstructure exerted strong, but complicated, effects upon ferromagnetic
behavior. ' To partially, “unravel ~such 'effects,’ the ~work ~compareed room temperature
ferromagnetism (RTFM) in Mn-doped anatase TiO, films synthesized by two different atomic layer
deposition protocols, leading to either nanopillars or more conventional columnar grains. RTFM
was largely unaffected by this difference for undoped. material, but nanopillaring greatly
increaseed both the coercive field (100 Oe) and saturation magnetization (14-21 emu/cm’) for
Mn doping up to 2.7 at%. Nanopillaring seemed to enhance the congregation of defect-related

bound magnetic polarons near grain boundaries, thereby increasing RTFM.

Figure 2.18 Typical cross-sectional micrographs of 100 nm thick (a) undoped and (b) Mn-doped

TiO,. [83)



21

The metal ion co-doping with series of Cr, Fe, Co, Ni, Cu, Zn, Ce and Zr on Mn/TiO,
catalyst and its effect on selective reduction of NO with NH5; were studied by B. Thirupathi et al.
in 2011 [26]. They clearly showed that samples with the same atomic composition could have
very different properties, depending on the co-doped metals and on their chemical properties.
The in-situ N-FTIR results revealed that the titania-supported manganese and manganese-nickel
surface sites had only Lewis acidity. BET and pore volume measurements suggested high surface
area and pore volume of the Mn-Ni/TiO, catalyst. All the experimental results showed that NO
conversion, N selectivity, broadening of temperature window and time on stream patterns of the
catalyst were improved greatly by doping the Mn/TiO, catalyst with optimized (M/Mn = 0.4)
nickel. The N, selectivity and catalytic performance as shown in figure 2.19, among eight different
types of co-dopants and five kind of M/Mn atomic ratios in each type, Mn-Ni(0.4)/TiO, catalyst
was the best one for the low temperature SCR of NO with NH. This catalyst offered high NO
conversion (100%), hish N selectivity (100%), and broadening of the temperature window with

stable time on stream-patterns.
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Figure 2.19 N, selectivity and catalytic performance of Mn-M/TiQ, anatase catalyst: NH;=400 ppm;

NO=400ppm [26].
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2.6.2 ZTO and ZTO doping with metal ions

L. Wang et al. [84] reported the synthesis of ZnTiOs; nanopowders at low temperature by
using stearic acid gel method. XRD patterns are shown in figure 2.21, the results revealed the
formation of ZnTiO; crystallites after heat treatment at 500°C. With increasing calcination
temperature, the crystallinity of the as-prepared ZnTiO; powders was improved significantly.
ZnTiO; powders could be synthesized at low temperature around 600°C. The average crystalline
size of ZnTiO, synthesized at 600°C is about 20-50 nm. The optical analysis showed the higher

visible responsibility with increasing of calcination temperature as seen in figure 2.21.
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Figure 2.20 XRD patterns of the calcined samples at different temperatures (the standard

diffraction XRD pattern of ZnTiOs is shown as a reference) [84].
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Figure 2.21 (A and B) TEM images of ZnTiO, powders calcined at 600°C. (C) UVAvis diffuse

reflectance spectra of samples calcined at different temperatures [84].
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l. Bobowska et al. [85] conducted the synthesis and dielectric investigation of ZnTiO4
obtained by a soft chemistry route. In this paper, they reported a strategy for preparing an
inorganic zinc titanate precursor by applying a chemical bath deposition method (CBD) to ZnO
nanocrystals in an aqueous layered titanate colloid. The zinc titanate precursor, obtained as a
precipitate, underwent profound changes under the influence of elevated temperatures in
normal atmospheric conditions and allowed us to obtain zinc titanate ZnTiO; with a
rhombohedral symmetry. The investigations of its dielectric properties enabled as in figure 2.33
show a dielectric permittivity of 25, a low loss factor tan(delta)<10”, and a temperature
coefficient of 18 ppm at the frequency of 1.15MHz. The density of the zinc titanate ceramic was
equal to approximately 80% of the theoretical density of the ZnTiO; crystals.

Y. Wang et al. [40].reported the preparation of zife titanate nanoparticles and their
photocatalytic behaviors in the photedegradation of humic acid in water. They suggested that
the zinc titanate hanoparticles had been prepared through sol-gel method using citric acid as
chelating agent and-ethylene glycol as stabilizer. The pure hexagonal ZTQ was observed in
samples calcined at 800°C. The prepared samples showed the extension. in the visible light
absorption as seen’in figure 2.23. The photocatalytic activity of zinc titanate was evaluated by
degrading the' humic-acid ‘solution under the iradiation of sunlight and xenon lamp with the
optimum ' catalyst loading of 0.8¢/L. The holes (h+) and OH radicals ‘are the major reactive
species for the photocatalytic. reactions. The enhancement of photocatalytic activity for the zinc
titanate calcined might be attributed to the higher redox ability, coordination of Ti ions and

smaller particle size.

+ Hexagonal ZnTiQ,
© Cubic Zn’l'iOJ
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Figure 2.22 XRD patterns of the samples calcined at different temperatures (a) 600 °C, (b) 700 °C
(c) 800 °C and (d) 900 °C [40].
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Figure 2.23 Optical properties of ZTO (a) absorption as a function wavelength and (b) energy

band gap [40].

R.S. Raveendra et al [86] studied the synthesis, structural characterization of nano
ZnTiO; ceramic with effective-azo. dye adsorbent and antibacterial agent. They showed that the
nanocrystalline zinc titanate ceramic was successfully prepared by using a self-propagating
solution combustion synthesis for the first time using urea as fuel. The sample was calcined at
800°C for 2h to improve' the' crystallinity,  XRD result exhibited that the ilmenite type
rhombohedral ‘structure was formed when the sample calcined at 800°C for 2h. Adsorption
experiments were performed with- cationic malachite green (MG) dye. 96% dye was adsorbed
onto nanocrystalline ZnTiO; ceramic at pH 9 for 30min of the contact time. The optimum
adsorbent dose was found to he 0.45¢/L of dye. They used the Langmuir—Hinshelwood model to
study adsorption kinetics and first order kinetic model well described the MG adsorption on
ZnTiO,. Antibacterial activity was investicated against egram negative Klebsiella aerogenes,
Pseudomonas desmolyticum, Escherichia coli, and gram positive Staphylococcus aureus bacteria
by agar well diffusion method. Nanocrystalline ZnTiO; ceramic showed significant effect on all
the four bacterial strains at the concentration of 1000 and 1500 g per well.

S. F. Wang group studied the photoluminescence of sol-gel derived ZnTiO; doped with
NP~ nanocrystals [34]. The studies exhibited that the introduction of Ni** ion has changed ZnTiO,
nanocrystal into a new luminescent material. With different excitation wavelength, three
emission bands in blue, green and red region had all been chserved as seen in figure 2.24. The
emission intensities showed a dependence on the concentrétion of Ni** ion. They suggested that
the luminescent phenomenon could be attributed to the optical transitions of Ni”* ions in the

ZnTiO5 nanocrystals.
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Figure 2.24 Excitation spectrum of the doped sample (Ni*"ion is 1%):Emission spectra of the

doped sample excited at different wavelength [34].

D. P Dutta et al. [41] reported the Ag-doped and Ag-dispersed nano ZnTiO5 to improve
photocatalytic organic pollutant degradation under solar irradiation and antibacterial activity. The
results indicated that the structural phase product was sensitive to the annealing temperature of
the as-synthesized product. The results also represented that the rhombeohedral phase exhibited
the highest photodegradation efficiency amone all the undoped samples under UV as well as
visible irradiation by degrading 100% of RhB within 150 min. For the Ag doping, the samples
exhibited comparatively higher photocatalytic activity under solar irradiation compared to its
undoped counterpart. Under sunlight, the = ZnTiO;:Ag(5%) sample exhibited 100% RhB
degradation within 45 min. It also showed promisine antibacterial activity against strains of E. coli
and B. subtilize, with a minimum growth inhibitory concentration value which was considerably
lower than ciprofloxacin. They had also shown that the extension of photodegradation of RhB

under solar irradiation was ~100% even after five consecutive run using ZnTiO5:Ag(5%) as seen in

figure 2.25.
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Figure 2.25 Photocatalytic activities under solar irradiation of the ZnTiO5:Ag(5%) photocatalysts

for the degradation of RhB for five cycles and (b) XRD-pattern of ZnTiO;:Ag(5%) after five cycles

[41].

2.6.3 Sonochemical synthesis

A novel single-step synthesis of N-doped TiO, by a sonochemical method was reported
by X. K. Wang et al. [87]. The TiO, nanoparticles were synthesized by sonication of the solution
of tetraisopropyl titanium and urea in water and isopropyl alcohel. The XRD patterns exhibited
the pure anatase phase for all prepared samples (figure 2.26). The crystallinity-of anatase phase
depended on the reaction temperature and reaction time. The photocatalytic activity of the as-
prepared photocatalyst was evaluated via the photodegradation of an azo dye direct sky blue
5B, suggesting that the N-doped TiO; nanocrystalline prepared.via sonication exhibited an

excellent photocatalytic activity under UV light-and simulated sunlight.
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Figure 2.26 Powder XRD spectra of TiO, prepared by sonication for 150min at temperature (a) 30
°C, (b) 50 °C, (c) 70 °C, (d) 80 °C and (e) sample d calcined at 400 °C for 120 min. Powder XRD

spectra of TiO2 prepared at 80 °C after sonication (a) 60 min, (b) 120 min, (c) 150 min and (d) 180

min [87].
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W. Jiang et al. [88] reported the sonochemical synthesis and characterization of
magnetic separable Fe;0,~TiO, nanocomposites and their catalytic properties. A novel
sonochemical method was described for the preparation of Fe;0,~TiO, photocatalysts in which
nanocrystalline titanium dioxide particles were directly coated onto a magnetic core. The Fe,0,
nanoparticles were partially embedded in TiO, agglomerates. nanocrystalline TiO, was obtained
by hydrolysis and condensation of titanium tetraisopropyl in the presence of ethanol and water
under high-intensity ultrasound irradiation. This method is attractive since it eliminated the high-
temperature heat treatment required in the conventional sol-gel method, which was important
in transforming amorphous titanium dioxide into a photoactive crystalline phase. In comparison
to other methods, the developed method s simple; mild, green and efficient.

TiO, nanostrucuture prepared by sonochemical methed was studied by C. Kahatta et al.
[45]. In this work, TiO, particles were prepared by sonochemical-hydrathermal process from a
precursor of titanium isoprbpoxide in the presence of polyvinyl alcohol aqueous solution.
Sonication of ‘the precursor was conducted using sonic horn operated at 20 kHz until the
completely ‘precipitated product was reached. As-obtained products were then loaded into a
Teflon-lined stainless steel autoclave for hydrothermal process with: 10M NaOH agueous solution
and heated under different temperature 80-120°C. The crystal analysis by XRD-is shown in figure
2.217, the formation of anatase TiO, phase was found after sonochemistry preparation for 30 min.
The TEM analysis showed the nanosize and uniform nanoparticles as seen in-figure 2.28. They
also claimed that the sonochemical-hydrothermal process shows agood crystallinity and high

purity titanium dioxide.
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Figure 2.28 TEM images of ‘TiO, nanoparticles synthesized by (a) hydrothermal at 120°C, (b)
sonochemical for 30 minute, (c) sonochemical-hydrothermal at 80°C, (d) sonochemical-

hydrothermal at100°C, (e) sonochemical-hydrothermat at 120°C [45].
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CHAPTER 3

EXPERIMENTAL PROCEDURE

In this chapter, the applied experimental setups and methods are represented which
can be divided into three main sections. The precursors, eqguipments for sample preparation are
listed in section 3.1. The general procedure for synthesizing the samples are described in section
3.2 including fabrication of Zn-doped TiO,, zinc titanate and zinc titanate doped with transition
metal ions of cobalt and manganese. Final part, the material characterizations are given in
section 3.3. This part explains the detail information about the characterizations of the samples
including: X-ray diffraction (XRD), Field Emission Electron Microscopy (FESEM), UV-visible
spectroscopy (UV-vis), X-ray absorption spectroscopy (XAS), and photecatalytic measurement by

rhodamine b dye degradation.

3.1 Materials and equipment

Precursor materials
1. Titanium isopropoxide [TI{OCH(CH5),).: TIP]
2. Cobalt nitrate hexahydrate (Co(NO;),:6H,0)
3. Manganese nitrate tetrahydrate (Mn(NO3),-4H,0)
4. Zinc nitrate hexahydrate (Zn(NO;),-6H,0)
5. Zinc acetate (Zn(CHyCO,),)
6. Absolute ethanol 99.7% (CH,CH,OH)
7. Deionize water
8. Sodium hydroxide (NaCH)
9. Rhodamine B dye

Equipment
1. Sonometer
2. Hot oven
3. Furnace
4. Hotplate stirrer, model HTS-1003

5. Digital weight apparatus
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3.2 Experimental procedure
3.2.1 Synthesis of Zn doped TiO, nanoparticle

The schematic of preparation process for Zn-doped TiO, is shown in figure 3.1. First, TIIP
precusor was dissolved in absolute ethanol and acetylacetone under stirring for 15 min. Then,
zinc acetate was slowly added into the solutions under vigorous stirring for 30 min to obtain the
homogenous mixing solution. The mixing solution and deionized water was mixed together in the
sonometer chamber as a ratio of 1:1. After that, the mixed solution was irradiated with high
intensity ultrasound sonometer (750 W 20 kHz) at room temperature for 30 min until the
completely precipitated product was obtained. After cooling down to room temperature, the
precipitated products were washed by using deionized water. Then, the cleaned precipitate was
dried at 100°C for 12 h-to rémove moisture and contaminants, Finally, the as-synthesized

powders were calcined between 200 and 700°C for 2 h

TP + CH,CH,OH

15 min stirring

TIP solution

l e Zinc acetate

Mixing solution

l 30 min stirring

Sonometer : 750 W, 20 kHz

l Cool down to room temperature

Precipitation product

1

l Washed by Dl'and dried at 100°C for 12h

As-synthesized powders

XRD, FESEM

Y

Calcination at 450 -600 °C

Y

Zn-TiO, powders

Y

Characterizations

Figure 3.1 Schematic of preparation for Zn-doped TiO, nanoparticles
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3.2.2 Synthesis of Zn-Co and Zn-Mn co-doped TiO, nanoparticles

The preparation process diagram of co-doped TiO, is shown in figure 3.2. TIIP was
dissolved in absolute ethanol under magnetic stirrer and zinc nitrate was then added in the
solution. After that the Co or Mn dopants at different concentrations of 1-5mol% was added in
the solution followed by DI water. The mixing solution was kept under stirring for 15 min. Finally,
the mixed precursor was irradiated under high ultrasonic sonicator (750W, 20kHz) for 30 min at
room temperature together with the slow addition of NaOH solution. The obtained solution was
washed thoroughly with deionized water until the pH became to 7 and then dried at 120°C for

12 h.

TIP + CH;CH,OH

l 15 min stirring

TIP solution

Adding dopant ions:; Zn-Co, Zn-Mn

Y

Mixing solution

l 30 min stirring

Sonometer : 750 W, 20 kHz

l Cool down to room temperature

Precipitation product

; Washed by Dl and dried at 100°C for 12h
2

As-synthesized powder

Y

Characterizations

Figure 3.2 Schematic of preparation for co-doped TiO, nanoparticles



32

3.2.3 Synthesis of ZnTiO; nanoparticles

The preparation process chart of ZnTiO, is shown in figure 3.3. The ratio amount of TIIP
and Zinc acetate stoichiometric is designated to 1:1. First, zinc acetate was dissolved in the
absolute ethanol under magnetic stirring for 15 min. The oxalic acid was separately dissolved in
absolute ethanol and slowly added into the zinc acetate solution to obtain a white cloudy like
solution. Then, TIIP was dropped in the white cloudy suspension, immediately followed by DI
water, and then the solution was kept under magnetic stirring for 30 min. The final mixing
solution was irradiated with high ultrasonic sonometer (750 W, 20 kHz) for 30 min at room
temperature to achieve the precipitate product. After that the green powders were washed by DI
water and dried at 100°C for 12h. The green powders.were.calcined between 500°C and 900°C
for 2 h.

