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ABSTRACT

TITLE : EFFECT OF COBALT DOPING ON PHOTOCATALYTIC ACTIVITY OF
ZINC OXIDE THIN FILMS UNDER UV LIGHT IRRADIATION

BY : PRAPHAN KENTHAO

DEGREE : MASTER OF SCIENCE

MAJOR : CHEMISTRY

CHAIR : ASST. PROF. SUWAT PABCHANDA, Ph.D,

KEYWORDS : ZINC OXIDE/ THIN FILM / COBALT DOPING/ DIP-COATING
TECHNIQUE

The purpose of this research was to investigate the effect of cobalt dopant and their
concentrations osn the struciure, functional group, surface morphology, optical properties and
photocataltyﬁc activity of ZnO films deposited on slide glass plates by dip-coating technique.
Dipping solutions were prepared by 0.7 M Zn(CIL,COO), 21,0 in the mixed solvent of C,H,OH,
DEA and DI-water. The molar ratio of DEA/zinc acetate and DI-water/zinc acetate were 1:1 and
2:1, respectively. In this work, Co(CH,CO0),"4H,0 was selected as doping additive, which was
varied from 0 to 10 mol%. The obtained thiIl films were annealed at 500°C for 1 br.

The obtained thin films were characterized by X-ray diffraction, Fourier transform
infrared spectroscopy, Atomic force microscopy, Photoluminescence spectroscopy, and
Ultraviolet-Visible spectroscopy. The photocatalytic activity was investigated by the
decomposition of Malachite green (MG) dye over the film both under UV-light and darkness
conditions. The X-ray diffraction results indicated that the samples have polycrystallite nature
with hexagonal wurtzite structure. Both crystallinity and crystallite sizes of film decreased with
increasing of doping concentrations. From fourier transform infrared results, zine ions were
replaced by cohalf ions in ZnQ lattice, resulting to shift in vibration peak of ZnQO film to lower
wavenumber. From atomic force microscopy results, the grain sizes and surface roughness of
prepared thin films tended to decrease with increasing cobalt content compared with ZnO.

However, the slight increase in both crystallite size and surface roughness were found at



7 and 10 mol% doping level as compared with cobalt-doped ZnO thin films (5 mol%).
The photoluminescence analysis indicaied that the photoluminescence intensity of ZnQ films with
cobalt-doping was lower than that of ZnO. Moreover, the band gap encrgy of the thin films
slightly increased, whereas the transparency of films decreased with high cobalt-doping level.

The photocatalytic activities of cobalt-doped ZnO films were evaluated using MG dye
irradiated with UV light. It was found that the rate constant of cobalt-doped ZnO thin films
(0, 3, 5, 7 and 10 mol%) and self photolysis of MG dye were 0.0150, 0.0078, 0.0069, 0.0071,
0.0109 and 0.0006 min'l, respectively. The experiment demonstrated that the photo-degradation

efficiency of undoped ZnO films was significantly higher than that of cobalt-doped ZnO films.



CONTENTS

ACKNOWLEDGMENTS
ABSTRACT IN THAI
ABSTRACT IN ENGLISH
CONTENTS
LIST OF TABLES
LIST OF FIGURES
LIST OF ABBREVIATIONS
CHAPTER
IINTRODUCTﬂﬂql‘
1.1 Introductions
1.2 Objective and scope of thesis
2 LITERATURE REVIEWS AND THEORETICALS
2.1 Literature reviews
2.1.1 Zinc oxide
2.1.2 Cobalt-doped zinc oxide
2.1.3 Photocalysis of zinc oxide and cobalt-doped zinc
oxide for dye degradation
2.1.4 The postulated photocatalytic degradation of MG and
mineralization pathways
2.2 Theoreticals
2.2.1 Sol-gel chemistry
2.2.2 Dip-coating
2.2.3 Rate law for a chemical reaction
2.2.3.1 Zero-order reactions
2.2.3.2 First-order reactions

2.2.3.3 Sccond-order reactions

VI

PAGE

11
v

IX

10

12

14
16

20
21
22



VII

CONTENTS (CONTINUED)
PAGE
2.2.34 Pseudo-first-order 23
2.2.3.5 Summary for reaction orders 0, 1,2 and n 24
224 Photocataiysis
2.2.4.1 Homogeneous photocatalysis 25
2.2.4.2 Heterogeneous photocatalysis 25
2.2.5 Heterogeneous photocatalytic degradation of dyes in
solution | 27
2.2.5.1 Direct photocatalytic pathway 28
2.2.5.2 Indirect photocatalytic mechanism 28
3 EXPERIMENTAL DETAIL
| 3.1 Chemicals and instruments 30
3.2 Experimental procedures 31
3.3 Sample characterization
3.3.1 Xeray diffraction (XRDj 33
3.3.2 Fourier transform infrared spectroscopy (FT-IR) 34
3.3.3 Atomic force microscopy (AFM) 34
3.3.4 UV-Vis spectroscopy 34
3.3.5 Photoluminescence (PL) spectroscopy 35
3.3.6 Photocatalytic degradation 36
4 RESULTS AND DISCUSSION
4.1 Structural properties 37
4.2 Characterization of thin films by FI-IR 45
4.3 Surface morphology 47
4.4 Optical properties _ 52
4.5 Photoliminescence 56

4.6 Characterization of photocatalytic activity 59



VIII

CONTENTS (CONTINUED)

PAGE
4.7 Repeatability test on the photocatalytic activity of ZnO
thin film 73
4.8 Suggestion for future work ' 74
5 CONCLUSION 75
REFERENCES 77

VITAE | | 94



TABLE

2.1
31
32
33
4.1

LIST OF TABLES

Summary for reaction orders 0, 1, 2 and n
Chemicals used in the experiment
Instruments