ZnAc + CH,CH,OH j

Oxalic acid + CH;CH,OH

L5 min stirring
L 4

ZnAc solution ‘

THP and DI water

15 min stirringl

precursor solution

30 min stirring

A 4
Sonometer : 750 W, 20 kHz for 30min

Cool dewn to room temperature l

| Precipitation product

Washed by DI and dried.at 100°C for 12hl

L As-synthesized powder

XRD, FESEM l Calcination at 500 - 900 °C

ZTO samples

4

Characterizations

!

XRD XAS ' XPS J FESEM] } UV-vis photocatalysis

Figure 3.3 Schematic of preparation for ZnTiO, nanoparticles
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3.2.4 Synthesis of ZnTiO; doped with Co and Mn

The preparation process chart of ZnTiO; doped with Co and Mn is shown in figure 3.4. A
stoichiometric amount of TIIP and zinc acetate was designated as a ratio 1:1. First, zinc acetate
was dissolved in the absolute ethanol under magnetic stirring for 15 min. The oxalic acid was
separately dissolved in absolute ethanol and slowly added into the zinc acetate solution to
obtain a white cloudy like solution. TIP was dropped in the white cloudy suspension,
immediately followed by DI water under magnetic stirring. Cobalt nitrate (5, 7 and 10 mol%) or
manganese nitrate (3, 5 and 7 mol%) were weighed and loaded into the mixing solution under
continuous magnetic stirring for 1 h. after that the final mixing solution was irradiated with high
ultrasonic sonometer (750 W, 20 kHz) for 30 min at room temperature to achieve the precipitate
product. The green powders were washed by DI water and dried at 100°C for 12h. Finally, the

green powders were calcined between 700°C for 2 h.

ZnAc + CH,CH,OH

15 min stirringl Oxalic acid + CH,CH,0OH

ZnAc solution

15 min stirring l TIP and DI water

Mixing solution

30 min stirring l Co orMn adding

precursor solution

Sonémeter 2 750 W, 20 kHz for 30min

Cool down to room temperature l

Wash énd dry

l by Diand dried at 100°C for 12h

As-synthesized powder

Y
ZTO samples

|

Calcination at 700 °C

l

XRD XAS FESEM UV-vis photocatalysis

Fieure 3.4 Schematic of preparation for ZnTiO, nanoparticles doped with Co and Mn.
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3.3 Characterization methods
3.3.1 X-ray diffraction (XRD)

The crystal structure and phase identification were investigated by XRD technique
(PANanalytical X'Pert Pro MPD model pw 3040/60) by using Cuk, irradiation (A = 1.54 A). The
broad scan analysis was typically conducted within the 26 range of 20 - 80°. The strongest of
XRD peak was used to determine the crystalline size (D) of samples by using Debye-Sherrer’s

formula:

094
~ beoso

Where A is wavelength of X-ray irradiation (Cuky/= 1.54 A), @is diffraction angle, and b is the full
width at half maximum (FWHM) of the strongest peak.
The d spacing can be expressed through cell parameters and the Miller index by the following
equation:

st WR)

PEl = = + b2 EB = 12.2)
where, d is the d-spacing; g,'b, and ¢ are sides of the unit cell; and h, k and ( are the Miller
indices, which are used-to describe the lattice planes and directions in-a crystal:

In the cubic systems, the d-spacing’is related to the lattice parameter and the Miller

indices by the following relation:

1 h%4k?+1?

d2 a?

(3.3)

On the other hand, the non-cubic systems such as hexagonal system, the Miller indices can be

calculated by using the lattice parameter from-Bravais lattice:

1 _ 4h*+hk+1? " IZ
a2 3 a2 g2

(3.4)

The percentage of hexagonal phase of prepared samples were calculated from the ratio of area

for the hexagonal phase peak to the area of all peaks using the equation of

H% = (Ah/AAH) X 100 (35)
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Where H% is percentage of hexagonal phase (%), A, is area of hexagonal phase peak and A, is

area of all peaks.

3.3.2 X-ray Absorption Spectroscopy

The X-ray absorption spectroscopy (XAS) technique was used to identify the chemical
state and local structure of all samples. XAS measurement of Ti K-edge (4966 eV) Zn K-edge
(9659 eV) in transmission mode and Co K-edge (7709 eV) and Mn K-edge (6539 eV) in fluorescent
mode were recorded at room temperature using Ge(220) double crystal monochromater at
Beamline-8, Synchrotron Light Research Institute (SLRI), Nakhonratchasima, Thailand. Reference
standards of transition metal ions such as TiO,, CoO, MnO, Mn,0,, MnO, and ZnO which known
decisive oxidation state were measured as well for comparison purpose. The recorded spectra

were analyzed by using the ATHENA and ARTHEMIS software packages.

3.3.3 UV-visible spectroscopy

The optical properties of prepared  samples were characterized by UV/vis/NIR
spectroscopy: PerkinElmer model LAMBDA 950 in reflection mode from 250 - 900 nm. The
diffuse reflectance measurements are usually analyzed on the basis of the Kubelka-Munk

equation:

S gl s el
F(R)e = S ssEsy (3.6)
where k and s ‘are absorption and scattering coefficients respectively, and R'is the reflectance at
the front face. F(Res) is termed the Kubelka-Munk function and is proportional to the
concentration of the adsorbate molecules.

The energy band eap values were estimated following the Kubelka-Munk method

combined with Tuac equation:

ahv = A(hv — Ej)™ (3.7)

Note that, a is absorption coefficient, hv is photon energy, A is an energy dependent
constant and m is integer depending on the nature of electronic transition: 2 for a direct allowed

transition, 1/2 for indirect allowed transition, 3/2 for direct forbidden transition.
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3.3.4 Field Emission Scanning Electron Microscope
Morphology and particles size of as-synthesis and calcined powders were observed by
field emission electron microscope; Hitachi S-4700, measured at Thai Microelectronic Center

(TMEQ).

3.3.5 Photocatalytic system

Photocatalytic behavior of all prepared samples were investigated by using Rhodamine B
(RhB) dye as a model for degradation under ultraviolet (UV) and visible light irradiation. The
schematic for photocatalytic system in both UVv and visible light irradiation are represented in
figure 3.5. The conditions used: 0.08 mg of cafalyst was added to 100 mL of dye solution with
0.0Immol of dye concentration. Before irradiation, the suspensions were stirred for 20 minute in
the dark system to ensure the establishment of adsorption/desorption between dye and
catalyst. The photocatalytic activity was carried out at.room temperature using UV and LED
lamp. The photocatalytic performance was evaluated by RhB decolorization by checking the
absorbance at 554 nm, respectively, through a UV-Vis spectrometer. The decolorization efficiency

of catalyst was calculated as:

where Ay, A, Ciy and C are initial absorbance, absorbance after irradiation at various time interval,
initial concentration of solutions, and concentration of dye after irradiation at various time
interval, respectively.

In order to find out the efficiency of the photocatalytic reaction, pseudo first order
kinetic for photocatalytic oxidation was conducted by rate constant calculation followed the

equation;
I (CfCs)y =kt (3.9)

Where k is apparent first order rate constant of photodegradation, C and C, are concentration of

dye during reaction and initial concentration, respectively and t is the reaction time.
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UV-system

Light off light on

Visible light system

Light off light on

Figure 3.5 Schematic of photocatalytic system in UV- and visible light illumination.
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CHAPTER 4

RESULTS AND DISCUSSION

4.1 Zn-doped TiO, nanoparticles

4.1.1 Structural phase

The structural phase of as-synthesized and calcined Zn-doped TiO, powders at different
temperatures was investigated by X-ray diffraction and the results are shown in Figure 4.1. The
XRD patterns of the as-synthesized powders present a small peak at around 26= 25.2°,48.2° and
62.5°, which corresponded to (101), (200) and (204) plane of the anatase TiO, phase,
respectively. This result indicated that the as-sonochamically synthesized fine-nanopowders of
TiO, could be fabricated by single-step sonochemical process using the sonication time of 30
min without post annealing process. The formation mechanism of crystalline phase Zn-doped
TiO, by the sonochemical process could be initiated by cavitation effect during high frequency
ultrasound wave radiation via sudden collision forced by. intense ultrasound energy. This
collision is able to swiftly raise localized dominantly high temperature region, which speeds up
the condensation of hydroxyl or intermediate hydroxide group to generate the nucleation of
fine Zn-doped TiO, nanoparticles. In case of the samples calcined at 450-550°C, it is observed
that the ‘samples possess pronounce  characteristic diffraction peaks with | increasing peak
intensity indicating the amelioration of crystallinity and anatase phase by calcinations process.
As the calcination temperature elevated to 600°C, the rutile_phase. of TiO,-and the secondary
phase of ZnO were noticeably observed. This feature occurs because the anatase TiO, phase
transforms into the rutile TiO, phase at this specific temperature vicinity [89]. In addition, the
formation of Zn0 phase was also initiated as. the ternperature rose to 600°C. This formation may
be attributed to sufficient supplied thermal energy into the matrix that can induce the bonding
between substituted Zn ion and surrounding oxygen atoms, leading to the formation of
separated phase of ZnO. The crystallite size (D) of crystalline anatase and rutile phase was
estimated by Scherrer’s equation. The average crystallite size of Zn-doped TiO, nanoparticles
slichtly increases with increasing calcinations temperature. This result indicates that the

calcinations temperature significantly affects the crystal of Zn-doped TiO, nanopowders.



39

A = Anatase
R = Rutile
H=7n0
R - R .
; M . o
. N 600°C
> J ) i
3 L__,f\\w/“.’&\vw_’,/\'ﬂ! \\W//V\\'\’v.r-w, NN
iy
& 550°C
2 .
= A :
500°C
o 450°C
- & S\ W O~ O
~— — O~ —
</ g %\ Sre(CEl 3NG
\\ < A\ T 20wt T
\th/\WJ’ L..If\\‘-\_—-—m“‘ o T e O BN L B W

26 (degree)

Figure 4.1 XRD patterns of as-synthesized and after-calcined of Zn-doped TiO, nanoparticles.
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4.1.2 Morphology

Figure 4.2 shows the morphologies of as-synthesized Zn-doped TiO, nanopowders by
transmission electron microscopy (TEM) technique. The TEM image clearly shows the
finenanopowders with spherical shape and well-distribution. The average particle size is around
15 nm. The result confirms that the highly intense of ultrasound wave provided during the

sonochemistry process can establish the uniform-fine Zn-doped TiO, nanopowder.

4.1.3 Optical properties

To study the optical properties of Zn-doped TiO, nanoparticles, the UV-VISdiffuse
reflectance spectra were measured in a wavelength range of 200-700 nm, as shown in figure 4.3.
The optical absorption of all samples shows that the absorption starts at about 370 nm,
indicating the semiconducting feature with direct band-gap of the samples. The UV-VIS
reflectance of doped samples significantly shifts to a lenger wavelength when comparing to pure
TiO,. It could be deduced that the incorporation of low content of Zn ion into TiO, may
significantly lower the effective optical band gap of TiO, by extending its absorption band to
visible region that can enhance its performance in solar energy harvesting. The good substitution
of Zn ions may create the defect sites and carresponding defect band tail between valence
band and conduction band of TiO, that consequently reduces its effective band gap. The optical
band eap energy (E,) was determined from reflectance spectra [90]. It is_noticed that the
correlated band gap- energy of the sample tends to . increase. with _increasing calcined
temperature, i.e. at values of 2.82-3.02 eV for the sample calcined at 450-700°C, respectively.
This feature may be originated from the fact that, at elevated temperature, the separated phase
of ZnO takes place and the sample becomes intermixture of TiO, and ZnQ that would cause the
alternation the optical band ¢ap of TiQ,. The other possibility for this increment in optical band

gap with increasing temperature is the anatase-to-rutile mixed phase of TiO, [91].
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Figure 4.2 TEM image of as-synthesized  Zn-doped - TiO,

sonochemical method with sonication for 30 min.
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Figure 4.3 UV-VIS diffuse reflectance spectra of Zn-doped TiO, nanoparticles calcined at various

temperatures.



Table 4.1 Crystalline size of Zn-doped TiO, samples.

Calcined temperature(°C) Crystalline size (nm)
450 7
500 7.5
550 7.8
600 8.9
650 92
700 9.8
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4.2 Zn-Mn and Zn-Co co-doped TiO, nanoparticles

4.2.1 Structural phase

Figure 4.4(a)-(b) show the XRD patterns of as-prepared singly-doped and co-doped TiO;
nanopowders. XRD diffractrograms of all prepared samples clearly exhibit the formation of
anatase TiO, phase without secondary phases of any metal oxides. In addition, broad peaks of
diffracted pattern indicated low degree of crystallinity. Increase in co-dopant content results in
slight shift of main (101) reflection to lower angle indicating the evidence of unit cell expansion.
This expansion would originate from the replacement of T (0.74R) by the slightly larger ionic
radius of Zn"" (0.88A), Mn®* (0.81A) and Co™™ (0.70A) ions [92]. It is suggested that sonochemical
synthesis is a potential technigue for preparing the co-doped titania as single-step method at
room temperature. The effect of ultrasenic irradiation on preparation process can be described
by the localized spots and pressure generated from acoustic cavitation during sonication, which
lead to the increase of the dispersion ability of dopant ion into the TiO, lattice. The possible
sonochemical formation mechanism of nanocrytalline TiO;-metal is shown in figure 4.5 which as
follows: The hydrolytic species of titanium precursor in solvent solution is condensed to form a
large number of tiny nuclei, which aggregate to form larger cluster. Ultrasonic wave irradiation
can generate many local hot spots within the cel, and the crystal structural unit is formed near
the hot spots with decrease in the gel nuclei, which leads to the formation of nanocrystal

particles.
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4.2.2 Chemical composition and local structure

X-ray absorption spectroscopy includine both X-ray absorption near edge structure
(XANES) technigue and extended X-ray absorption fine structure (EXAFS) were-used to scrutinize
details of chemical composition and local structure of as-prepared samples. The normalized
XANES spectra of singly-doped, co-doped TiO, and their reference standards are shown in figure
4.6 and 4.7. As displayed. in-ficure 4.6(a) and 4.7(a), the Ti K-edge of TiO,, singly-doped and co-
doped TiQ, samples clearly show the pre-edge spectra of A, A, As; and B peaks which
correspond to the transition of core electron to Ti 3ddpds hybridized states. The first pre-edge
peak of A, arises.from ‘the t,, band-like state, while A, and A, peaks.correlate to the e, band-like
state. The t,, and e, states demonstrate the component of crystat field split Ti3d atomic orbital
which is shifted relatively to each other in energy as a result of the octrahedral oxygen
surrounding of Ti [93-94]. However, the observation in pre-edge peak of co-doped samples
exhibits the broadening of A, peak comparing to TiO, standard that may due to the lower
crystallinity of as-synthesized samples. As the concentration of dopant increases, the
contribution of A; and A; peak region is involved because of the larger fraction of Ti atom at the
surface, suggesting the increasing distortion in octahedral TiO, unit. Meanwhile, the B peak has a
predominant Tidp character hybridized with Tids and O2s orbital [28]. The C peak represents
transition of core electron toward O2p state that is hybridized with Tidp state. The D peak is
associated with the higher lying p atomic orbital [95]. The slight change in the pre-edge and post-

edee feature of co-doped sample can be essentially associated to the distortion in the



46

octahedral TiO,. These results suggest that co-dopant ions are able to substitutionally
incorporate in Ti lattice.

The normalized XANES spectra for co-doped samples and ZnO for Zn K-edge for Co-Zn
doped TiO, and Mn-Zn doped TiO, are shown in figure 4.6(b) and 4.7(b), respectively. The feature
of all spectra shows the strong absorption edge in a range of 9660-9670 eV with no pre-edge
region because the 3d orbital in Zn”" ion is fully occupied by electrons. Therefore, only the
electronic transition from 1s core level promoted to the higher unoccupied state exists, which is
presented in ~9660eV. The energy absorption spectra of all samples correspond to the Zn”" of
Zn0O reference standard. In addition, the post-edge of Zn K-XANES spectra demonstrates
significantly different feature from ZnO spectrum implying that the Zn* ion in the prepared
samples is not totally tetrahedral coordinated with O atom [96-971.