The information used in AFM method

Repeatability test on the photocatalytic activity of ZnO thin film

IX

PAGE

24
30
30
34
73



FIGURE

2.1

22
23

24
2.5

31
4.1

42
43
4.4
45

4.6

LIST OF FIGURES

XRD data (filled circles) and Rietveld fits (gray lines) for bulk
(a) wurtzite ZnO, and (b) nanophase ZnQO (wurtzite and zinc blende)
obtained from the bulk sample. (¢) and (d) are contributions to the
Rietveld fit of the nanophase ZnO from wurizite and zinc blende
respectively. (e) is the difference profile for the nanophase ZnO.
Vertical lines at the top of the plot indicate expected peak positions
The structure model of cobalt-doped ZnO

Proposed reaction pathways for malachite green degradation over
TiO, under UV irradiatéon

Dip-coating process: dipping the substrate in the solution, formation
of the wet layer, and gelation of the layer by solvent evaporation
Gelation process during dip-coating process obtained by evaporation
of the solvent and subsequent destabilization of the sol

Diagram for preparation of cobalt-doped ZnO thin films

XRD patterns of cobalt-doped ZnO thin films with different cobélt
contents

20 {degree) of XRD peaks as a function of cobalt-doping levels
(mol% in dipping solution}

FWHM (degrees) of XRD peaks as a function of cobalt-doping levels
{mol% in dipping solution)

Williamson-Hall analysis as a function of cobalt-doping levels
{(1nol% in dipping solution). Strain was extractad from the slope
Crystallite size (nm) along diffraction planes as a function of
cobalt-doping levels (mol% in dipping solution)

Crystal lattice distortion degtee of cobalt-doped ZnO thin films with

different cobalt-doping levels (mol% in dipping solution)

PAGE

13

17

17
32

38

40

42

43

44

45



FIGURE

4.7

4.8

4.9

4.10

4.11

4,12

4.13

4.14

4.15

4.16

4.17

LIST OF FIGURES (CONTINUED)

FT-IR spectra in the range 4000-400 em (a) standard ZnO powder,
(b} the powder scratched from the ZnO film, (c)«{f) the powder
scratched from the cobalt-doped ZnO thin films with different
cobalt-doping as 3 mol%, 5 mol%, 7 mol%, 10 mol% and (g) the
powder scratched from the cobalt oxide film

2D AFM images of cobalt-doped ZnO thin films with different cobé]t
doping levels (mmol% in dipping solution)

3D AFM images of cobalt-doped ZnO thin films with different
cobalt doping levels (ﬁmi% in dipping solution)

Mean grain size of cobalt-doped ZnO thin films as a function of

cobalt-doping levels (mol% in dipping solution)

Surface roughness of cobalt-doped ZnQO thin films as a function of

cobalt-doping levels (mol% in dipping solution)

- The optical transparency of cobalt-doped ZnO thin films with

different cobalt-doping levels (mol% in dipping solution)
Transparency of cobalt-doped ZnO thin films with different
cobalt-doping levels (mol% in dipping solution)

Thickness of doped ZnO thin films with different cobalt-doping
levels (mol% in dipping solution)

Plot of (Dthv)2 versus photon energy (hv) for cobalt-doped ZnQ films
with different cobalt-doping levels (mol% in dipping solution) _
Mean direct optical band gaps of cobalt-doped ZnO thin films with
different cobalt-doping levels (mol% in dipping solution)

Emission spectra of pure ZnO thin films at room temperature with

different excitation wavelength

PAGE

47

- 49

50

51

51

52

53

53

55

56

57



FIGURE

4.18

4.19

4.20

421
422
423
4.4
425
4.26
4.27

4.28

LIST OF FIGURES (CONTINUED)

Photoluminescence spectra of pure and cobalt-doped ZnO thin films
at room temperature with A, of 325 nm

Absorption spectra of MG under UV-light illumination time over
cobalt~doped ZnO thin films with different cobalt-doping levels
(mol% in dipping solution): a) 0 mol%, b) 3 mol%, c¢) 5 mol%,
d) 7 mol%, e) 10 mol% and f) 100 mol%

Absorption spectra of MG in darkness over cobalt-doped ZnO thin
films with different cobalt-doping levels (inol% in dipping solution):
a) 0 mol%, b} 3 rﬁ(ﬂ%, c) 5 mol%, d) 7 mol%, ¢) 10 mol%
and f) 100 mol%

Absorption spectra of MG under 180 min UV-light illumination time
over cobalt-doped ZnO thin films with different doping levels
Absorption spectra of MG dye standard solution with different
concentrations

The calibration line of the absorbance maxima at wavelength 616 nm
versus the dye concentration

The degradation percentages of 5.0 mg/L MG solution as a function
of UV-light irradiation times

The degradation percentages of 5.0 mg/L MG solution as a function
of times in darkness

Comparison of absorption spectra of filims used in the decolorization
of MG after 180 minute

Psendo-first-order reaction kinetics curves for photocatalytic
degradation of MG under UV-light irradiation

Pseudo-first-order reaction kinetics curves for catalytic degradation

of MG in darkness

XII

PAGE

57

60

61

62

63

63

65

65

66

67

68



FIGURE

4.29

430

4.31

4.32

4.33

LIST OF FIGURES (CONTINUED)

Effect of mol% cobalt dopant (mol% in dipping solution) and
catalysis condition on the rate constant of cobalt-doped ZnO films
Comparison of the optical band gap and degradation rate constant of
doped ZnO thin films with different cobalt-doping levels

Comparison of the PL intensity and degradation rate constant of
doped Zn0O thin films with different cobalt-doping levels

Comparison of the surface roughness (RMS) and degradation rate
constant of doped,ZnO thin films with different cobalt-doping levels
3D AFM images of ‘Z.nO thin films before and after photocatalysis

for 4 times

XIII

PAGE

69

70

71

72

73



Abbreviations

XRD

FT-IR

UV-Vis
PL
SEM
FWHM
ICPDS
CB

MG
LMG
Zn0
TiO
SnO
NBE
DLE
RHOMO
LUMO
Zn0:Co
W-H

7 BLB

XIv

LIST OF ABBREVIATIONS

Full word

X-ray diffraction spectroscopy
Fourier transform mfrared spectroscopy
Atomic force microscopy
Ultraviolet-Visible spectroscopy
Photoluminescence spectroscopy
Scanning electron microscopy