For the Co'K-edge XANES spectra of co-doped samples, theispectra of all as-prepared
samples reveal the main absorption energy at ~7710 eV corresponding to the transition to hicher
energy levels as seenin figure 4.6(c). The strong. absorption edge of ‘Co-doped sample
corresponds to_the CoO, reference standard. It ‘can be concluded that the Co-Zn doped TiO,
contain Co 2+ of oxidation state. In case of Mn K-edge measurement, the normalized spectra of
prepared samples and their reference standard are shown- in figure 4.7(c). The corresponding
spectra clearly show that the absorption edges of reference standard of MnQ, Mn,O; and MnQ,
are located at 9644, 9650 and 9690 eV, respectively. The vigorous absorption edge of Mn-Zn co-
doping is in the range of 9651-9670 eV, suggesting that the samples are composed of mixing
oxidation states. The linear combination fitting (LCF) -was ' conducted to identify the oxidation
state using MnO, Mn,O; and MnO; as reference maodels. The best LCF reveals the reduction of

Mn" into Mn”* with increasing Mn-doping concentration.as summarized i table 4.2,
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Table 4.2 Crystalline size, band eap energy and LCF of as-synthesized samples

sample Eg (eV) Component
MnO Mn,05 MnO,
TiO,:Zn 3.01 - - :
Ti0,Zn-Col% 278 - ’ -
Ti0»Zn-Co2% 275 . . .
TiO,:Zn-Co3% 2.72 - = -
Ti0,:Zn-Co5% 2.68 e - -
TiOxZn-Mn1% 2.60 0.00 0.74 0.26
Ti0,:Zn-Mn2% 2.38 0.00 0.76 0.24
Ti0,:Zn-Mn3% 2.30 0.00 0.85 0.15
TiO,:Zn-Mn5% 224 0.00 0.98 0.02

4.2.4 Morphology

The SEM micrographs of 'singly-doped and co-doped.samples are displayed in figure 4.8-
4.9. As shown in figure 4:8(a), singly-doped TiO, is spherical in shape with-uniform distribution. For
the 3%Co- and 3% Mn-co-doped TiO, as observed in figure 4.8 (b) and (), more agglomeration is
observed. However, the micrograph . exhibits the average particle size that is less than 10nm,
indicating larger specific surface area.which is suitable for photocatalytic activity.

4.2.5 Optical properties

The diffuse reflectance spectra (DRS) of pure TiO,, singly-doped and-co-doped samples
are shown in figure 4.10. Far the, singly-doped samples, extended visible light absorption is
observed comparing to pure TiQ,. Furthermore, the greater absorption in visible region is noticed
in the co-doped samples. It.is suggested-that increasing.co-dopant.concentration could result in
the reduction of band.gap energy and the enhancement. in visible light harvesting of TiO,. This
feature would be correlated-to the incorporation of dopant ions in host lattice that could
generate new electronic states in the TiO, band gap. Hence the distance of charge transfers
between d electron of the dopant ion and the conduction or valence band is narrowed, leading
to the increase in visible light response of the material. Moreover, the different valence states of
dopants including C02+, Mn™ and zn™ from the host matrix Ti" may induce the substantial
generation of oxygen deficiencies. In addition, the DRS spectra of doped samples possess the
shoulder peak with corresponding wavelength lower than 400 nm that should correspond to the
photo-induced charge transfer from the valence band formed by 2p orbital of oxide anions to
the conduction band formed by 3dt,, orbital of Ti™ [98]. Furthermore, the broader peak

observed around 500-650 nm may be attributed to 2+ oxidation state of dopant/T| i charge-
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transfer interaction. The band gap energies of all samples were calculated from the DRS spectra
using Kubelka-Munk equation. It is obviously noticed that the incorporation of dual dopants

significantly affects to the decrease of band gap energy of the host TiO, as shown in table 4.2.

This material is reserved for educational use only, not allowed for commercial use.

Forbidden to modify the content, and cite the document when use.
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Figure 4.8 SEM images of co-doped TiO, nancparticles with (@) TiOs, (b)TIO,:Zn-1%Co, (¢) TiO,:Zn-3%
Coand (d) TiO,:Zn-5%Ca.

Figure 4.9 SEM images of co-doped TiO, nanoparticles with (@)TiO,: Zn-1%Mn, (b) TiOxzZn-3%
Mnand (c) TiO,:Zn-5%Mn,
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4.2.6 Photocatalytic activity

The visible-light driven photocatalytic activities of the as-synthesized samples were
evaluated through the photo-degradation of RhB dye solution. Figure 4.11 shows the RhB
decolorization profiles by different catalysts under simulated visible irradiation. It is clearly
observed that the dye solution was hardly degraded under visible light illuminated without the
catalyst. Almost 40% of RhB degradation after 90 min was obtained in singly-doped sample. For
the Co-Zn co-doped TiO, (figure 4.11a), the superior degradation was found in the samples
containing 3% of Co-content after 90 min of irradiation time while the sample with 1, 2 and 5%
Co doping content exhibited 51, 73 and 71% of photo-decolorization, respectively. In case of Mn-
doped samples as shown in Figure 4.12(a), highest removal of RhB was found in the 2%doped
sample after 90 min of irradiated time. Whilst, 81%, 74% and 53% of dye degradation were
obtained as the host material was doped with 1%, 3% and 5% Mn content, respectively.
According to the results, all as-synthesized co-doped catalysts show higher degradation rates
than singly-doped and bare TiO,. In order to find out the decolorization rate of prepared
samples, the first order kinetic degradation of Co-Zn and Mn-Zn-doped TiO, catalyst at each
dopant concentration were calculated and shown in figure 4.11(b) and 4.12(b), respectively. The
results show that the highest deegradation rate constant of 0,114 min ‘was observed in 3%Co-
doped sample. For the Mn-doping, the highest photedegradation rate was found in the 3%-Mn-
doped sample with a value of 0.0238 min Obviously, a comparison in the plots of dye
degradation shows that the concentration of as-prepared catalyst can indeed influence the
degradation efficiency. The increase of dopant content to 3mol% (for Co-doping) and 2mol% (for
Mn-doping) resulted in' the increase in dye degradation. However, a slight decrease of dye
decomposition was observed when- the concentration of Co--and Mn-dopant was further
increased to 5mol%, which might be attributed to the aggregation of the nanoparticle at high
concentration, leading to the reduction of surface area of the catalyst. The degradation of RhB
dye with respect to illuminated tirme in the presence of 2% Mn-co-doped catalyst is shown in fig.
4.11(c). It can be seen that the catalyst treated dye solution shows the noticeable decrease in
optical absorption at 554nm of functional eroup of RhB with increasing irradiation time.
Additionally, the absorption peak position is found to shift from 554 nm to 500 nm
accompanying the alternation in color of RhB solution from pink to yellow as observed in figure
4.11(d). With further increase in irradiation time, almost 100% decrease in the peak intensity was
obtained. This result indicates excellent photocatalytic performance of co-doped titania. The
change in absorption spectra together with the color change from strong pink to yellow and
colorless are corresponded to two processes of de-ethylation and destruction of conjugated dye
structure [99-100]. Under the photocatalysis process, the ethyl groups are removed sequentially

to form four intermediate groups, N,N,N’-triethylated Rhodamine, N,N,-dieltylated Rhodamine, N-
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ethylate Rhodamine and Rhodamine, respectively. The destruction of the conjugated structures
occurs concurrently, decomposing the rest to form the colorless dye solution [101]. Comparing
between Co- and Mn- doping degradation efficiency, the results indicated that the Mn, Zn co-
doped samples performed higher activity than Co, Zn co-doped sample. It may be described by
two processes; the enhancement in visible light harvesting and greater hydroxyl radical from the
conversion of Mn"" to Mn3+[1021. According to the photocatalytic behavior, the decomposition
performance of co-doped sample is superior to the singly-doped and pure titania. This excellent
degradation indicates that the Co-Zn and Mn-Zn co-doped TiO, hold great promise for future

application in organic pollutant removal.
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Figure 4.11 Photocatalytic degradation curve for different catalysts in the presence of RhE dye for
Co-Zn co-doped TiO, catalyst, (b) absorption kinetic of RhB over Co-Zn co-doped TiO, catalyst (c)
time independent variation of UV-vis spectra for RhB degradation of 2% Co-dopant and (d) Visual
comparison of color fading in the degradation of RhB solution subsequent to being subjected to

various degradation time for 0-90 min.
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Figure 4.12 Photocatalytic degradation curve for different catalysts in the presence of RhB dye for

Mn-Zn co-doped TiO, catalyst, (b) absorption kinetic of RhB over Mn-Zn co-doped TiO, catalyst

and (c) Visual comparison of color fading in the degradation of RhB solution subsequent to being

subjected to various degradation time for 0-90 min.
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The feasible mechanism for the photocatalytic behavior of codoped catalysts may be
described by the band gap structure of doubly-doped TiO, as displayed in figure 4.13. As TiO, has
high energy band gap (3.2 eV), the direct excitation of electron from valance band (VB) to the
conduction band (CB) in presence of visible light is not possible, On incorperation of Zn, Mn and
Co ions into TiO, lattice, the energy band gap of TiO, decreases due to the formation of impurity
levels below CB in the band gap, where electrons can transfer from VB of TiO; to these energy
levels. These electrons travel to surface and adsorbed by the O, and produce the +O, ions,
which can further converts to the strong redox species such as H,O, and «OH ions [103-104].
These redox ions are responsible for the degradation of the surface adsorbed hazardous dye. In
case of increasing transition metal co-doping ion, the density of new energy levels also increases,
which ultimately enhances the recombination possibilities of electron and holes as they can be
easily trapped on these recombination centers, Here due to the reduction of distances between
the trapping sites, the increased recombination rate will compete with the photocatalytic redox

process, which eventually slows down the photocatalytic rate.
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Figure 4.13 The possible mechanism of photocatalytic activity for co-doped TiO,
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4.3 ZnTiO,

4.3.1 Structural phase

XRD patterns of ZnTiO; nanoparticles calcined between 500°C and 900°C are shown in
figure 4.14. At calcination temperature of 500°C, the diffraction pattern exhibits broaden peaks
around 25°, 35°, 48°, 57° and 63°, which suggests the initial formation of cubic ZTO structure.
The sharpness XRD peak of sample calcined at 600°C exhibits high crystallinity of the particle
with cubic ZnTiO; phase. The mixing phases between cubic and hexagonal ZTO phases are
observed in samples calcined at 700-800°C. This feature shows good correspondence to previous
work reporting that the unstable cubic ZTO at low temperature can transform into stable
hexagonal structure at higher temperature [105]. When the calcination temperature elevated to
900°C, the hexagonal ZTO structure was retained and no significant change into other structures.
In addition, the secondary phase of spinel Zn,TiO, at around 30° and rutile phase at around 28°
are observed resulting from the decomposition of ZTO at high temperature. The percentage of
hexagonal phase was calculated from the ratio of area of hexagonal phase peaks to the area of
all peaks using equation of H%=(A,/A,)x100 when A, and Ay is the area of hexagonal phase

ZTO and area of all peaks, respectively. The results are shown intable 4.3.
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Figure 4.14 XRD patterns of perovskite ZnTiO; nanopartcles calcined at 500-900°C for 2 h.

Table 4.3 Percentage of hexagonal phase

sample % of hexagonal phase (%)
ZT0-500°C 23
ZT0-600°C 87
ZTO-700°C 93
ZT0-800°C 89

ZT0-900°C 75
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4.3.2 Chemical composition

The chemical composition of Zn and Ti ions in ZTO sample was performed and
characterized by XANES. Figure 4.14 shows the normalized Zn K-edge and Ti K-edge of ZTO at
the calcination temperature between 500°C and 900°C accompanying reference standards. For
the Zn K-edge, Figure 4.15(a), the spectrum lines of all prepared samples represent strong
absorption edge at around 9665 eV. All Zn K-edge XANES spectra do not possess any pre-edge
peaks because all 3d bands of Zn are occupied by 3d electrons [106]. This study confirms that
the oxidation state of Zn for ZTO sample is 2+. The normalized XANES spectra of Ti K-edee of
ZTO nanoparticle including reference standard are displayed in Figure 4.15(b). The XANES spectra
illustrate the triplet pre-edge electronic step ahead the large absorption edge at around 4966 eV,
which is a powerful finger print of Ti characteristic. This character can be attributed to the
transition of 1s electron p—d hybridization of Ti coordination in the ZTO structure [107]. Hence, it

is summarized that the ZTQ has a perovskite structure comprising six coordinated i ions.

(b)
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Figure 4.15 Measured XANES spectra of ZTO nanoparticle for (a) Zn K-edge and (b) Ti K-edge.
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4.3.3 Morphology

Figure 4.16 shows FE-SEM image of perovskite ZTO nanoparticles. The micrograph of
samples calcined at 600°C and 700°C in Figure 4.16 (a)(c) reveal that the particle is nearly
spherical in shape with uniform size and distribution. The average particle size is approximately
25 nm. When the calcination temperature rose up to 900°C, as seen in figure 4.16(c), the grain
boundary began to melt and smaller particles merged together to be larger grains. However, the
particle size became larger with increasing calcination temperature attributing to the better

crystal growth with elevated heat treatment temperature.

4.3.4 Optical properties

To determine the optical properties of perovskite ZTO nanoparticles, the UV-vis
absorption spectra were recorded in the range of 250-700 nm. No significant absorption spectrum
observed in the sample calcined at 600°C, as seen in black line spectra in figure 4.17(a). For the
sample calgined at 700°C and 900°C, the UV-VIS spectra indicate that the ZTO has such strong
absorption in the UV region. This can be attributed to the photo excitation of electron from
valence band to conduction band, indicating semiconductor feature of calcined samples. The
wide band gap energy in the range of 3.07-3.21 eV is obtained for the samples calcined at 500-
700°C. Meanwhile, the band gap energy value for ZTO calcined at 900°C is around 3.71 eV that

may be due to the formation of spinel and rutile phases in the sample.
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Figure 4.16 FE-SEM micrograph of ZTO nanoparticles calcined at/(a) 600°C, (b) 700°C and (c) 900°C.
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Figure 4.17 Optical reflection spectra of ZnTiO; nanoparticle at difference annealing

temperatures.

4.4.4 Photocatalytic behavior

Typically, the structural phase and heat treatment processes are major role factors in
the photocatalytic performance of the catalysts. The photocatalytic activities of perovskite ZTO
nanoparticles were performed on degradation of RhB under both UV and visible light
illumination. Figure 4.18 displays the photodegradation ability of ZTO catalyst under excitation
with UV irradiation. It is clearly seen that the sample calcined at 700°C exhibits superior
performance under UV excitation, with 100% of decolorization within 75 min. In contrast, about
95%, 84%, 80% and 49 % of RhB decolorization were obtained by ZTO catalysts calcined at
800°C, 900°C, 600°C and 500°C in 75 min, respectively. These results suggest that the high
percentage of hexagonal phase of ZTO samples exhibits the better photocatalytic efficiency
compared to low mixing of cubic/hexagonal phase. Better photocatalytic behavior of hexagonal
phase has been reported in the literature and it has been ascribed to the change in its crystal

phase structure [108]. Figure 4.19 represents the photocatalytic activity of the ZnTiO; catalyst
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calcined at 700°C at different irradiation times from 0 to 75 min by mean of the decrement of
the absorbance at 554 nm of RhB absorption. The ZTO catalyst performed complete removal
the RhB within 75 min. Under visible irradiation, the sample calcined at 700°C performed, as
shown in figure 4.20(a). About 55% of the RhB was photocatalytically degraded after 210 min
exposure over ZTO samples. The sample calcined at 700°C demonstrated excellent
photocatalytic behavior that may be due to the higher hexagonal-phase with a large energy band
gap providing powerful redox ability for photocatalytic decomposition of organics contaminant
under UV and visible light irradiation [109-110]. Another possible reason may be due to the fact
that the tetragonal coordinate in the Ti ions can adsorb more water and oxygen molecules to
produce more hydroxyl eroups on-the surface of ZTO catalyst [111] leading to greater catalytic

performance.

In order to“find out the efficiency of the photocatalytic reaction, pseudo first order
kinetic for photachemical oxidation was established. Figure 4.21(a) represents the absorption rate
of ZTO catalyst calcined under UV light illumination. For the UV irradiation system, the kinetic
simulation with reaction ftime (¢) and InC/C, is close to a linear curve with the fittine constant R
greater than 0.94. It is observed that the ZTO catalyst exhibit;a good activity with k = 0.047 min
for the samples calcined at 700°C. To compare the phetocatalytic performance under UV and
visible light irradiation, the first order kirietic rate of samples calcined at 700°C with the UV and
visible light photo-degradation were ‘plotted in the figure 4.21(b).The best fitting shows the
photocatalytic “rate of [0.047 min" and 0002 min for JUV.and" visible - light illumination,
respectively. The _superior performance of perovskite ZTO catalyst under UV to visible light is

correlated to the, higher vigorous-absorption. in the UV region.and, the wide band gap energy of

the powder.
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Figure 4.18 (a) Photocatalytic behavior for RhB degradation as a function of time of ZnTiO,
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Figure 4.19 Time dependent variation of UV-vis spectra for RhB degradation of ZnTiO; calcined at

600-900°C.
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Figure 4.21 Adsorption kinetic of RhB over ZTO catalyst (a) under UV irradiation and (b) samples

calcined at 700°C under UV and visible irradiation.
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4.4 ZTO doped with Co and Mn

4.4.1 Structural phase

The XRD patterns of Co-ZTO and Mn-ZTO calcined at 800°C for 3 h are shown in figure
4,22, The figure, shows that all diffractrograms of Co-ZTO and Mn-ZTO samples exhibit hexagonal
ZnTiO; phase accompanying small cubic phase ZTO structure. The XRD patterns of both Co-ZTO
and Mn-ZTO samples indicate strong and sharp peaks, ensuring the high crystallinity of the
samples. The average crystalline sizes of Co-ZTO and Mn-ZTO calculated by the diffraction peak
with highest intensity using Sherrer’s equation are approximately 18 nm and 24 nm, respectively.
The impurity phases of any metal oxides are not observed in the XRD pattern, indicating a good

incorporation of dopant ions into the ZTO host.
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Figure 4.22 XRD patterns of ZTO doped with Co and Mn at various concentrations.
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4.4.2 Chemical composition

XANES measurement was conducted to confirm the existence of Co and Mn in the
samples, and to study the valence states of Zn, Ti, Co and Mn ions in the Co-ZTQ and Mn-ZTO
asshown in figure 4.23. The Zn- and Ti K-edge (figure a and b) was performed in transmission
mode and Co- and Mn- K-edge (figure ¢ and d) was performed in fluorescent mode. Figure 4.23
(@) shows the normalized Zn K-edge XANES spectra without noticeable pre-edge region in all
spectra due to the 3d obital of Zn® being fully occupied by electrons. Thus, the strong energy
absorption edge of 9664 eV presents only the core level of electronic transition from 1s to 4p
unoccupied states. This result indicates the existence of Zn" oxidation state in the Co-ZTO and
Mn-ZTO samples. Figure 4.23(b) shows-the normalized Ti-K-edge XANES spectra with reference
standard of Co-ZTO and-Mn-ZTO samples. All spectra represent three pre-edge electronic
transition steps before the strong absorption peak of 4966 eV. The triplet pre-edge peaks are
typically associated with the strong- fingerprint that defines the coordination number of the
materials. We can also implicate this to transition of the “ts electron p-d hybridized state in
tetrahedral symmetry [112]. The strong energy absorption spectra of all samples are close to the
Ti"" reference standard. Hence, it can be deduced that the Co-ZTO and Mn-ZTO samples have
perovskite structure ‘consisting of six coordinated T ions. The inset of figure 4.23(c) represents
experimental XANES spectra of Co K-edge with their reference standard. The XANES spectra show
a small pre-edge shoulder located at 7708 eV. The large absorption energy positioned at 7715 eV
is almost identical to the Co®' standard spectrum. This result confirms that the oxidation state of
Co ion in Co-ZTO samples is’ 2+. Figure 4.23(d) shows the strong absorption peaks of Mn K-edge
located between 6345 and-6555 eV. This characteristic feature suggests the existence of Mn ion
with different oxidation states (Mn2+, Mn™" and Mn“in samples due to the environmental
sensitivity of Mn ion. Mereover, figure 4.23(e) shows that/increasing Mn content leads to a shift in

edge position to higher energy, indicating an increase in the Mn oxidation state.
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Figure 4.23 Measured XANES spectra of Co-ZTO and Mn-ZTO for Co K-edge and Mn K-edge with

reference standard in fluorescent mode.
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4.4.3 Local structure

The local environment of Co- and Mn-doped ZTO samples were determined by EXAFS
measurement. The data identification of all EXAFS measurement was carried out by using the
ATHENA and ATHEMIS program [113-114]). The EXAFS data in k=3-10 .f‘\_l range were transformed
by Fourier transform. The data were fitted in the real space in R=1-5 A range to obtain the best
fitting result using the Hanning window function with kz-weighted. The kz-weighted and the best
fitting curve of corresponding experiment data are shown in figure 4.24(a) and (b). In the Co-ZTO
samples, the first two peaks were fitted using ARTHEMIS including single and multiple scattering
as seen in figure 4.24(b). The EXAFS analysis indicates that the Zn atom is surrounded by six
nearest oxygen atoms, corresponding to-the-first-main peak of R-space at around 1.5 A. The
second and third peaks-are observed at ~2.5 and 3.7 A, corresponding to the metal oxides of Ti
and Zn atoms in the next nearest shell. The coordination-numbers and inter-atomic distance in
the ZTO-host sample agree well with structural values of hexagonal ZTO. For the Mn-ZTO
samples, k2~weighted and the corresponding Fourier transform curve are displayed in figure
4.25(a) and (b). The best fit analysis of the oscillation and the. first two peaks in Fourier transform
were done by using the single and multiple scattering. Fitted peaks harmonize to the first two
coordination-shells around the Zn atom. The first three peaks are found at around 1.6, 2.4 and
3.7 A'l, which can be assigned. to the nearest of O-, Ti- and Zn-atom, respectively. In addition,
when the Co- and Mn-contents increased, poor fitting was observed at ‘8>3.5 A. This result
confirms that the crystal system of ZTO host could be disturbed by Co- and Mn- dopant,
indicating the increasing defect in the sample.

In order to determine the preferred site occupation of Codopants in ZTO unit cell, the
Fourier transform of EXAFS spectra for hexagonal ZTO with-ion dopant dominating A(Zn)-and
B(Ti)-sites were simulated. As seen in figure 4.26(a), the feature of EXAFS oscillation for Co-doped
sample is nearly similar to the A-site of ZTO but different from that of B-site and CoO reference.
In addition, the radial distribution function of Co-doped samples around the Co-atom exhibits
nearly harmonic peak position with those of ZTO around Zn atoms as shown in figure 4.26(b).
These results indicate that the local atomic environment around the Co-atoms in ZTO is similar
to the Zn atom in ZTO, demonstrating the Co™" ions substituted in A(Zn)-site position in ZTO
crystal lattice. Moreover, the increasing shoulder peak around 2577 in k-space was observed,
corresponding to the k-space of CoO. It can be attributed to some parts of Co-dopants forming

into CoO cluster in the ZTO-based samples. In case of Mn-doped sample, as the kz—spectra and
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R-space spectra compared with A- and B-site MnO, Mn,0, and Mns0, were simulated which was
shown in figure 4.27(a)-(b). The shape of kz—weighted and radial distribution function for all Mn-
doped samples are significantly similar to both of A(Zn)-site and Mn,0; oscillation. So, it may
conclude that some Mn-ions mightsubstitute in B(Zn)-site in the ZTO lattice and some of them
might form in a small Mn,0; cluster. The possible reason for the substitution difficulty of Zn-site
by Mn ions than Co ions may attribute to the radii of the dopant icns. The ionic radius of Mn is
0.066nm, which bigger than Co (0.058nm) and Zn (0.060nm). Therefore, the substitution of Zn-

site with the Co ions is anticipated to arise more commonly than with Mn ions [115].
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Figure 4.24 The Fourier transform magnitudes of EXAFS spectra of kz-weighted data with fit at Zn

K-edge into R-space and EXAFS function kz)((k) with fit for Zn K-edge (small picture) of Co-ZTO.
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4.4.4 Optical properties

The optical properties of samples were investigated by diffuse reflectance spectroscopy
(DRS). The plots of reflectance as a function of wavelength for Co-ZTO samples are shown in
Figure 4.28. All of spectra exhibit significant strong absorption in UV region. The Co-ZTO spectra
also show broad peak around 550-650 nm region, that is possibly originated by additional
impurity state Co”™ formed in the host semiconductor energy gap. These results are well
agreeable with previous work of Co-doped TiO, [116]. For the Mn-ZTO, the plots of reflectance
and wavelength are shown in figure 4.28 (b). It can be seen that the spectra reveal absorption in
UV region. The absorption edge clearly shifts to higher wavelength implying significant decrease
of the energy band gap of the samples. The band gap_energy values of all samples were
estimated as shown in figure4.28. It can be seen that the indirect energy gap value of Co-ZTO
increases from 3.26t03.51 eV when Co content increases from 5 to 10%. On the other hand, the
energy gap of Mn-ZTO slightly decreases with-increasing of Mn concentration. Such decrease of
energy band gap of samples can be described that the dopant ion incorporated into ZTO matrix
can replace some 7n*" ions and induce structural.changes and defects affecting the change in
electrical and optical properties of the -host matrix. 1t is supported by XAS results showing that
the Co- and ‘Mn-dopants exist in the doped samples. The' change in-energy band gap of ZTO-

based samples has a strong bearing on the photocatalytic properties of the samples.
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4.4.5 Morphology

The particle size and distribution of Co-ZTO and Mn-ZTO samples were studied by
FESEM. Figures 4.30(a)-(c) show the image of ZTO samples with different Co doping
concentrations. It can be observed that the average particles size slightly increases with
increasing Co content, with estimated value of 218, 222 and 243 nm for Co contents of 5, 7 and
10%, respectively. Figures 4.30 (d)-(f) represent the microphotographs of Mn-ZTO. The images
emphasize that the particle sizes are 136, 158 and 224 nm for Mn concentrations of 3, 5 and 7%,
respectively. Moreover, the FESEM images exhibit morphologies of Co-ZTO and Mn-ZTO that are
of irregularly granular structure with observable agglomeration. The experimental results indicate
that the Co and Mn ion doping may be inserted intothe ZTO lattice, and inhibit crystalline and
particle growth. The average particle size obtained from FESEM characterization is in accordance

with the crystalline size calculated from the XRD results.

Figure 4.30 SEM images of ZTO doped by Co and Mn.
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4.4.6 Photocatalytic activity

According to the UV-VIS spectroscopy measurement, the optical analysis reveals that the
ZTO-based catalyst is active under the visible light irradiation. In this work, the photocatalytic
decomposition experiments of Rhodamine-B by ZTO-based samples were conducted under
visible light illustration. As seen in the figure 4.31(a), ~36% of RhB photo-degradation was
obtained in the ZTO-bare catalyst under visible light irradiation. For the Co-doped, after 150 min
under visible light irradiation, the total RhB removal of 68%, 54% and 52% were found in the 7, 5
and 10 mol% of dopant concentration, respectively. The pseudo first order kinetic for
photocatalytic oxidation was calculated and displayed in figure 4.31 (b). The degradation rate
constant of 0.0043, 0.0061 and 0.0036 min " were found in the 5%, 7% and 10% of Co-dopant
concentration. In case of Mn-doped samples, the highest RhB-degradation of 67% were obtained
by ZTO doped with 7% of Mn after 150 min of irradiation-time as shown in figure 4.32(a). Whilst,
55% and 51% of dye degradation were found in ZTO doped with Mn 5% and 3%, respectively.
Figure 4.32 (b) exhibits-the photodegradation rate of Mn-ZTO samples, the highest rate of 0.007
min found in 7%Mn-doped sample. The enhanced photocatalytic efficiency exhibited by the
doped samples might be due to the increasing of optical absarption in the visible region
probably  arising from the high point defects in the crystal lattice. The crystal defects in photo-
catalyst semiconductor allow the excitation of *electron from the valence band to the
conduction "band with the comparatively low energy photon. A further increase in the
photocatalytic activity in the presence of Co and Mn dopants may be due to the deposition of
oxide cluster on the ZTO matrix, which efficiently enhances the charge separation of
photogenerated electron-hole pairs and prolongs the licht absorption range in ZTO, resulting in
the higher photocatalytic activity undervisible light illumination [117]. In addition, the Mn-doped
samples can possess the greater photo-degradation than Co-doped sample owing to the highly

generated hydroxyl radical originated from the conversion of different oxidation states of Mn.
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CHAPTER 5

Conclusion

The first system in this research is bare-TiO, and Zn-doped TiO, nanopowders prepared
by sonochemical method using sonometer (20kHz, 750W) for 30 min of sonication time. The
structural phase studies revealed that the anatase TiO, phase was formed after sonication
process. The crystallinity of as-synthesized nanopowders was improved by heat treatment
process at 450-550°C for 2 h. The high crystallinity phase of anatase TiO, was obtained after
calcined at 450-550°C. While, the rutile phase and impurity phase of ZnO were detected at the
calcination temperature above 550°C The TEM image shows the good distribution of
nanoparticles with an average particle size of 15 nm. The energy gaps of calcined samples are
found to be increased with increasing calcination temperature. The incorporation of Zn ions into
the TiO, lattice can extend its effective band gap intc the visible region. The calcination
temperature and Zn dopant have considerable influence on the structure phase, and optical
properties of TiO, nanoparticles.

For the series of double-doping system, Co-Zn and Mn-Zn co-doped TiO, were
synthesized by single-step of sonochemical ‘method ™ using sonication time for 30min. The
characterization tests indicate that the co-dopant ions could be incorporated in the TiO, lattice.
The structural phase of as-synthesized powders belongs ta the anatase TiO, phase without
secondary phase of any oxide phases, The average size of ‘as-synthesized nanoparticles is in
value around 5-10 nm. The XANES measurement confirmed the oxidation state of 4+, 2+ and 2+
for Ti, Zn and Co, respectively, while the mixing of oxidation state of 3+ and 4+ was obtained in
the Mn-doped samples. The EXAFS studies represent that the Co- and Mn- ions both were
incorporated in Ti- site and formed as a small cluster in the TiO, host. The effective co-doping of
Co-Zn and Mn-Zn could significantly decrease the optical band gap of titania, making them
suitable for application in visible-light-driven photocatalysis. The photocatalytic activity for RhB
dye testing revealed that the presence of co-doped samples has superior performance than
sinely-doped samples. The best decaolorization performance was achieved in the content of 3%
for Co- and 2% for Mn-doping content. The rapid and excellent photocatalytic behavior is
attributed to the large visible light capacity and great surface area of co-doped samples.

For the perovskite ZnTiOs-based compounds, pure ZnTiO,, and ZnTiO; doped with Co
and Mn were successfully fabricated by sonochemical method. XRD results exhibit the cubic

ZnTiO; phase for the samples calcined at 600°C. The mixed phases of cubic and tetragonal
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ZnTiO; were observed in the sample calcined at 700°C, while the spinel and rutile phase could
be noticed as calcination is beyond 700°C. The XAS experiment confirms the oxidation state of
zn” and T in perovskite ZnTiO; nanopowders. The ZnTiO, sample calcined at 700°C with
highest percentage of hexagonal phaseexhibited the excellent photocatalytic efficiency for the
complete decolorization of RhB within 70 min under UV exposure and 40% of RhB degradation
within 3 h under visible light irradiation. In case of perovskite ZnTiO, doped with Co and Mn
transition ions, the samples were prepared by sonochemical method combined with calcinations
at 800°C for 3 h. Co-ZTO shows the pure hexagonal ZnTiO; phase, while Mn-ZTO exhibits mixed
phases of cubic and hexagonal ZnTiO; phases. The existence of Co and Mn and the valence
states of each jon in the samples were characterized by XANES. EXAFS measurements indicate
that the Co-dopant ions seemsto be A(Zn)-site favored dopant together with small cluster of
CoO oxide. For Mn-doped ZnTiOs, the Mn-dopant ions appear to be both of A(Zn)-site and Mn,05
cluster in the ZTO lattice. The incorperation and formation of cluster of:\Ce and Mn dopant in
ZTO-based samples_exhibit the \better photocatalytic activity for-Rh8 dye degradation under
visible light irradiation | compared to pure ZTO. These studies indicate-that the uncomplicated
and eco-environmental method can be useful for synthesizing the potential catalysts with highly
efficient. degradation of arganic potlutants ' for \environmental ‘renewal. “in addition, the
incorporation-of transition metal ions of Zn, Co and Mn dopants is-an effective way to improve

the catalytic efficiency of both TiO,-based and perovskite ZTO-based compounds.
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Ladkrabang, Bangkok 10520, Thailand

Zn-doped TiO; nanoparticles were successfully fabricated using sonochemical method
accompanying post calcination process. Titanium isopropoxide (TifOC;H; [4) and Zinc
chloride (ZnCly) were used as starting precursors for Ti and Zn sources, respectively. The
homogeneous mixing solution of different Zn (0~1 mol%) and Ti ratio were irradiated
in high intensity uitrasound sonometer (750 W 20 kHz) for 30-min at room tempera-
ture to obtain as-synthesized Zn-doped TiO; nanoparticles followed by caleination at
400-700°C. To evaluate the structure and phase identification of prepared powders, the
X-ray diffraction (XRD) and Raman spectroscopy were employed. The results reveal
that the as-synthesized Zn-doped TiO; nanoparticles are in anatase phase and their
crystallinity increases with increasing calcined temperature. The morphology of as-
synthesized powders was investigated by transmission electron microscope (TEM). The
effect of Zn content and calcinations temperature on TiQ, properties was also discussed.