Full width at half maxima

Joint committee on powder diffraction standards
Conduction banci

Valence band

Malachite green

Leucomalachite green

Zinc oxide

Titanium dioxide

Tin oxide

Near band edge

Deep-level emission

Highest occupied molecular orbital
Lowest unoccupied molecular orbital
Cobalt-doped zinc oxide
Williamson-Hall

Black light blue

Rounds per minute
Roeot-mean-square

Band gap energy

Minute



Abbreviations

hv
eV

mol%
at%

wto

Cin
pm

ppin

=,

m 1

<!E"§

LIST OF ABBREVIATIONS (CONTINUED)

Full word

Photon energy
Electron volt

Gram

Degree celsius
Kelvin (temﬁerature)
Percentage by mole
Percentage by atom
Percentage by Weight
Milliliter

Centimeter
Picometer

Part per million
Number

Brapgg's angle

Lattice strain
Percentage transmittance
Ohm |

Molar

Angstrom

Cubic centimeter

Non-selective oxidant

Hole
Electron
Nanometer
Hour

Cell volume



Abbreviations

O N & ® 3 g o>

-2

g

>

E

LIST OF ABBREVIATIONS (CONTINUED)

Full word

Wavelength
Degradation percentage
Refractive index
Roughness

Reaction rate constant
Initial concentration
Final concentration
Excitation wavelength

Emission wavelength

XVI



CHAPTER 1

INTRODUCTION

This chapter provided an introduction and importance of this thesis in the field
of wastewater treatment, Then a semiconductor type chosen as a phétocatalyst for dye
decolorization and the selected technique used for preparation of photocatalysts were described.

Finally, the objectives and scope of the thesis were explained.

1.1 Introductions

The elimination of toxic chemicals from wastewater is currently one of the most
imppﬂant subjects in pollution control. Dyes have been used in large quantities and produced great
.amount of coior;:d wastewater which were released into environment with nasty consequences
to human health [1]. Among the various dyes, triphenylmethane dyes make up an important
category in many industrial processes.

Malachite green (MG) is a triphenylmethane (N-methylated diaminotriphenylmethane)
dye, which has been widely used in the dying of cotton, textile, tannery, food, paper and pulp,
printing, cosmetics, plastic, pharmaceuticals and dye houses [2-3]. However, there has been much
concern regarding to toxicity of MG dye and its metabilte, leucomalachite green (LMG),
since they has been reported to cause carcinogenesis, mutagenesis, chromosomal fractures,
teratogenecity and respiratory toxicity [2, 4].

In the aquaculture industry, malachite green has been used as an effective compound
to control external fungal and protozoan infection of fish, but it has never been authorized
as a veterinary drug in fish food because of its toxicity as mentioned above [2]. However, it has
been widely used in many countries, due to its effectiveness and relatively low cost.
So, wastewater discharged from the processes used MG is usually polluted by dye. Tl}erefore,
various atlempts have been made to remove malachite green from wastewater, including
of adsorption [5], amacrobic [6], ozomation [7], electro-fenton [8], cation-exchange [9],

sonochemical [10] and photocatalytic degradation method [11-16].



In recent years, the most environmentally friendly pollution-treatment method is the

elimination of low-concentration organic pollutants in water by oxidation through molecular

oxygen and sunlight [17-18]. For this purpose, photocatalysts with a high activity should be
developed in order to perforin the more effectively photocatalytic reactions for elimination
of organic waste. The photocatalysis with zinc oxide {ZnO) represents a perspective field, because
of its high chemical stability, no tfoxicity, low cost and good efficiency comparing
to titanfum dioxide (TiO,) and tin oxide (SnQ,) in the photocatalytic degradation of some dyes
in agueous solufion [19-20]. As a well known, ZnO have been found to decompose aqueous
solution of reactive dyes [21], phenol [22], chlorophenol [23], methyl orange [24],
methylene blue {25], and other organic environmental pollutants [26-27].

Zn0 is a versatile semiconductor material which poséesses a direct band gap of
3.37 eV ét room femperature [28-30]. Generally, undoped ZnO typically exhibits n-type
semiconductor caused by a deviation from stoichiometry due to native defect like oxygen
vacancies or zine interstitials [31]. Although many ZnO nanostructures such as, nanorods [32-33],
nanotubes [34], nanowires [35] and nanobelts [36] have been prépared, ZnO thin films were
investigated most deeply and extensiveiy because of the difference in their deposition techniques
and preparation conditions. ZnO thin films have different structures including dense thin films,
. porous thin films and nanostructured thin films [37]. The nanostructured ZnO thin films attract
much attention due to some special featurcs like larger surface area, gas adsorption and stronger
photocatalytic performance [37].

In the wastewater treatment field, the use of conventional powder catalfst had major
disadvantages of stirring during the reaction and the need for separation of powder catalyst after
the reaction [38-39]. The preparation of thin films catalyst makes it possible to overcome these
disadvantages and exfend for the industrial applications [40]. Thus in this study, ZnO
photocatalyst was prepared in thin film form. In addition, the structural, optical and surface
properties of ZnO thin films were changed by extrinsic impurities. Therefore ZnO thin films has
been doped fo enhance the properties with various elements such as lithivm (Li) [41],
aluminivm (Al) [42], nitrogen (N) [43], indium (In) {441, copper (Cu) [45), silver (Ag) [46]
and cobalt (Co) [47]. However, there were not many reports on the systematic study on the effect

of cobalt doping to the photodegradation property of ZnO thin films. For the above reasons,



this thesis investigated the cobalt-doped ZnO thin films and their photocatalytic activities to
decolorizing organic dye.