Keywords - Sonochemical; Zn-doped TiO,; nanoparticles

1. Introduction

In recent years, dye-sensitized solar cells (DSSC) based on TiO; electrode layer have
attractive considerable interest due to their relatively high efficiency and cost-effective
fabrication [1=6]. In general, DSSCs are composed of a layer of TiO, nanoparticles with
rather high surface area acting as photoanode covered by a monolayer of dye molecule, a
redox and counter electrode. In DSSC, the TiO, layer plays a major role in defining the
performance of DSSC by collecting and transporting the photoelectrons that are injected
from the photo excited dye of TiO, conduction band to the conducting substrate and
then to the external circuit [7-8]. High injection of electrons results to good performance
of DSSCs because the increasing of injection electron concentration could consequently
enhance the electron transport efficiency and promote an improved short circuit current
[9]. To enhance TiO; performance in DSSCs, many pioneered works have been devoted
such as decreasing of large band gap of TiO; by doping foreign ion into the TiO, lattice.
During recent years many researches have attained successful works regarding doping
different ions into the TiO, lattice. Previous studies suggested that the incorporation of
Zn** to TiO, host led to a significant increase of photoelectric properties [10-16]. Since,
a number of valence electrons of Zn?* is lower than Ti*t, the excess of hole can create
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an accepter band near that of the TiO;. Y. Zhang et al. [10] had recently fabricated the
Zn-doped TiO; layer (with Zn = 0-1%) served as a photoanode. They revealed that the
slightly doping content of Zn (0.5-1%) ion can promote the increasing photoelectron
concentrations and also separation of the photo-generated charge as well as restrain the
recombinations. A.H. Ghanbari ef al. [11] additionally reported that the introduction of Zn
into TiO; resulted to the enhancement of electron injection and photon capture assisted by
light scattering effect. K.P. Wang er al. synchronously [12] expressed that the insertion of
Zn ions into the titania layer had capability to heighten electron transport performance in
DSSCs.

Recently, different methods have been employed to prepare Zn-doped TiO; nanostruc-
tures, such as thermal hydrolysis [9] and sol-precipitate method [13—-16]. Sonochemical
method is one of alternatively effective process for the fabrication of functional nanomate-
rials owing to simplicity of apparatus, low equipment cost and ease to synthesis [14-20].
The sonochemical method typically applies high frequency of ultrasonic wave to initiate
chemical reaction of the starting precursor and induce the particle formation during ir-
radiation. The sonication acoustic cavitation phenomenon generates cavities in the liquid
solution of reactants. The cavitations processes consist of the creation, growth and implo-
sive collapse of gas vacuoles in the solution. According to the hot-spot theory, extreme
temperature and high pressure occur in the bubbles during the cavitational collapse [21].
However, from the literature survey, the Zn-doped TiO, nanoparticles prepared by the
sonochemical method have not yet been studied. In this paper, an effort has been made to
synthesize of Zn-doped TiO; nanoparticles via the sonochemical method accompanying
calcinations and to investigate the effect of Zn doping content and calcination temperature
on phase structure, microstructure and optical properties of Zn-doped TiO, nanoparticles
that could be potential photoanode material for DSSCs application.

2. Experimental Details

Titanium isopropoxide (Ti[OC3H;]4. TIIP 97%) and Zinc chloride (ZnCl,) were use as
precursors for Ti and Zn source, respectively. TIIP was dissolved in absolute ethanol
(99.7%) and acetylacetone under stirring for 15 min. ZnCl, was slowly added into the
solutions under vigorous stirring for 30 min to obtain the homogenous mixing solution.
The mixing solution and deionized water was mixed together in the sonometer cham-
ber as a ratio of 1:1. Then the mixed solution was irradiated with high intensity ultra-
sound sonometer (750 W 20 kHz) at room temperature for 30 min until the completely
precipitated product was obtained. After cooling down to room temperature, the com-
pletely precipitated product was washed using deionized water. After that the cleaned
precipitate was dried at 100°C for 12 h to remove moisture and contaminants. Then, the
as-synthesized powders were calcined at 450-700°C for 2 h. To evaluate of the struc-
ture and phase identification of as-synthesized powders, the X-ray diffraction (XRD) and
Raman spectroscopy were used. The microstructure was investigated by transmission elec-
tron microscope (TEM) meanwhile the optical properties were studied by typical UV-vis
spectroscopy.

3. Results and Discussion

The crystal structures of as-synthesized and after-calcined Zn-doped TiO, powder at various
calcinations temperature were studied by X-ray diffraction analysis and the corresponding
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Figure 1. XRD patterns of as-synthesized and after calcined of Zn-doped TiQ, nanoparticles.

results are illustrated in Fig. 1. It can be seen that the as-synthesized powders showed a small
peak at around 26 = 25.2°,48.27 and 62.5°, which corresponded to (101), (200) and (204)
plane of the anatase TiO, phase, respectively. The results indicated the as-sonochamically
synthesized fine-nanopowders of TiO, could be fabricated by one-step sonochemical pro-
cess using the sonication time of 30 min without heat treatment process. The formation
mechanism of crystalline phase Zn-doped TiO; during the sonochemical process could be
initiated by cavitation effect during high frequency ultrasound wave radiation via sudden
collision forced by intense ultrasound energy. This collision is able to swiftly raise localized
dominantly high temperature region, which speeds up the condensation of hydroxyl or in-
termediate hydroxide group to generate the nucleation of fine Zn-doped TiO; nanoparticles.
For the samples calcined at 450-550°C, it is observed that the samples possess pronounce
characteristic diffraction peaks with increasing peak intensity indicating the amelioration
of crystallinity and anatase phase by calcinations process. As the calcination temperature
elevated to 600°C, the rutile phase of TiO; and the secondary phase of ZnO were noticeably
observed. This feature is because the anatase TiO, phase transforms into the rutile TiO;
phase at this specific temperature vicinity [22]. In addition, the formation of ZnO phase
was also initiated as the temperature raised to 600°C. This formation may be attributed
sufficient supplied thermal energy into the matrix that can induce the bonding between
substituted Zn ion and surrounding oxygen atoms, leading to the formation of separated
phase of ZnO. The crystallite size (D) of crystalline anatase and rutile phase was estimated
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Figure 2. Raman spectra of as-synthesized and calcined Zn-doped TiO, nanoparticles.

Figure 3. TEM image of as-synthesized powder synthesized by sonochemical method with sonica-
tion time of 30 min.
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Table 1
Crystal sizes of Zn-doped TiO; nanoparticles.
Temperature (°C) Crystal size (nm)
450 7.1
500 1.5
550 7.8
600 8.9
650 9.2
700 9.8

by Scherrer’s equation as follows [23]

0.94

:ﬁcosﬁ' 1

Note that D is the crystallite size, K is the shape factor (0.9), A is the X-ray wavelength
of Cu K, (0.154 nm), B is the full-width at half maximum (FWHM) and ¢ is the diffraction
angle of the major peak of anatase phase located at 260 = 25.4°. The average crystallite size
of Zn-doped TiO, nanoparticles slightly increase with increasing calcinations temperature
as shown in Table 1. This result indicates that the calcinations temperature significantly
affects the erystal of Zn-doped TiO; nanopowders.

Fig. 2 shows Raman spectra of as-synthesized and calcined samples at various temper-
atures. Raman spectra of as-synthesized and samples calcined at 450-550°C for 2 h show
the prominent bands assigned to the modes of anatase TiO,. The dominant bands assigned
to E, modes are centered at 145 em™! and 638 cm™!. The bands positioned at 397 cm™"
and 516 cm™!are attributed to B, and A}, modes. As calcination temperature increases to
be beyond 550°C, the results exhibited mixing of anatase-rutile phase and secondary phase
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Figure 4. UV-vis absorbance spectra of Zn-doped TiO, nanoparticles.
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Figure 5. Optical band gaps of Zn-doped TiO» nanoparticles calcined at different temperatures.

of ZnO with the corresponding band peaks around 200 cm™', 270 cm~! and 445 cm™!
[20,24]. It is indicated that the Raman results are in good accordance with the XRD results.

As observed in Fig. 3, TEM image reveals the morphology of nanocrystalline of
as-synthesized Zn-doped TiO, fine powder. It is clearly seen that the fine as-synthesized
nanopowders have nearly spherical shape with the average size is about 10~15 nm. The TEM
results confirm that the highly intense of ultrasound energy provided during sonochemical
process can create the uniform fine nanoparticles of Zn-doped TiO,.

The optical absorbance spectra of Zn-doped TiO, nanoparticles in a wavelength range
of 200-700 nm are displayed in Fig. 4. It can be seen that the optical absorption of all
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samples starts at about 370 nm, indicating the semiconducting feature with direct bandgap
of the samples. The UV-vis absorbance of doped samples significantly shifts to a longer
wavelength when comparing to pure TiO; [25]. It could be deduced that the incorpo-
ration of low content of Zn ion into TiO, may significantly lower the effective optical
band gap of TiO, by extending its absorption band to visible region, that can enhance
its performance in solar energy harvest. The good substitution of Zn ions may create
the defect sites and corresponding defect band tail between valence band and conduc-
tion band of TiO,, that consequently reduces its effective band gap. The optical band
gap energy (E,) was determined from absorbance spectra using the Tauc’s equation [26],
given as

(a hv) =A(hv =Eg)"

where « is absorption coefficient, v is light frequency, & is Planck’s constant, A is propor-
tionality constant, E, is band gap energy and exponent n depends on type of transition. For a
direct-allowed transition, n = 1/2, for an indirect-allowed transition, n = 2 and for indirect
forbidden transition, n = 3/2. For TiO,, known as a direct semiconductor, n was chosen as
1/2. The optical band gap of samples estimated by intercept of slope to x-axis from plot of
(e hv)? versus the photon energy iv are shown in Fig 5. It is noticed that the correlated
band gap energy of the sample tends to increase with increasing calcined temperature, i.e.
at values of 2.82, 2.83, 2.85, 2.95, 2.98 and 3.02 eV for the sample calcined at 450, 500,
550, 600, 650 and 700°C, respectively. This feature may be originated from the fact that,
at elevated temperature, the separated phase of ZnO takes place and the sample becomes
intermixture of TiO, and ZnO that would cause the alternation the optical band gap of TiO».
The other possibility for this increment in optical band gap with increasing temperature is
the anatase-to-rutile mixed phase of TiO, [27].

4. Conclusion

Nanocrystalline Zn-doped TiO, particles were synthesized by effective sonochemical
method using the sonication time for 30 min. The pure anatase TiO, phase with a high
crytallinity of nanoparticles can be obtained after calcination process at moderate temper-
ature of 450-550°C for 2 h. At the calcination temperature above 550°C, the rutile phase
and impurity phase of ZnO were detected. The morphology of as-synthesized fine powder
monitored by TEM displays the average particle size in the range of 10-15 nm. The energy
gaps of calcined samples are found to be increased with increasing caleination temperature.
The incorporation of Zn ions into the TiO; lattice can extend its effective band gap into the
visible region. The calcination temperature and Zn dopant have considerable influence on
the structure phase, and optical properties of TiO, nanoparticles.
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Sonochemical Synthesis, Characterization,
and Photocatalytic Activity of Perovskite
/ZnT103 Nanopowders

Chakkaphan Wattanawikkam and Wisanu Pecharapa

Abstract— Perovskite zinc titanate (ZnTiO3) nanopowders
were synthesized using the sonochemical method combined with
calcinations at 500 °C and 900 °C for 2 h to improve their
crystallinity. The effect of calcination temperature on their struc-
tural, optical, and photocatalytic properties has been studied. The
cubic phase and the mixing phase of cubic and hexagonal were
observed in sample calcined at 600 °C and 700 °C, respectively,
while the spinel ZnTiO3 and rutile TiOQ; phase arises in sample
calcined over 700 °C. The valence state was investigated by
the X-ray absorption near-edge spectroscopy technique, and the
corresponding results indicate the existence of Zn*t and Ti*t in
the powders. The chemical states of the samples were serutinized
by X-ray photoelectron spectroscopy. The average particle size is
approximately 20-240 nm. The excellent photocatalytic perfor-
mance of ZnTiO3 nanoparticle calcined at 700 °C gave complete
degradation Rhodamine B (RhB) in 75 min under ultraviolet
light exposure with the &k rate of 0.033 min~! and 55% of
decolorization RhB in 210 min under visible irradiation. The
sample calcined at 700 °C ensures a good dielectric permittivity
with a value 20 and the loss tangent of about 1072,

Index Terms— Perovskite, sonochemical method, X-ray absorp-

tion near-edge spectroscopy (XANES), zine titanate (ZnTiO3)
nanoparticles.

I. INTRODUCTION

IDE bandgap semiconductor of titanium-based oxides

with a general formula of ATiO3 has been the sub-
ject of numerous applications for over decades due to their
outstanding electrical, chemical, and optical properties [1].
Recent studies have revealed that zinc titanate (ZnTiO3) is
a potential functional material for catalytic sorbent, dielectric
material for microwave devices, paint pigment, and CO and
NO sensing and photoluminescence material [2]-[6]. ZnTiO3
is an ABOj3 perovskite oxide material having BOg octahedral
with cations A®* inserting in the framework. This compound
belongs to the binary system of ZnO-TiO, that typically
exists in three compounds, including perovskite ZnTiO3 (cubic
and hexagonal), spinel Zn;TiO4 (cubic and tetragonal), and
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defect spinel Zn>TizOg (cubic) [7]-[10]. The cubic perovskite
has thermodynamically stability at low temperature and it
would decompose into spinel Zn,TiO4 and rutile phase at
around 950 °C. At higher temperature, ZnO can transform to
volatile Zn clement resulting in a deficiency of Zn in ZnTiO3,
which becomes substoichiometic and consequently results to
its decomposition [11]. Therefore, it is still a challenge to
develop the novel process to fabricate high purity perovskite
ZnTiO3 nanoparticle at lower temperature.

Recently, various synthesis techniques, including solid-state
reaction method, evaporation-induced self-assembly, chemical
bath deposition, and sol-gel method, have been employed to
synthesize Zn-Ti—O compounds [10]-[12]. Wang et al. [10]
prepared ZnTiO3 nanopowders by a sol-gel process combined
with calcinations at 800 °C and investigated their photo-
catalytic behavior in the photodegradation of humic acid.
Bobowska et al. [11] synthesized ZnTiO3 ceramics by soft
chemical route and studied its dielectric properties. They
reporied that the prepared ceramics had the dielectric permit-
tivity (£) of 25 and the low-loss factor (tan d) < 107 at the
frequency of 1.15 GHz

Recently, the considerable attention has been focused on
the application of ultrasound in advanced chemical synthesis
for the fabrication of ultrafine nanoparticle materials [13].
The sonochemical process is sonoluminescence applications,
which is a high-emission phenomenon assigned with the col-
lapse of bubble oscillating under high ultrasonic frequencies.
The enormous local heating and high pressure inside the
bubble and adjacent bubble wall from such collapses can
give rise to an unusual phenomena in chemical reaction [14].
However, multifunctional ZnTiO3 material synthesized by the
sonochemical process has not been reported in the literature.
In the present investigation, an effort has been carried out
to synthesize multifunctional perovskite ZnTiO3 nanopow-
ders by sonochemical-assisted process. The structural phase
and the morphological characterization are conducted with
X-ray diffraction, Raman spectroscopy, and ficld-cmission
scanning electron microscope (FE-SEM). The valence state
and the surface chemical bonding were investigated using
the X-ray absorption near-edge spectroscopy (XANES) and
X-ray photoelectron spectroscopy (XPS) techniques, respec-
tively. The photocatalytic behavior was tested on the
Rhodamine B (RhB) in water under ultraviolet (UV) and
visible (Vis) light illumination. The dielectric constant and
the loss tangent were studied by LCR meter. The effect of

0885-3010 © 2016 IEEE. Personal use is permitted, but republication/redistribution requires TEEE permission.
See http://www.ieee.org/publications _standards/publications/rights/index.html for more information.
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firing temperature on structural phase. morphology, optical
properties, dielectric properties, and photocatalytic properties
was also discussed.