The last several years, ZnO thin films were prepared using different host substances,
such as Zn(CH,C00), [48], Zn(CH,CO0),2H,0 [45, 49-59] and Zn(NO,),-6H,0 [60].
Zn(CH3COO)2‘2HZO was widely used as a precursor via sol-gel route, because of its low cost,
and easy fabrication of thin film. For these reasons, Zn(CH,C00),2H,0 was used as a precursor
for thin films preparation in this thesis [61].

Zn0O thin films can be prepared by various techniques such as chemical vapour
deposition (CVD) [62-63], sputtering [64-65], spray pyrolysis [66-67], sol-gel spin coating
[68-69] and sol-gel dip-coating techniques {18, 52, 70-73]. A sol-gel dip-coating is the most
convenient method because of its excélient homogeneity, easy controlling film thickness, ability to
coat large areas and low-cost processing {74-76]. In the present work, the sol-gel dip-coating was
chosen to prepare the cobali-doped ZnO films,

In the present thesis, undoped and cobali~doped ZnO (3, 5, 7 and 10 mol%) thin films
were grown on micro-slide glass substrates by dip-coating technique. The photocatalytic activities
of the thin films were investigated by the degradation of malachite green (5.0 mg/L) in aqueous
solutions under ultraviolet-light irradiation. The crystalline structure, bonding structure, surface
morphology, photoluminescence and optical properties of films were characterized by
X-ray diffraction (XRD), fourier transform infrared spectroscopy (FT-IRj, atomic force
microscopy (AFM), photoluminesecence (PL) and ultraviolet-visible spectroscopy (UV-Vis),

respectively.

1.2 Objectives and scope of this thesis

The objectives of this thesis can be expressed as follows:

(1) To prepare undoped ZnO and cobalt-doped ZnO (3, 5, 7 and 10 mol%) thin films
by dip-coating method using zinc acetate dihydrate (Zn(CH,C0O0),.2H,0) and cobalt acetate
tetrahyydrate (Co(CH,CO00),-4H,0) as a host and dopant, respectively, -

(2) To investigate the effect of cobalt-doping on the structure, surface morphology,
optical properties and photocatalytic decolorization of malachite green of the films by XRD,

FT-IR, AFM, PL and UV-Vis spectroscopic analysis methods.



The scopes of this work were,

(1) To prepare cobalt-doped ZnO thin films on micro-slide glass substrates by
dip-coating method at the concentration of cobalt (IT} in dipping solution as 0, 3, 5, 7 and 10 mol%
with respect to zine.

{2) To characterize the crystalline structure, bonding structure, surface morphology,
photoluminescence and optical properties of the films by XRD, FT-IR, AFM, PL and UV-Vis
spectroscopic analysis methods, respectively. ‘

(3) To compare the photocatalytic activities of pure ZnQ and cobalt-doped ZnO thin
films by degradation of 5.00 mg/L. malachite green 25.00 mL under UV-light irradiation and in

darkness for 180 minutes.



CHAPTER 2
LITERATURE REVIEWS AND THEORETICALS

The purpose of this chapter is to summarize previous work on preparation,
characterization and photocatalytic applications in ZnO and cobalt-doped ZnO films.
A brief theory introduction is necessary to permit the reader to understand the sol-gel chemistry,

dip-coating, rate law and photocatalysis,

2.1 Literature reviews

2.1.1 Zinc oxide

Zinc oxide crystallizes in two main forms, hexagonal wurtzite and cubic
zincblende [77]. The wurtzite structure is the most stable at ambient conditions and thus most
common. So, the structure consists of four oxygen ions around each zinc ions. A hexagonal
packing of the large oxygen ions with half the tetrahedral interstices filled with ziné ions have
been required in order to achieve a maximum cation separation. The lattice constants a = 0.325 nm
and ¢ = 0.521 nm; their ratio ¢/a ~ 1.60 is close to the ideal value for hexaponal cell
c/fa = 1.633 [78]. Meanwhile, the zincblende form, cubic lattice structure, can be stabilized by
growing ZnO on substrates [79-81].

XRD patterns of wurtzite and zincblende structures of ZnO exhibited as shown
in Figure 2.1 [82]. For the wurtzite structure (see Figure 2.1a), obvious main peaks can be
observed at 20 = 320, 35° and 370, corresponding to (1 0 0), (0 0 2) and (I 0 1) reflections of
ZnO  structure, respectively. Meanwhile, the main XRD peaks of zincblende form
(see Figure 2.1d) can be observed at 20 = 340, 39° and 570, corresponding to (1 1 1), (22 0) and

(3 11) planes of ZnO structure, respectively.
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Figure 2.1 XRD data (filled circies)_ and Rietveld fits (gray lines) for bulk {a) wurtzite ZnO, and
(b) nanophase ZnO (wurtzite and zinc blende) obtained from the bulk sample. (c¢) and

~(d) are contributions to the Rietveld fit of the nanophase ZnO from wurtzite and zinc

blende respectively. (¢) is the difference profile for the nanophase ZnQ. Vertical lines

at the top of the plot indicate expected peak positions [82].

Several properties of ZnO films depend critically on the physical and chemical
parameters such as deposition techniques, precursor solution, annealing temperature and metal
dopants. Therefore it was reasonable to understand those parameters for ability to control the
properties of the thin films,

ZnO thin films have been prepared by various vacuum deposition techniques
and solution-based deposition processes. Sclution-based deposition processes offer a simple,
low cost, and large area thin-film coating aliernalive to vacuum deposition techniques.
An example of solution-based deposition fechnique includes dip-coating and spin-coating.
The dip-coating method not only enables easy fabrication of a large area thin film at a low cost,
but also easy controlling over the film composition and uniformity of thickness. Several properties
of polycrystalline ZnO thin films prcpare&l by the sol—gel process depend on the different host
substances 45, 48-60, 83-86], sol concentration [48, 54, 87-88], heat-treatment conditions
[89-94),



ZnQO thin films can be prepared using different host substances, such as zinc
acetate (Zn(CH,CO0),) [48], zinc acetate dihydrate (Zn(CH,COO),2I,0) [45, 49-59],
zine nitrate (Zn(NO,),6H,0) [60] and zinc chloride (ZnCL) [83]. From the previous work,
N. Lehraki et al. [84] reported that the films deposited with zinc acetate had a smooth surface,
dense network and higher transparency in comparison to films prepared with zinc nitrate and
zine chloride as precursors, while films deposited with zinc chloride have a better crystallinity and
low optical transmittance. In contrast, E. Arca et al. [85] found that using zin¢ chloride precursor
led to rough discontinued layers, while films deposited with zinc nitrate shown a more rapid and
random crystallization than the films grown by zinc acetate. However, H. Bahadur et al. [86]
reported that a smoother surface topography was obtained for the films grown by zinc acetate
than for the films grown by zinc nitrate. Therefore, the best results have been achieved by
erﬁploying zine acetate as precursor that resulfed in smooth and good quality layer of thin films.

The effect of zinc‘aci;etate concentration on the properties of ZnO thin films were
studied in the previous works [48, 54, 87, 95]. For spin-coating [48, 54], 0.7 M of zinc acetate
dihydrate was used for preparation of ZnO thin films. The results revealed that these thin films
have polycrystallife wurtzite structures and high c-axis preferred orientation. For dip-coating,
the porous texture of ZnO thin films were adjusted in prepaﬁng the sol: Zn(CH,COO0),
concentration was 0.2-1.2 mol/L; PEG content was 0-2.0 g in 50 mL sol; and water bath
temperature was 20-70°C. ZnO porous thin film could be made due to the better rphase separation
according fo the following conditions: Zn(CH,COO), concentration was 0.6 mol/L. and PEG
content was 0.7 g in 50 mlL solvent. The sol should be pretreated in water bath at 70°C before
dipping, and then sintered at 500°C for 1 hr. For sol—gel drain coating technique [95], different
sols of concentration 0.03, 0.05, 0.08, and 0.1 M were prepared by adding required amount of zinc
acetate dihydrate [Zn(CH,C00),2H,0] to dehydrated isopropyl alcohol. Diethanolamine (DEA)
was added to the solution as a sol stabilizer followed by a thorough mixing process with a
magnetic stirrer. The results showed that with increase in sol concentration, the value of full width
at half maximum (FWHM) of (0 0-2) peak decreased while the strain first increased and then
decreased. The sol with highér concentration resulted in the increase in the grain size.
The studies on the optical properties indicated that the band gap value increased from

3.27 to 3.30 ¢V when the sol concentration changed from 0.03 to 0.10 M.



The heat treatment appears to be one of the most important factors goveming
the ZnO film property. From previous works [89-94], it was found that the ZnO films on glass
substrates were annealed at {emperature range of 300°C to 550°C. At lower annealing
temperature, the poor crystal quality and amorphous structure of thin films were obtained.
Annealing temperature of 500°C promoted the enhancement of crystallinity. At the same time, the
grain size of thin films increased with higher annealing temperatures that may be due to the
merging activity of the ZnO particles to form denser film at higher annealing temperature [94].
Howe*;fer, if the annealing temperature was higher than SOOOC, the glass substrates were in a worst
shape or shrinkage due to the heating that closed to the glass transition temperature (Tg) [96].

2.1.2 Cobalt-doped zinc oxide

As well known, cobalt-doped ZnO was still n-type extrinsic semiconductor [97].
Maty tesearch groups had been reported that the crystal structure of ZnO did not change with
a small amount ofr a cobalt dopant [47, 98-100]. The structure model of cobalt-doped ZnO

was shown in Figure 2.2.

Figure 2.2 The structure model of cobalt-doped ZnO [47].

Various deposition techniques have been used for the fabrication of
cobalt-doped ZnO thin films such as sputtering [47], spin-coating [56-58], [101—103],
spray pyrolysis [59, 104] electrodeposition {60} and plused laser deposition [105-106]. However,
most of these fabrication techniques require highly sophisticated instruments. Sol—gel dip coating

is a simple and low cost technique and it is suitable for preparing quality films for a large surface



device applications. Therefore, the sol-gel process is used to fabricate the cobalt-doped ZnO films
in the present work [107].

The influence of cobalt doping on the properties of ZnO thin films have been
investigated [57-58, 60, 101-104, 106-107]. For example, nanostructured Zn, Co0{(0sx=50.10)
thin films were fabricated by sol-gel spin coating technique [57]. Structural characterization
indicated that Co™" fons systematically substituted for Zn"" ions in the film without changing the
wurlzite structure. For x 2 0.035, CoO (cubic) was detected as the secondary phase. Increase in
cobalt content in the range 0 < x < 0.10 led to quenching of near-band edge and blue emissions,
and decrease in band gap energy (B, from 3.36 €V to 3.26 eV. Increasing the cobalt content
deteriorated the crystallization of ZnQ [103]. For éobalt-doped Zn0 prepared by spray pyrolysis,
the particle size and roughness of the films were found to decrease with the increase in cobalt
doping percentage [104]. For dip-coating, three-dimensional (3D) atomic force INCIOSCOpy
images of the cobalt-doped ZnO films deposited on p-type silicon substrate suggested that the
structure of 5% and 15% cobalt-doped ZnO films were distributed almost homogenously on
silicon surface. The roughness values of the films with 5% and 15% cobalt dopants were 317.53
nm and 255.10 nm, respectively [107].

The effect substrate temperature on the properties of undoped and cobalt-doped
Zn0 films prepared by ultrasonic spray pyrolysis were investigated {59]. The deposition was
performed with different glass substrate temperatures at 300, 350 and 400°C. It was found that
both pure and cobalt-doped ZnO ﬁhﬁs were (0 0 2) preferentially oriented. An increase in the
substrate temperature and the presence of dopant resulted in the increased crystallinity of the thin
films.