II. EXPERIMENT

The analytical grade of titanium isopropoxide (Ti[OC3H7]4:
TIIP 97%) and zinc acetate dihydrate [(Zn(CH3CO3)2 -2H,0,
99.9%] supplied by Aldrich was used as a Ti and Zn precur-
sor, respectively. The ratio amount of TIIP and zinc acetate
stoichiometric is designated at 1:1. First, zinc acetate was
dissolved in the absolute ethanol under magnetic stirring for
15 min. The oxalic acid was separately dissolved in absolute
ethanol and slowly added into the zinc acetate solution to
obtain a white cloudy like solution. The TIIP was dropped
in the white cloudy suspension, immediately followed by DI
water, and then, the solution was kept under magnetic stirring
for 1 h. The final mixing solution was irradiated with high
ultrasonic sonometer (750 W, 20 kHz) for 30 min at room
temperature to achieve the precipitate product. After cooling
down, the green powders were washed by DI water and dried
at 100 °C for 12 h. The green powders were calcined between
500 °C and 900 °C for 2 h.

The crystal structure and the phase identification of all
calcined samples were characterized by X-ray diffractrome-
ter (XRD; PANalytical X’Pert Pro). To investigate the valence
state of samples, the X-ray absorption spectroscopy (XAS)
technique of Ti K-edge (4966 eV) and Zn K-edge (9659 eV)
was recorded in transmission mode at room temperature using
Ge(220) grid at Beamline-8 of the Synchrotron Light Research
Institute, Nakhon Ratchasima, Thailand. The surface analysis
was investigated by XPS (AXIS Ulua DLD). The FE-SEM
was used to determine the powder morphology. The photo-
catalytic behaviors of all samples were studied toward on the
degradation of RhB under UV and Vis light illumination. The
4 g/L of ZnTiO3 catalysts were dispersed in the 0.1 mM of
RhB and stirred for 15 min in the dark area to obtained adsorp-
tion/desorption equilibrium between RhB and catalyst surface.
The solution was illuminated by UV light and Vis light at room
temperature until the color of dye completely disappeared.
RhB degradation was investigated by means of the decrease
in its absorbance at maximum wavelength by UV-Vis spec-
trometer. The photodegradation performance was calculated
by C/Cy as a function of time, where Cy and C are the con-
centration of RhB at initial and after irradiation, respectively.
The dielectric properties of samples were investigated by using
LCR dielectric spectrometer measuring at 1 MHz and the
temperature range from —50 °C to 100 °C. To fabricate a pellet
of ZnTiO3 sample for dielectric measurement, the as-prepared
powder was pressed into a pellet at 3 ton for 3 min, and then,
the pellet was further calcined at 500 °C-900 °C for 2 h.

III. RESULTS AND DISCUSSION

Fig. 1 shows the XRD pattern of ZnTiO3 nanoparticles
calcined between 500 °C and 900 °C. At the calcination tem-
perature of 500 °C, the diffractrogram exhibits broaden peak
around 25°, 35°, 48°, 57°, and 63°, which suggests the initial
formation of cubic ZnTiO3 structure. The sharpness XRD peak
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Fig. I XRD pattern of perovskite ZnTiO3 nanoparticles calcined
at 500 °C-900 °C for 2 h.
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Fig. 2. Measured XANES spectra of ZnTiO3 nanoparticle for (a) Zn K-edge
and (b) Ti K-edge.

of sample calcined at 600 °C exhibits high crystallinity of
the particle with cubic ZnTiO3 structure, while the mixing
phases of cubic and hexagonal ZnTiO3; phase were observed
in samples caleined at 700 °C-800°C. This feature shows
good correspondence Lo the previous work reporting that the
unstable cubic ZnTiO3 at low temperature can transform into
stable hexagonal structure at higher temperature [7]. When
the calcination temperature elevated to 900 °C, the hexagonal
ZnTiOj3 structure was retained and did not significantly change
into another structure. In addition, the secondary phase of
spinel Zn>TiO4 at around 30° and rutile phase at around 28°
was appeared resulting from the decomposition of ZnTiO3
at high temperature. The percentage of hexagonal phase was
calculated from the ratio of area of hexagonal phase peaks to
the area of all peaks using the equation of H% = (A, /Aan) x
100 when Ay, and Ay are the area of hexagonal phase ZnTiO3
and area of all peaks, respectively. The results indicate that the
highest H% observed in the samples calcined at 700 °C with
a value of 93%.

XANES measurement was employed for studying the
valence states of Zn and Ti ion in ZnTiO3 nanoparticles.
Fig. 2 shows the normalized Zn K-edge and Ti K-edge of
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Fig. 4. FE-SEM micrograph of ZnTiO3 nanoparticles calcined at (a) 600 °C,

ZnTiO3 at the calcination temperature of 500 °C-900 °C
accompanying reference standards. For the Zn K-edge,
as shown in Fig. 2(a), the spectrum line represents strong
absorption edge at around 9665 eV. All Zn K-edge XANES
spectra do not possess any preedge peak, because all 3d bands
of Zn arc occupied by 3d eleetrons [ 15]. This result confirms
that the oxidation state of Zn for ZnTiOs sample is 27.
The normalized XANES spectra for Ti K-edge of ZnTiOj3
nanoparticle, including reference standard, are demonstrated
in Fig. 2(b). The XANES spectra illustrate the triplet preedge
electronic step ahead the large absorption edge at around
4966 ¢V, which is a powerful finger print of Ti character-
istic. This character can be attributed to the transition of s
electron p—d hybridization of Ti coordination in the ZnTiO3
structure [16]. Hence, it is summarized that the ZnTiO3 has a
perovskite structure comprising six coordinated Ti*t ions.

XPS measurements were also conducted on perovskite
ZnTiO3; nanoparticle to ascertain surface composition and
chemical status. Fig. 3(a) shows the survey XPS spectra
from 0 to 1000 eV for ZnTiO3 nanoparticle calcined at
700 °C. It is observed that the main peaks are C 1s, Ti 2p,
O 1Is, and Zn 2p centered at 258.06, 458.81, 530.37, and
1019.37 eV, respectively. The high resolution of Ti 2p XPS
spectra in Fig. 2(b) exhibit the binding energy of Ti 2p3;2
and 2py,» spin orbit doublet at 458.81 and 464.46 eV,
respectively, that is well agreeable with the reported data for
ZnTiO3 [17]. Fig. 3(c) demonstrates the XPS peak of O Is,
including the best fitted data. The O Is peak binding energy
located at 530.23 eV attributes to 0> in ZnTiO3, while
the binding energy at 531.28 and 532.29 can be ascribed
to oxygen deficiency and hydroxide OH groups [18]. The
binding energy for Zn 2p3,, and 2py,; is observed at around
285.66 and 286.40 eV, indicating the typical XPS spectra of
Zn** ion [19].

(b) 700 °C, and (c) 900 °C.

Fig. 4 shows the FE-SEM image of perovskite ZnTiO3
nanoparticles.  The micrograph of the samples calcined
at 600 °C and 700 °C in Fig. 4(a) and (b) reveals that
the particle is nearly spherical in shape with uniform size
and distribution. The average particle size is ~25 nm. When
the calcination  temperature rose up to 900 °C, as shown
in Fig. 4(c), the grain boundary began to melt and smaller
particles merged together Lo be a larger grains. However,
the particle size became larger with increasing calcination tem-
perature attributing to the better erystal growth with elevated
heat treatment temperature.

To determine the optical energy bandgap of perovskite
ZnTiO3 nanoparticles, the UV-Vis absorption spectra were
recorded in the range of 250-700 nm. No significant absorp-
tion spectrum is observed in the sample calcined at 500 °C,
as shown in black line spectra in Fig. 5(a). For the sample
calcined at 600 °C-900 °C, the UV-Vis spectra indicate that
the ZnTiO3 has such strong absorption in the UV region.
This can be attributed to the photoexcitation of electron from
valence band to conduction band, indicating semiconductor
feature of calcined samples. The bandgap energy of samples
was estimated by the method proposed by Tauc according to
the following equation:

(ahv) = A(hv — Eg)”z

where a is the absorption coefficient that can be obtained
from the scattering and reflectance spectra according to
the Kubelka—-Munk theory, /v is the photon energy, and
A is the constant relevant to the material. The bandgap
energy was determined from the plot of (ahv) versus photon
energy (hv) by the intercept of the tangent to the plot,
as shown in Fig. 5(b). The wide bandgap energy in the range
of 3.07-3.21 eV is obtained for the samples calcined
at 500 °C-700 °C. Meanwhile, the bandgap energy value for
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Fig. 7. (a) Photocatalytic behavior for RhB degradation as a function of
time of ZnTiO3 calcined at 700 °C under Vis irradiation. (b) Time-dependent
variation of UV-Vis spectra for RhB degradation of ZnTiQ3 calcined
at 700 °C.

ZnTiO;3 calcined at 900 °C is ~3.71 eV that may be due to
the formation of spinel and rutile phase in the sample.

In fact, the structural phase and calcination temperature are
the major role factor in the photocatalytic performance. The
photocatalytic activities of perovskite ZnTiO3 nanoparticles
were performed on the degradation of RhB under both UV
and Vis light. Figs. 6 and 7 show the photodegradation ability
of ZnTiO3 catalyst under excitation with UV and Vis light,
respectively. It is clearly seen that the sample calcined at
700 °C exhibits superior performance under UV excitation,
with 100% of decolorization within 75 min. In contrast,
~95%, ~84%, ~80%, and ~49 % of RhB decolorization were
obtained by ZnTiO3 catalysts calcined at 800 °C, 900 °C,
600 °C, and 500 °C in 75 min, respectively. These results
suggest that the hexagonal phase ZnTiO3 would be the proper
phasc providing photocatalytic efficiency. Fig. 6(b) represents
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Fig. 8. Adsorption kinetic of RhB over ZnTiOj3 catalyst calcined at 700 °C
for UV and Vis irradiation.

the photocatalytic activity of the ZnTiO3 catalyst calcined at
700 °C at different irradiation times from 0 to 75 min by
means of the decrement in the absorbance at 554 nm of RhB
absorption. The ZnTiO3 catalyst performed complete removal
of the RhB within 75 min. For the Vis irradiation, the sample
calcined at 700 °C was performed, as shown in Fig. 7(b).
About 55% of the RhB was photocatalytically degraded after
210 min exposure over ZnTiO3 samples. The sample calcined
at 700 °C demonstrated excellent photocatalytic behavior that
may be due to the higher hexagonal phase with a large energy
bandgap, providing powerful redox ability for photocatalytic
decomposition of organics contaminant under UV and Vis light
irradiation [9], [10]. Another possible reason may be due to
the fact that the tetragonal coordinate in the Ti ions can adsorb
more waler and oxygen molecules to produce more hydroxyl
group on the surface of ZnTiOj catalyst [10], leading to greater
catalytic performance.

In order to find out the efficiency of the photocatalytic reac-
tion, pscudo first-order kinctic for photochemical oxidation
was established. This model was used for calculating the rate
constant ol activity [20]

In (C/Co) =kt

where & is the apparent first-order rate constant of photodegra-
dation, C is the concentration of RhB during reaction, Cy is the
mitial concentration, and ¢ is the reaction time. Fig. 8 repre-
sents the absorption rate of ZnTiO3 catalyst calcined at 700 °C
under UV and Vis light illumination. The kinetic simulation
with reaction time (¢) and In C/Cy is close to a linear curve
with the fitting constant R greater than 0.94. It is observed that
the ZnTiO3 catalyst exhibits a good activity with & = 0.033
and 0.002 under UV and Vis excitation, respectively. The
superior performance of perovskite ZnTiO3 catalyst under UV
to Vis light is correlated with the higher vigorous absorp-
tion in the UV region and the wide bandgap energy of the
powder.

Fig. 9 shows the temperature-dependent dielectric con-
stant (&) and dielectric loss of ZnTiOz nanoparticles calcined
at 700 °C measured at 1 MHz. It can be obviously seen that the
dielectric responsc is flat over very broad temperature range
with an approximate value of 20, while the dielectric loss
is ~1072. The obtained dielectric constant from this paper
is slightly lower than the previous published paper by solid-
state reaction method and soft chemical route [11] with the
value of 28 and 25, respectively. This may be caused by the
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relation between the dielectric constant and their density pellet.
The dielectric measurement for the samples calcined at 800 °C
and 900 °C was not operated, since the sample calcined over
700 °C exhibits the completed secondary phase of spinel and
rutile.

IV. CONCLUSION

This report investigated the structural phase, valence state,
optical properties, dielectric properties, and photocatalytic
behavior under UV and Vis irradiation of the multifunc-
tional perovskite ZnTiOz nanoparticles synthesized by the
sonochemical method. The XRD results exhibit the cubic
ZnTiO3 phase for the samples calcined at 600 °C. The mixing
phases of cubic and tetragonal ZnTiOz were observed in
the sample calcined at 700 °C, while the spinel and rutile
phase could be noticed as calcination is beyond 700 °C. The
XAS experiment confirms the oxidation state of Zn®** and
Ti** in perovskite ZnTiO3 nanopowders. The ZnTiO3; shows
the excellent photocatalytic cfficiency for the decolorization
of RhB within 75 min under UV exposure. The dielectric
permittivity of samples calcined at 700 °C is ~20. The effect
of calcination temperature directly affects its phase struc-
ture, microstructure, optical properties, dielectric properties,
and photocatalytic behavior. Moreover, the perovskite ZnTiO3
nanoparticles prepared by this method may be the promis-
ing material for application in photocatalyst and dielectric
materials.
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Structural, Optical and Magnetic Properties of Diluted
Magnetic Perovskite ZnTiO; Doped with Co and Mn
Prepared by Sonochemical Method
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We employed a sonochemical method to fabricate transition metal ion doped perovskite ZnTiO,
(M-ZnTiO,4) nanoparticles, including individual Co and Mn ions. The Zn:Ti was mixed in molar ratio
of 1:1 to obtain starting precursor for ZnTiO4. The different concentrations of Co (5—10 mol%) and
Mn (3-7 mol%) were doped in ZnTiO,, then the mixing solution were irradiated in high frequency
ultrasound of a sonometer (20 kHz, 750 W) at room temperature to obtain the as-prepared sam-
ples. The final products were calcined at 800 °C for 3 h to improve the crystallinity. We confirmed
formation structures of M-ZnTiO, nanoparticles by X-ray diffraction (XRD), and used X-ray absorp-
tion near edge spectroscopy (XANES) and X-ray photoelectron spectroscopy (XPS) technique to
investigate the crystal structure and valence states of the sample. Meanwhile, we studied their
optical properties by diffuse reflectance spectroscopy, and evaluated magnetic properties of the
samples at room temperature by vibrating sample magnetometer (VSM). Magnetization measure-
ments revealed the paramagnetic behavior for Co-ZnTiO, and weak ferromagnetic behavior for
Mn-ZnTiO,. We also investigated and discussed the effect of metal ion doping concentration on
the structural, optical and magnetic properties.

Keywords: Zinc Titanate, Sonochemical, Magnetic Properties, XANES.

1. INTRODUCTION

oxides.*® Up to now, there have been few detailed studies

Perovskite-type oxide materials with a formula of ABOj,
have attracted interest over the past decade, owing to their
unique physical and chemical properties.' Perovskite struc-
tures are generally mixed oxide having BO, octahedral
with A?* cations inserted in the framework. Recently, great
interest has been paid to multi-functional perovskite zinc
titanate (ZnTiO;; ZTO), which is a precious compound for
practical industrial applications, including regenerable cat-
alysts, pigment, and dielectric material in the microwave
frequency region.>* The adapability in the electronic prop-
erties of perovskite materials arises from changing the
concentration of cation dopants with different valence
states. Doping technique has been considered an effec-
tive route to modify the structural and relevant properties
of perovskite-type oxides. Transition metal ions such as
Fe, Co, Mn and Ni have been determined to be poten-
tial candidates as effective doping elements for Ti-based

*Author to whom correspondence should be addressed.
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on the incorporation of transition magnetic metal ions
into ATiO; structure resulting in dilute magnetic behav-
ing semiconductor. Lately, dilute magnetic semiconduc-
tors (DMSs) have been expected to play an important role
in the fields of optoelectronics, magnetoelectronics, and
microwave devices.”® Previous work reported the DMS
behavior of the transition magnetic ion doped TiO,; its
behavior is mediated by the oxygen vacancies in the gap
of the host oxide, and the spurious phase, such as tran-
sition metal ion or cluster, in the host matrix.”"' Rashad
and colleague studied the Co and Mn individually doped
TiO, synthesized by a hydrothermal method.” They sug-
gested that metal doped TiO, exhibited a blue shift in
band energy TiO,. The corresponding results addition-
ally revealed weak paramagnetic behavior of the doped
samples at room temperature, and that increasing Co
and Mn doping concentration could increase its param-
agnetic order. Choudhury et al.'® studied the effect of
oxygen vacancy and doping concentration on the mag-
netic properties of high spin Co-doped TiO, nanoparticles

1533-4880/2017/17/3620/009 doi:10.1166/jnn.2017.14102
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prepared by a sol-gel route. They observed that the air
annealed samples showed paramagnetic properties, while
the vacuum annealed sample displayed ferromagnetic-
superparamagnetic behavior. They concluded that the oxy-
gen vacancy and cobalt aggregates were key factors for
magnetic behavior variation.

Recently, a sonochemical method for [abricating diverse
kinds of nanomaterials has attracted considerable interest,
owing to simplicity of apparatus, low equipment cost, and
the uniform nanoparticle size of the obtained products.'
The sonochemical process typically provides high fre-
quency and energy of ultrasonic wave to initiate chemical
reaction of the starting precursor, and induce particle for-
mation during irradiation. The sonication acoustic cavita-
tion phenomenon abruptly generates cavities in the liquid
solution of reactants. In general, the cavitation processes
consist of the creation, growth and implosive collapse of
gas vacuoles in the solution. Regarding the hot-spot theory,
extreme temperature and high pressure occur in the bub-
bles during cavitational collapse.'? To our best knowledge,
no literature or research work has been reported that deals
with transition magnetic metal ion doped ZTO nanopar-
ticles. In the present work, we employ the sonochemi-
cal method to prepare Co and Mn doped perovskite ZTO
nanoparticles. We investigate the phase structures by X-ray
diffractometer (XRD), and determine their valence states
by X-ray absorption near edge spectroscopy (XANES). We
study their morphologies by field emission scanning elec-
tron microscope (FESEM), while elucidating their optical
properties by diffuse reflectance spectroscopy. We study
the magnetic properties of all samples using vibrating sam-
ple magnetometer (VSM), and discuss the effect of Co and
Mn concentration on phase structures, morphologies, and
optical and magnetic properties.

2. EXPERIMENTAL DETAILS

We prepared the Co-doped ZTO and Mn-doped
ZTO nanoparticles by a sonochemical method. Tita-
nium isopropoxide (Ti[OC4H,],: TIIP) and zinc acetate
(Zn(CH,CO,),), purchased from Aldrich were used as
Ti and Zn sources, respectively. Cobalt nitrate hexahy-
drate (Co(NO;), - 6H,0) and manganese nitrate tetrahy-
drate (Mn(NO,), - 4H,0) purchased from Adrich were
utilized as sources of Co and Mn dopant, respectively.
A stoichiometric amount of TIIP and zinc acetate was des-
ignated as ratio 1:1. First, zinc acetate was dissolved in the
absolute ethanol under magnetic stirring for 15 min. Oxalic
acid was separately dissolved in the absolute ethanol, and
was then slowly added into the zinc acetate solution under
constant stirring to obtain a white solution. The TIIP was
added, suddenly followed by DI water. Cobalt concentra-
tions of 5, 7 and 10% and Mn concentrations of 3, 5
and 7% were loaded in the solution. The mixing solu-
tion was kept under constant magnetic stirring for another

J. Nanosci. Nanotechnol. 17, 3620-3628, 2017

30 min. The final solution was irradiated in high ultra-
sonic sonometer (20 kHz, 750 W) for 30 min at room
temperature to obtain the precipitate product. After that,
the precipitate sample was washed by DI water, and dried
at 100 °C for 12 h. The as-synthesized powders were cal-
cined at 800 °C for 3 h.

We characterized the calcined samples for the phase
structure by X-ray diffractometer (XRD; PANalytical
X'Pert PRO), using CuKe irradiation (A = 1.54 A) in
the range of 26 between 20° and 80°. For the valence
state investigation of samples, we conducted X-ray absorp-
tion spectroscopy (XAS) at Zn, Ti, Co and Mn K-edge
using the Beamline-8 (BL8) of the Synchrotron Light
Research Institute (SLRI), Nakhon Ratchasima, Thailand.
We performed data collection in the transmission mode
(for Zn K-edge (9659 eV) and Ti K-edge (4966 eV)),
and fluorescent mode (for Co K-edge (7709 eV) and Mn
K-edge (6539 eV)) by Ge(220) double crystal monochro-
mator. The BLS8 is a bending storage ring at 1.2 GeV
with a beam current of §0-120 mA during the measure-
ment. We investigated the optical properties of samples
by diffuse reflectance spectroscopy performed from 200-
800 nm. We used the field emission scanning electron
microscope (FE-SEM) to determine the morphologies of
samples, and studied the magnetic properties of samples
by the vibrating sample magnetometer (VSM) in a maxi-
mum applied field of 15 kQe.

3. RESULTS AND DISCUSSION

Figure 1 shows the XRD patterns of Co-ZTO and Mn-ZTO
calcined at 800 °C for 3 h. Figure 1(a) shows that all
diffractrograms of Co-ZTO exhibit pure hexagonal ZnTiO,
phase, while Figure 1(b). shows that the XRD patterns
of Mn-ZTO samples exhibit the mixing phase of cubic
ZnTiO, and hexagonal ZnTiO,. The XRD patterns of both
Co-ZTO and Mn-ZTO indicate strong and sharp peaks,
ensuring the high crystallinity of the samples. The average
crystalline sizes of Co-ZTO and Mn-ZTO calculated by
the diffraction peak with highest intensity using Sherrer’s
equation are approximately 18 nm and 24 nm, respectively.
Interestingly, we observed no peak corresponding to the
secondary phase of cobalt oxide or manganese oxide in
XRD patterns, suggesting the good incorporation of these
dopants in ZTO structure.

We conducted XANES measurement to confirm the
existence of Co and Mn in the samples, and to study the
valence states of Zn, Ti, Co and Mn ion in the and Mn-
ZTO. Figure 2 compares the normalized XANES spec-
tra for Co-ZTO and Mn-ZTO samples with the reference
standard samples, where (a)—(b) show the Zn K-edge and
Ti K-edge in transmission mode and (c)—(d) the Co K-
edge and Mn K-edge in fluorescent mode, respectively.
Figure 2(a) shows the normalized Zn K-edge XANES
spectra without noticeable pre-edge region in all spectra
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Figure 1. XRD patterns of ZTO doped with (a) Co, and (b) Mn, calcined at 800 °C for 3 h.
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due to the 3d obital of Zn** being fully occupied by elec-
trons. Thus, the strong energy absorption edge of 9664 eV
presents only the core level of electronic transition from
ls to 4p unoccupied state. This result indicates the exis-
tence of Zn®>* oxidation state in the Co-ZTO and Mn-
ZTO samples. Figure 2(b) shows the normalized Ti K-
edge XANES spectra with reference standard of Co-ZTO
and Mn-ZTO samples. All spectra represent three pre-edge
electronic transition steps before the strong absorption
peak of 4966 eV. The triplet pre-edge peaks are typically
associated with the strong fingerprint that defines the coor-
dination number of the materials. We can also implicate
this to transition of the 1s electron p—d hybridized state in
tetrahedral symmetry.'*

The strong energy absorption of all samples are close to
the Ti** reference standard. Hence, we could conclude that
the Co-ZTO and Mn-ZTO samples have perovskite struc-
ture consisting of six coordinated Ti** ions." The inset of
Figure 2(c) represents experimental XANES spectra of Co
K-edge with their reference standard. The XANES spectra
show a small pre-edge shoulder located-at 7708 eV. The
large absorption energy positioned at 7715 eV is almost
identical to the Co®* standard spectrum. This result con-
firms that the oxidation states of Co ion in Co-ZTO sam-
ples are 2+. Figure 2(d) shows the strong absorption peaks
between 6345 and 6555 eV we observed in the case of Mn
K-edge. This characteristic feature suggests the existence
of Mn ion with different oxidation states (Mn**, Mn*! and

=
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=
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Figure 3.
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Mn**) in samples due to the environmental sensitivity of
Mn ion.'® Moreover, Figure 2(f) shows that increasing Mn
content leads to a shift in edge position to higher energy,
indicating an increase in the Mn oxidation state.

We carried out XPS measurement to investigate the
surface composition of Co-ZTO and Mn-ZTO samples.
Figure 3(a) shows that the survey spectra from 0-1200 eV
of Co-ZTO sample show binding energy of Zn 2p, Ti 2p,
0O 1s, C Is and Co 2p, thus confirming the chemical
composition of the samples. Figures 3(b—e) also show the
high resolution XPS of Zn, Ti, O and Co. For the Ti
2p spectra. Figure 3(b) shows that the splitting of spin-
orbit for Ti 2p;,, and Ti 2p, , appears at binding energies
of 458.30 and 463.97 eV, respectively. The difference in
binding energy: A (A =Ti 2p,;,-Ti 2p;;;) of 5.61 eV is
well agrecable to the characteristic for Ti** in the ZTO."
Figure 3(c) shows that the Zn 2p spectra reveal double
spin-orbit feature occurring at binding energies of 1044.48
and 1021.42 V. The difference A =23.06 eV between Zn
2py 5 and Zn 2 py 5 nicely matches with 2+ of Zn oxidation
state in ZTO.'® The O-1s spectra of Co-ZTO can be fitted
by three components of 529.60, 530.75 and 531.72 eV.

The binding energy of 529.60 eV implies an oxy-
gen bonding in the lattice of Co-ZTO, while we can
attribute binding energy located at 530.75 eV to the oxy-
gen deficiencies of Co-ZTO. The small shoulder peak at
531.72 eV suggests that the surface is partially covered by
OH group.*?

Zn2p,.
-
; m’lﬂ‘
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)
o
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Binding cocrgy (¢V)

XPS survey spectrum of (a) Co-ZTO, and high resolution of (b) Zn 2p, (c) Ti 2p, and (d) O ls.
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Figure 4. XPS survey spectrum of (a) Mn-ZTO, and high resolution of (b) Zn 2p, (c) Ti 2p, (d) O 1s, and (¢) Mn 2p.

We conducted XPS determination of Mn-ZTO,
and Figures 4(a-e) present the corresponding results.
Figure 4(a) shows the survey spectra representing the bind-
ing energies of Zn 2p, Ti 2p, O 1s, C 1s and Mn 2p.
Figure 4(b) displays two peaks of Ti spectra at 463.67
and 457.98 eV that associate with Ti 2p;, and 2p, ),
respectively. The triplets O 1s peaks at 529.60, 530.75 and
531.74 eV ascribed to lattice oxygen, oxygen deficiencies
and hydroxyl oxygens, respectively. The Mn 2p;,, spec-
tra in Figure 4(e) possess three peaks situated at 640.17,
641.62 and 642.94 eV in their fitting. We could attribute
the lowest intensity peak of 640.17 eV to the 2+ oxida-
tion state, whilst we attribute the higher fitting peak of

3624

641.62 and 642.94 eV to the 3+ and 4+ oxidation states,
respectively.??! Furthermore, the XPS fitting spectra of
Mn 2p;, demonstrate the intensity percentages of 39,
38 and 23% for Mn**, Mn*t and Mn*" oxidation states,
respectively. The summation percentage oxidation states of
Mn?** and Mn** are higher than Mn**, that is in harmony
with the XANES results of Mn K-egde showing the closer
edge spectrum to reference standard Mn, 0, (Mn?*, Mn**)
than reference standard MnO, (Mn*"). Thus, we can con-
clude that the main oxidation states in sample are Mn*?
and Mn**,

We characterized the particle size and distribu-
tion of Co-ZTO and Mn-ZTO samples by FE-SEM.

J.-Nanosci. Nanotechnol. 17, 3620-3628, 2017
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Figure 5. SEM images of ZTO doped by Co and Mn, calcined at 800

Figures 5(a—c) show images of ZTO with different Co dop-
ing concentrations. We can see that the average particles
size slightly increases with increasing Co content, with
estimated value of 218, 222 and 243 nm for Co contents
of 5, 7 and 10%, respectively. Figures 3(d-f) represent
the microphotographs of Mn-ZTO. The images empha-
size that the particle sizes are 136, 158 and 224 nm for
Mn concentrations of 3, 5 and 7%, respectively. More-
over, the FESEM images exhibit morphologies of Co-ZTO
and Mn-ZTO that are of irregularly granular structure with
observable agglomeration. The experimental results indi-
cate that the Co and Mn ion doping may be inserted into
the ZTO lattice, and inhibit crystalline and particle growth.
The average particle size obtained from FE-SEM charac-
terization accords with the crystalline size calculated from
the XRD results.

The optical properties of samples were investigated by
diffuse reflectance spectroscopy. The Kubelka-Munk func-
tion F(R) was employed to investigate the energy band

J. Nanosci. Nanotechnol. 17, 3620-3628, 2017
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gap of the samples. The plots of F(R) versus wavelength
of Co-ZTO are shown in Figure 6(a). All of spectra exhibit
significant strong absorption in UV region. The Co-ZTO
spectra also show broad peak around 550-650 nm region,
that is possibly eriginated by additional impurity state Co**
spicies formed in the host semiconductor energy gap.*
These results match well with previous work of Co doped
TiO,.?? For the Mn-ZTO, the plots of F(R) and wavelength
are shown in Figure 6(C). It can be seen that the spec-
tra reveal absorption in UV region. The absorption edge
clearly shifts to higher wavelength implying significant
decrease of the energy band gap of the samples. The energy
band gap values of all samples were estimated following
the Kubelka-Munk method combined with the Tauc equa-
tion;

ahy = A(hv—E,)" (1)
Note that, e is absorption coefficient, /v is photon energy,
A is an energy dependent constant and m is integer
depending on the nature of electronic transition.” For an
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indirect transition m = 2 and for direct transition m=1/2.
The energy band gap can be conducted from a plot of
(ahv)? and photon energy (hv) as shown in Figure 7.
It can be seen that the indirect energy gap value of
Co-ZTO increases from 3.26 to 3.51 eV when Co content
increases from 5 to 10%. On the other hand, the energy
gap of Mn-ZTO slightly decreases with increasing of Mn
concentration, as seen in Table I. Such decrease of energy

Direct and indirect energy band gap determination for Co-ZTO and Mn-ZTO.

band gap of samples can be described that the dopant ion
incorporated into ZTO matrix can replace some Zn** or
Ti** ions and induce structural changes and defects affect-
ing the change in electrical and optical properties of the
host matrix.??

To study the influence of transition magnetic ion dop-
ing on relevant magnetic properties of ZTO, room tem-
perature magnetic measurement (M—H) was carried out

Table 1. Phase structure, crystallite size, energy band gap and magnetic properties of ZTO doped with Co and Mn.
Phase Crystallite size (nm) Particles size (nm) E} (eV) E] (eV) M, (emu/g) M, (emu/g) H, (kQe)

Co 5% H 16 218 2.74 3.26 0.25 0.005 709
Co 7% H 22 220 2.84 3.44 0.28 0.025 199
Co 10% H 23 243 2.84 3.52 0.12 0.060 1290
Mn 3% H+4C 14 136 2.63 3.51 0/35 0.023 2565
Mn 5% H4-C 18 158 2.63 3.43 0.32 0.023 2754
Mn 7% H+C 24 224 2.63 3.33 0.25 0.015 2298

Note: *H: hexagonal phase, C: cubic phase.
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Figure 8. The M-H curve of (a) Co-ZTO and (b) Mn-ZTO operated
at room temperature,

in the field range of = 15 kOe. Figure 8(a) shows the
M—H curve of Co-ZTO samples at various Co concentra-
tions. All the samples exhibit weak paramagnetic behav-
ior and the paramagnetic order increases with an increase
in Co content to 7% and then drop as a concentration
increases to 10%. The saturate magnetization value is
0.25, 0.28 and 0.12 emu/g for 5%, 7% and 10% of Co
dopant concentration, respectively, as seen in Table I. At
low doping concentration, the magnetic cations are Situ-
ated apart and the net magnetization comes from isolated
ion of Co**. After further Co content increases, the Co’*
are paired up resulting in the antiferromagnetic superex-
change interaction between the nearest neighboring Co
cations. These antiferromagnetic coupling could lead to
the antiferromagnetic alignment of the magnetic moment,
thus the reduction of average moment per magnetic dopant
ion.? Figure 8(b) illustrates the M~H curve of Mn-ZTO at
room temperature. It is clear that the curve assumes s-type
shape. It suggests the emergence of ferromagnetic long
range ordering. The magnetization (M,), retentivity (M,),
and coercivity (H,) of all samples are shown in Table I.
However, this small value of magnetization in all samples

J. Nanosci. Nanotechnol. 17, 3620-3628, 2017

may relate to the magnetic ion of Co®t and Mn** ion
located in the ZTO host matrix.>> From the structural, mor-
phology, optical properties, and magnetic behavior results,
the Co and Mn doped ZnTiO; nanoparticles prepared by
sonochemical method may be promising application for
magnetic semiconductor materials and also the photocat-
alytic materials.