Cobalt-doped ZnO thin films can also be prepared by solution-based deposition
using different dopant substances, such as cobalt acetate tetrahydrate (CO(CH3COO)2-4H20)
[56, 58, 103], cobalt chloride (CoCL) [57, 59, 102, 104] and cobalt nitrate hexahydrate
(Co(NO,),611,0) [60, 101]. Films were prepared using sol-gel spin coating method and the sol
was prepared using conventional cobalt acetate tetrahydrate (Co{CH,C00),4IL,0) [56, 58].
Cobalt chloride (CoCl,) were added to obtain sols for spin coating [57] and spray pyrolysis [59],
where zinc acelate dihydrate (Zn(CH,C00),2H,0) was taken as the host substance.

For spin coating method, Zn, Co,O thin films up to x = 0.05, the change in microstructure and
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evolution of secondary phase have been found which was attributed to the use of cobalt chloride
as dopant substance [57], while the films prepared with cobalt acetate tetrahydrate were single

| phase at the same doping concentration [56].
2.1.3 Photocatalysis of zinc oxide and cobalt-doped zinc oxide for dye degradation

In the last few years, there have been an increase interest in applications of the
semiconductor materials for photocatalytic oxidation to oxidize poisonous pollutants.
A number of organic matters can be decomposed into smaller and low toxicity compounds.
Because this kind of reaction needs only light, catalyst and air, the processing cost is lower and
become a kind of new promising method of liquid waste processing [108]. ZnO is an excellent
photocatalytic oxidation material. It has been widely used to treat wastewater, such as pharmacy
wastewater, printing and dyeing wastes, papermaking wastewater, and so on. The catalytic activity
of nano-ZnO is much better than bulk materials. It can also absorb the light in wider spectrum.
Its catalytic activity is mostly affected by the dosage of the catalyst, the original concentration of
reactants, illumination time, intensity of illumination and atmosphere (oxygen) flow [25].

To compare the photocatalytic activity of ZnO, thin films prepared on glass
substrates by the sol-gel method using both dip coating and spin-coating were investigated [11].
Two different procedures were applied for preparation of the films: (i) polymeric one (zinc acetate
and ethylcellulose) and (ii) one with complexing agent monoethanolamine (zinc acetate and
2-methoxyethanol). The as-obtained ZnO films were studied with respect to the photoinitiated
bleaching of malachite green (MG) under UV illumination in aqueous solutions. It indicated that
the filims obtained by procedure (ii) have a better photocatalytic activity than those deposited by
procedure (i). Tt was proven that the films also have activities in darkness but were lower than the
activities under UV—ligh‘{.

Recently, zinc oxide thin films were deposited on aluminum foil and glass
substrates by two different chemical methods: (i) polymer modified spray pyrolysis and
(ii) sol-gel dip-coating from zinc acetate complex solution [109]. The films obtained by procedure
(i) possess a porous structure, while the films obtained by procedure (ii) have ganglia on the
surface. The influence of the thermal freatment temperature (350 or 4500(3) on the film
microstructure and photocatalytic efficiency toward the organic dyes malachite green (MG) and

reactive black (RBS) was also investigated. The films obtained by both methods have a better
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photocatalytic activity in the degradation of RB5 compared to MG due to the weaker N-N bond in
comparison with the C-C bond between the central carbon atom and N,N-dimethylaminobenzyl
in MG,

For cobalt-doped ZnO nanoparticles, the location of dopant ions and the effect of
doping level on the photocatalytic activity have been investigated on cobalt-doped ZnO
nanopowders [99]. The photocatalytic activity under simulated sunlight irradiation was
characterized by the decomposition of Rhodamine B dye molecules, which revealed the successful
reduction of photocatalytic activity by cobalt-doping. It was suggested that cobalt-doping did not
appear to create significant physical defects in ZnO crystal. Hence the mechanism of the reduction
of the photocatalytic activity by cobalt-doping was considered to be not by creating physical
defects but mainly by introducing deep band gap energy levels between the valence and
conduction bands that would act as efficient recombination centers for ﬁ)hoto—generated excitons.
The recombination of electrons and holes inside of the particles will give the charge carriers less
chance to generate hydroxyl radicals (.OH) and superoxide anion radicals (02_0) on particle
surfaces. For other dye, the Methylene Blue (MB) decomposition rate of the synthesized pure ZnO
and cobalt-doped ZnO nanoparticles were studied under the UV region. In the UV region,
synthesized pure ZnO and cobalt-doped ZnO decomposed Methylene Blue (MB). However,
the MB decomposition rate obtained using pure ZnQ was much higher than that by cobalt-doped
ZnQ nanoparticles [100].

Highly photocatalytically active cobalt-doped ZnO nanorods have been prepared
by a facile hydrothermal process [110]. The as-prepared cobalt-doped ZnQ nanorods have
an extended light absorption range compared with pure ZnO and showed highly efficient
photocatalytic activity, only requiring 60 min to decompose ~93% of alizarin red dye under
visible light irradiation (A > 420 nm). The photophysical mechanism of the visible photocatalytic
aclivily was investigated with the help of surfuce photovoltage spectroscopy. ‘Lhe results indicated
that a strong electronic intcraction betwoen the cobalt and ZnO was present, and that the

- incorporation of cobalt promoted the charge separation and enhanced the charge transfer ability
and, at the same time, effectively inhibited the recombination of photogenerated charge carriers

in ZnO, resulting in high visible light photocatalytic activity.
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Cobalt-doped ZnO films were sputtered using an RF magnetron sputter system.
The photo-degradation of metiylene blue and the inactivation of bacteria were obviously

enhanced under visible light exposure {47].
2.14 The postulated photocatalytic degradation of MG and mineralization

pathways

To identify reaction by-products accompanying MG  degradation,
samples subjected to various treatment schemes and times were analyzed by means of GC/MS -
[111]. The proposed reaction network for the degradation of MG via two parallel and competing
pathways were shown in Figure 2.3. The first involves hydroxyl radical attack to the central
carbon atom of MG (1) yielding a reactive cationic radical (2) whose bond between the central
carbon atom and the N, N-dimethylamino phenyl ring is cleaved to give
N, N-dimethyl-benzenamine (3) and 4-dimethylamino-benzophenone (4). In addition,
N, N-dimethyl-benzenamine can furth& be attacked by hydroxyl radicals giving a reactive cationic
radical (5) which is demethylated resulting in benzenamine (6). The latter is further oxidized to
form nitrobenzene (7). In a similar fashion, 4-dimethylamino-benzophenone is demethylated to
4-amino-benzophenone (9) which is oxidized to 4-nitro-benzophenone (10) and this is eventually
converted to benzophenone (11) and NO;. Cleavage of benzophenone yields benzaldehyde (15)
and benzene (16). The second pathway involves hydroxyl radical attack to the N,N-dimethylamino
group of MG giving a reactive cationic radical (12) whose subsequent demethylation and

oxidation eventually yield benzenamine and 4-amino-benzophenone.
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Figure 2.3 Proposed reaction pathways for malachite green degradation over 110, under UV

irradiation [111].
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2.2 Theoreticals

2.2.1 Sol-gel chemistry

The earliest sol-gel derived material was reported by M. Ebelmen in 1845,
at the Manufacture of ceramics in France [112]. Sol-gel process describes, in general,
the formation of solid material, mainly inorganic non metallic materials from solutions.
This can be a solution of monomeric, oligomeric, polymeric and colloidal precursors.
In nature for example, minerals like agate or chalcedony have been formed by a poly-condensation
reaction from aqueous siliceous solutions [113]. Before going through the description of sol-gel
processes, some terms might be introduced. A colloid is a suspension in which the dispersed phase
is so small (1-100 nm) that gravitational forces are negligiblé and interactions are dominated by
short-range forces, such as Van der Waals attraction and surface charges. A sol is a colloidal
suspension of solid particles in :; liquid. Hydrolysis is a reaction in which metal alkoxide (M-OR)
react with water to form metal hydroxide (M-OH). Condensation is a reaction which occurs when
two metals hydfoxides (M-OH + M-OH) combine to give a metal oxide species (M-O-M).
The reaction forms one molecule of water. A gel consists of sponge like, three dimensiona! solid
network hose pores are filled with another substance (usually the original solvent of the sol).
When gels are prepared, the pore liquid mainly consists of water and/or alcohol. The resultant wet
gels are therefore called aquagel, hydrogel, or alcogels. The pore liquid is replaced by air without
decisively altering the network structure or the volume of the gel body, aerogel are obtained
{or cryogels when the liquid is freeze-drying). Gel point is the moment at which the network of
linked oxide particles spans the container holding the sol. The alcogel can be removed from its
original container and can stand on its own [114].

Sol-gel process consists of: (i) preparing a homogeneous solution of easily
purified precursors generally in an organic solvent miscible with water or the reagent used in the
next step; (i) converting the solution to the “sol” form by treatment with a suitable reagent,
e.g. water which HCI for oxide ceramics; (iii) allowing/inducing the sol to change into a “gel”
(or viscous sol) to the finally desired forms or shape such as thin films, fiber, spheres or grains and
(v) finally converting (sintering) the shaped gel to the desired ceramic matel:ial at temperatures
(~500°C) generally much lower than those required in the conventional procedure of melting

oxides together [115]. Usually, alkoxides are used as starting compounds for sol gel process,
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that is, organometallic substance of the form M (OR), (where M = metal of valence n and

R = alkyl group; C H,_.,). By two groups of reactions, hydrolysis (equation 2.1) and condensation

(equation 2.2), the alkoxides are converted to

The following reactions will take place:

nH_.O
M(OR) ~ +nH,

M(OH)_

3-dimensionally comnected networks.

M(OH)n +nROH Q.1)
n
MO +[“~)H 0 (2.2)
Bo\2/) 2
2
MO _ +nROH (2.3)
2

These equations are simplified. In fact, the reactions are much more complicated,

especially because the hydrolysis occurs in

this means:

Zn{OC,H,), + H,0

ZnOH(OC,H,), + H,0

Zn(OH),(OC,H,), + H,0

Zn(OM),(0C,H,), + H,0

.._)

—

successive steps. In the case of zinc-ethoxide

ZnOH (OC,H,), + C,H,0H 2.4)
Zn(OH),(OC,H), + CHOH (2.5
Zn(OH)(OC,H,) + C,H,OMH 2.6)
Zn(OM), + C,H,OH en

Which the hydrolysis reaction can be summarized as following:

Zn{OC,H,), + 4H,0

—

Zn(OH), + 4C,H,0H (2.8)


Tuk


Tuk
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Furthermore, the condensation reactions already started before the hydrolysis was completed.

This not only reaction such as:
(OH),ZnOH + OHZn(OH), — (HO),Zn-0-Zn(OH), + H,0 (2.9

The reactions in the sol gel processes depend on many parameters, for example: compositions and
concentrations of alkoxides and solvent used, chemical additives, time schedule of mixing for
example aging (for pre-hydrolysis) of components or intermediates that react slowly, conditions of
mixing (e.g., mixing efficiency and atmosphere) and temperature.

To get a sol-gel derived coating on a transparent substrate with a high optical
quality, the coating process should be carried out in a very clean room, the coating liquid has to be
filtered and the substrate has to be cleaned properly. The sol gel method of fabricating thin films
offers potential advantages over tfaditional techniques as shown below: low temperature
processing, easy coating to large surface, small thickness, high optical quality and high purity.
So, the sol-gel derived coating techniques are summarized below.