4. CONCLUSION

We successfully synthesized perovskite ZnTiO; doped
with Co and Mn transition ions by a sonochemical method
combined with calcinations at 800 °C for 3 h. Co-ZTO
shows the pure hexagonal ZnTiO; phase, while Mn-ZTO
exhibits mixing phase of cubic and hexagonal ZnTiO,
phases. We confirmed the existence of Co and Mn and the
valence states of each ion in the samples by XANES and
XPS technique. Both Co-ZTO and Mn-ZTO exhibit two
strong absorption peaks in UV and visible light. Co-ZTO
exhibits weak paramagnetic, while Mn-ZTO represents
weak ferromagnetic behavior at room temperature. We can
deduce that Co and Mn dopants have significant effects on
the phase structure, optical properties and magnetic prop-
erties of ZTQO.
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M-doped TiO» nanoparticles (M=Co, Mn, Ni and Zn) were synthesized by co-precipitation method combined
with annealing at 500 °C for 2 h. X-ray diffraction (XRD) was used to identify their structural phases. X-ray
absorption near edge structure (XANES) was conducted to probe the chemical state and crystal atomic structure
of prepared samples. Magnetic properties of all samples were characterized by vibrating sample magnetrometer
(VSM). The XRD analyses reveal that all samples erystallize in anatase tetragonal structure with no additional
peaks. The XANES spectra exhibit triple pre-edge fingerprint of Ti4+ of oxidation state with six-fold octahedral
coordinate structure. Co-, Ni- and Zn- K-edge results indicate that the Co, Ni and Zn ions in M-doped TiO; are
in 2+ formal oxidation state. Meanwhile, Mn-doped TiO, sample contains the different oxidation states of 3+
and 4+. The amount of each oxidation state is confirmed by using linear combination fitting method. The
magnetic measurement illustrates the paramagnetic behavior for Co-, Mn- and Ni- doped samples that strongly

depend on the doping content and no hysteresis loop is observed in undoped and Zn-doped samples.

1. Introduction

Titanium dioxide (TiO,)-based materials have been extensively
studied and researched for decades because of their excellent potential
chemical, electrical and optical properties. TiO, represents the high
chemical, electrical and mechanical stability and ease of doping with
active ions [1]. During recent decades, the exhibition of magnetic
behavior on TiO, semiconductor materials by doping with a small
percent of magnetic impurity ions have attracted great attention (as call
dilute magnetic semiconductors; DMSs) with promising application for
use in the spintronic and magnetoelectronic devices [2-4]. Numerous
experiments and researches have been performed on DMSs of TiOs-
based materials doped with transition magnetic ions. Among these
transition magnetic ions with high magnetic ions behavior such as Co,
Mn and Ni are the most selected ions dopants [5—-10] Choudry et al. [6]
and Bouaine et al. [5] reported the ferromagnetic and paramagnetic
properties of Co-doped TiO,. The magnetism at room-temperature of
transition metal ions (Mn and Co) doped TiO, was claimed by M. M.
Rashad and colleague [11]. The mechanisms for the occurrence of
magnetic behavior in DMSs still remain controversial. Many experi-
mental investigations have claimed that the oxygen vacancy or the
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F-centers in a gap of host matrix played crucial roles on the
ferromagnetic behaviors of DMSs [12]. A super-exchange mechanism
between the 3d ions dopant associated to the oxygen vacancy is also the
key factor for the magnetic properties of DMSs [13]. Furthermore, it
had been reported that the transition metal dopant is essential for
paramagnetic and ferromagnetic behavior to the spurious phase such
as the metal oxide or clusters [14].

The structural phase and effect of transition metal ions dopant on
TiO. structure attracts interesting as well, herein, it is important to
accurately understand local structure and the doping effectiveness.
X-ray absorption spectroscopy (XAS) technique is a powerful technique
which provides insight into the electronic structure and local order
around a selected type of atom. XAS can be divided into two
techniques, the X-ray absorption near edge spectroscopy (XANES)
and extended X-ray absorption fine structure (EXAFS). XANES
technique provides the information on oxidation state, coordination
number and site symmetry of absorbing atoms [15]. Meanwhile,
EXAFS region spectra offer short-order information on the crystal
structure and local structure information of elements such as a number
and type of coordinating atom, the distances to neighboring atom and
distance order [16]. Some research reports revealed the XAS analysis
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for transition metal incorporated in TiO, matrix such as Yildirim et al.
(2015) investigated a non-magnet-to-ferromagnet and the local strue-
ture of Mn+-implanted TiO, employing the XAS technique. [17].

However, there are few publications focusing on the local structure
investigation for transition metal ion incorporated into TiO, nanopar-
ticles. Thus, this work aims to investigate of structural phase and
magnetic properties of TiO» nanoparticles doped with different transi-
tion metal ions at various dopant concentrations. The influence of
transition metal ions doping on phase structure, physicochemical state
and magnetic properties of TiO, samples have been evaluated using
X-ray diffractometer (XRD), X-ray absorption near edge spectroscopy
(XANES) and vibrating samples magnetometer (VSM). The effect of
different dopant ions with different doping concentrations on the
structural phase and magnetic properties of TiO, nanoparticles were
also discussed in this paper.

2. Material and methods

M-doped TiO, nanoparticles (M=Co, Mn, Ni and Zn) with doping
concentrations of 0.5, 1, 3 and 5mol% were synthesized by co-
precipitation method. Titanium isopropoxide [Ti(OCH(CH3)»)4] pur-
chased from Nacalai tesque, was used as a precursor of Ti source.
Cobalt nitrate hexahydrate (Co(NO3),-6H»0), manganese nitrate tetra-
hydrate (Mn(NOjy),-4H,0), zinc nitrate hexahydrate (Zn(NO3)2-6H,0)
and nickel nitrate hexahydrate (Ni(NO3)»-6H»,0) purchased from Wako
were used as precursors of Co, Mn, Zn and Ni source, respectively.
Ammonium solution (NH3) and absolute ethanol was employed as a
precipitation agent and solvent, respectively.

The starting precursor of cobalt nitrate and titanium isopropoxide
were weighed according to the required stoichiometric proportion and
separately dissolved in absolute ethanol under magnetic stirring to form
the starting precursor solution. The starting precursors were mixed
together under magnetic stirring to form the homogeneous solution.
The precipitation agent of NH; was slowly added in the homogeneous
solution until the pH became 9. The mixing solution was constantly
stirred for 3h then the solution was aged for 12h to obtain the
precipitated product. After this stage, the precipitate was washed by DI
water until the pH became neutral and then dried at 100 °C for 12 h.
Finally, the green powders were annealed at 500 °C in atmosphere for 2 h.

The phase structure of M-TiO, samples was identified by XRD
diffractometer model Rigaku Rint2100 CMJ with CuK, radiation
(A = 0.154 nm) in the scan range from 20 to 60°. The X-ray absorption
spectroscopy (XAS) technique was used to identify the chemical state of all
samples. X-ray absorption near edge structure (XANES) of Ti K-edge in
transmission mode and Co K-edge, Mn K-edge, Ni K-edge and Zn K-edge in
fluorescent mode were recorded at room temperature using Ge(220) double
crystal monochromater at Beamline-8, Synchrotron Light Research
Institute (SLRI), Nakhonrachasima, Thailand. Reference standards of
transition metal ions such as TiO,, CoO, MnO, Mn;03, MnO,, NiQ and
ZnO which known decisive oxidation state were measured as well for
comparison purpose. The magnetic behavior of all samples was observed at
room temperature by vibrating samples magnetometer (VSM); Riken
Denshi, BHV-50 model with the external applied magnetic field range of
+ 10 kOe.

3. Results and discussion
3.1. XRD

X-ray diffraction pattern of undoped and TiO, nanoparticles doped
with transition metal ions of Co, Mn, Ni and Zn at different concentra-
tion are shown in Fig. 1. All diffractogram peaks of undoped and doped
samples exhibit main diffraction peaks of (101), (004), (200), (105)
and (211) positioned at around 25.4° 36.8°, 48.9° and 54.7°
respectively, which confirmed the tetragonal anatase phase of TiO.. It
is noteworthy that no diffraction peak corresponding to metal oxide
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Fig. 1. XRD patterns of M-TiO, nanoparticles calcined at 500 °C for 2 h.

dopant and any impurity peak, indicating that the transition metal ions
dopants are well dispersed within the TiO, matrix.

3.2, XAS

To investigate the atomic structure of TiO, doped with Co, Mn, Ni
and Zn, K-edge XANES data analysis for each ions was performed. The
normalized Ti K-edge XANES spectra of TiO, reference standard and
M-TiO, samples are shown in Fig. 2(a)—(d). The Ti K-edges of M-TiO»
samples represent the feature of speectra similar to TiO, reference
standard comprising a triplet pre-edge peak. This major feature of pre-
edge peak (A;, A, and Aj) is a characteristic fingerprint to assign the
coordination number of materials, which arises from the X-ray induced
electronic transitions from the valence band to the conduction band.
The pre-edge features were observed at ~4968 (A;), ~4970 eV (A,) and
~4972 eV (A3z). A; peak generally attributes to a quadrupole transition
from 1s to 3d (ta) in the Ti absorber, A, peak arises from a dipole
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Fig. 2. Normalized XANES spectra of M-TiO, samples for Ti K-edge with (a) Co-TiOs, (b) Ni-TiO,, (¢) Zn-TiO, and (d) Mn-TiO, samples.

transition from 1 s to hybridized p-d (t.,) on the neighboring Ti atom
and A3 peak is dipole transition from 1 s to hybridized p-d (e,) on the
Ti neighboring atom [18-21]. The shoulder B feature peak of XANES
spectra may attribute to the interactions of the central Ti 4p orbital
hybridized with the near Ti and O atom. For the post-edge spectrum, C
feature (~4988 eV) can be assigned to 3s-np dipole-allowed transition
[22,23]. From the pre-edge and post-edge feature data of all samples, it
could be concluded that the Ti in Co-, Mn-, Ni- and Zn-TiO, samples
contains six coordinated Ti** ions. In addition, a small change in
proportion of A;, A, and A; feature implies the substitution of Ti** ion
in the samples by the transition metal ions dopant.

The normalized X-ray absorption near edge structure (XANES) of
Co-, Mn-, Ni- and Zn-doped TiO, nanoparticles including their
reference standard in fluorescent mode are shown in Fig. 3(a)-(d).
Fig. 3(a) displays the Co K-edge for Co-TiO, nanoparticles with doping

content of 0.5-5 mol%. It can be clearly seen that the position of
absorption edge spectra is observed at ~7710 eV without pre-edge peak
which similar to the CoO reference standard. This result suggests that
the oxidation state of Co ions in Co-doped TiO, samples is 2+. When
the Co concentration increases to 3 and 5 mol%, the XANES spectrum
character shows small broaden peak around ~7745 €V situated at same
location with CoO standard peak. This manner may originate from the
beginning formation of CoO cluster in the samples. For Ni-doped TiO,
samples, the XANES spectra are represented in Fig. 3(b). The absorp-
tion-pre-edge and post-edge spectra obviously exhibit the strong
absorption energy of ~8336-8345 eV that is similar to NiO standard.
This results confirm that it contains 2+ formal valence state of Ni ions
for Ni-doped TiO, sample. At the higher Ni concentration, a small
broaden peak around ~8365 eV is observed due to the NiO phase
formation in the sample. As seen in Fig. 3(c) displaying the XANES
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Fig. 3. Normalized XANES spectra of M-TiO» samples for (a) Co K-edge (b) Ni K-edge, (¢) Zn K-edge, (d) Mn K-edge and (e) high resolution Mn K-edge.

Table 1
Weight of component from XANES linear combination fitting in TiO, doped with Mn at
various concentrations.

Samples Component

MnO Mny03 MnO,
TiO,: Mn-0.5% 0.021 0.885 0.094
TiO5: Mn-1% 0 0.613 0.387
TiO,: Mn-3% 0 0.767 0.233
TiOz: Mn-5% 0 0.591 0.409

spectra of Zn K-edge, it is noticeable that there is the strong absarption
edge around 9653 eV for all dopant concentrations, which corresponds
to the oxidation state of 2+. In case of Mn-doped TiO. samples, the Mn
K-edge XANES spectra are shown in Fig. 3(d). The spectra of all
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samples represent strong absorption energy edge in a range of ~6538—
6553 eV between the standard spectrum of Mn,Os; and MnO,, as
clearly seen in Fig. 3(e). This tendency of data suggests the existence of
mixture of Mn ions in different oxidation states in Mn-doped TiO,
sample. Linear combination fitting (LCF) of Mn spectra was performed
to confirm the oxidation states of Mn dopant in Mn-doped TiO, sample
using MnO, Mn,03 and MnO, as a reference model. The best LCF with
three of reference standards suggests that the decrease of Mn®**
component and the increase of Mn*" of oxidation state occurs when
the Mn dopant concentration increases, as seen in Table 1.

3.3. VSM

The magnetic properties of the samples were investigated by VSM for
+ 10 kOe at room temperature. Fig. 4 shows the plot of magnetization; M
and magnetic field; H curve recorded for Co-, Mn-, Ni- and Zn-doped
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Fig. 4. The plot of M-H hysteresis loop at room temperature of M=Ti0, samples with (a) Co-TiQ,, (b) Mn-TiO, and (a) Ni-TiO..

TiO, samples. Pure TiO, sample presents the diamagnetic behavior,
Meanwhile, all transition metal ion doped samples exhibit typical
magnetization loop indicating paramagnetic behavior. The slope of linear
paramagnetic increases with the increase of Co-, Mn-, Ni- doping
concentration. The magnetic properties of the samples were investigated
by VSM for + 10 kOe at room temperature. Fig. 4(a)—(c) shows the plot of
magnetization; M and magnetic field; H curve recorded for Co-, Mn- and
Ni-doped TiO, samples. Pure TiO, sample presents the diamagnetic
behavior. Meanwhile, all transition metal jon doped samples exhibit
typical magnetization loop indicating paramagnetic behavior. The para-
magnetism presented in prepared samples may be originated form the
isolated transition metal dopant ions dispersed on the TiO, host matrix.
This result is in harmony with the XANES results that indicate the
existence of Co-, Mn- and Ni-dopant occurring as Co?*, Ni** and Mn>**
insertion into the TiO, lattice [11]. In addition, the substitution of Ti**
ions in TiO, by Co**, Ni** and Mn**** will result in the creation of oxygen
vacancies and charge carriers playing significant role for the magnetism
origin in magnetic oxide.

4. Conclusions

TiO, nanoparticles doped with different transition metal ions of Co,
Mn, Ni and Zn at various concentrations were prepared by co-
precipitation method and calcinations at 500 °C for 2h. The XRD
results confirm the structural phase belonging to tetragonal anatase
TiO, phase for all samples without secondary phase of doped metal
oxide phase. XANES results clearly show tripped pre-edge fingerprint
of Ti with 4+ of valence state for Ti in all samples. The 2+ oxidation
state was found in Co-, Ni- and Zn- doped samples. The mixing
oxidation state of 3+ and 4+ was observed in the Mn-doped TiO,
samples, Magnetic measurement on the samples indicates the existence
of paramagnetic behavior at room temperature for Co- Mn- and Ni-
doped samples, and diamagnetic behavior for undoped and Zn doped
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samples., Higher Co-, Mn- and Ni- concentration leads to greater
magnetization value. The isolate magnetic ion of Co, Mn and Zn
dispersed in the host oxide matrix is a key factor for magnetic behavior.
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