2.2.2 Dip-coating

Dip-coating techniques can be described as a process where the substrate to be
coated is immersed in a liquid and then withdrawn with a well-defined withdrawal speed under
controlled temperature and atmospheric conditions. The schematics of the dip-coating process are
shown in Figure 2.4. In the dip-coating process, the atmosphere controls the evaporation of the
solvent and subsequent destabilization of the sol by solvent evaporation lead to a gelation process
at the formation of a transparent film due to the small particle size in the sols (nanometer range).
The gelation process during dip-coating process is shown in Figure 2.5. The resulting film has to
be densified by thermal treatment and densification temperature depends on the composition.
The coating thickness is defined mainly by the withdrawal speed, the solid content and
the viscosity of the liquid. There are six forces acting on the coating during withdrawing [116]:

(1) Viscous drag upward on the liquid by moving substrates

(2) Force on gravity

(3) Resultant force of surface tension in the concavely shaped meniscus

{4) Inertial force of the boundary layer liquid arriving at deposition region
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(5) Surface tension gradient
(6) The disjoining or conjoining pressure (important for films I¢ss than

1 jm thick)

Dippleg Wet ayer forawtion Solvent ¢vagoration

Figure 2.4 Dip-coating process: dipping the substrate in the solution, formation of the wet layer,

and gelation of the layer by solvent evaporation.
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Figure 2.5 Gelation process during dip-coating process obtained by evaporation of the solvent

and subsequent destabilization of the sol.
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When the viscosity (1) and substrate speed are high enough to lower the
curvature of the gravitational meniscus, the deposition films thickness (h) is that which balances

the viscous drag (o U,/d) and gravity force (pgh), the thickness is given by

172
18]
! 0

d=C | — 2.10
| e (2.10)

where C, is a constant about 0.8 for Newtonian liquids.
When the substrate speed and viscosity are low (often the case for sol-gel
deposition), this balance is modulated by the ratio of viscous drag to liquid-vapor surface tension

(Y,y) according to the relationship derived by Landau and Levich [117]

( 2/3
nu J
ho=0945_0/

0 176 ¢ \/2 @11
Ty (p2)

The interesting part of dip-coating processes in that by choosing an appropriate viscosity the
thickness of the coating can be varied with high precision from 20 nm up to 50 nm while
maintaining high optical quality. Dip coating processes are used for plate glass and bulbs.
Dip- coating processes have also been developed for curved surface like eyeglass lenses,
mainly to employ scratch resistant coating for plastic substrates. For bottles, a variation of the
dip-coating process has been developed by revolving the bottle during the withdrawal process.
2.2.3 Rate law for a chemical reaction

The rate law or rate equation for a chemical reaction is an equation that links the
reaction rate with concentrations or pressures of reactants and constant parameters
(normally rate coefficients and partial reaction orders). To determine the rate equation for
a partticular system one combines the reaction rate with a mass balance for the system. -

For a generic reaction
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aA+bB —C (2.12)

with no intermediate steps in its reaction mechanism (that is, an elementary reaction),

the rate is given by

r=k[A]* [B)Y ’ C@I13)

where [A] and [B] express the concentration of the species A and B, respectively (usually in moles
per liter (molarity, M)); x and y are the respective stoichiometric coefficients of the slowest step of
the reaction mechanism; they only equal the stoichiometric coefficients "a" and "b" if the reaction
takes place in a single step without intermediates. k is the rate coefficient or rate constant of the
reaction. The value of this coefficient k depends on conditions such as temperature, ionic strength,
surface area of th;a adsorbent or light irradiation. For elementary reactions, the rate equation can be
derived from first principles using collision theory. Again, x and y are not always derived from the
balanced equation. The rate equation of a reaction with a multi-step mechanism cannot, in general,
be deduced from the stoichiometric coefficients of the overall reaction; it must be determined
experimentally. The equation may involve fractional exponential coefficients, or it may depend on
the concentration of an intermediate species. The rate equation is a differential equation, and it can
be integrated to obtain an integrated rate equation that links concentrations of reactants or products
with time. If the concentration of one of the reactants remains constant {because it is a catalyst or
it is in great excess with respect to the other reactants), its concentration can be grouped with the
rate constant, obtaining a pseudo constant: If B is the reactant whose concentration is constant,

then
r=¥[A] [B] =k [A] (2.14)

The second-order rate equation has been reduced to a pseudo-first-order rate equation.

This makes the treatment to obtain an integrated rate equation much easier.
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2.2.3.1 Zero-order reactions
A zero-order reaction has a rate that is independent of the concentration
of the reactant(s). Increasing the concentration of the reacting species will not speed up the rate of
the reaction i.c. the amount of substance reacted is proportional to the time. Zero-order reactions
are typically found when a material that is required for the reaction to proceed, such as a surface or

a catalyst, is saturated by the reactants. The rate law for a zero-order reaction is
re=k (2.15)

where r is the reaction rate and k is the reaction rate coefficient with units of concentration/time.
If, and only if, this zero-order reaction 1) occurs in a closed system, 2) there is no net build-up
of intermediates, and 3) there are no other reactions occurring, it can be shown by solving a mass

balance equation for the system that:

oo Al (2.16)
dt

If this differential equation is integrated it gives an equation often called the integrated zero-order

rate law,

[A] =kt +{A] 2.17)

where [A] represents the concentration of the chemical of interest at a particular time,
and A, represents the initial concentration. A reaction is zero order if concentration data are
plotted versus time and the result is a straight line. The slope of this resulting line is the negative

of the zero order rate constant k. The half-life of a reaction describes the time needed for half of
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the reactant to be depleted (same as the half-life involved in nuclear decay, which is a first-order

reaction). For a zero-order reaction the half-life is given by

{ =0 (2.18)

2.2.3.2 First-order reactions
A first-order reaction depends on the concentration of only one reactant
(a unimolecular reaction). Other reactants can be present, but ecach will be zero-order.

The rate law for a reaction that is first order with respect to a reactant A is

r:—Mzk[A] (2.19)

dt

Where k is the first order rate constant, which bas units of 1/s. The integrated first-order rate law is

In[A]=—kt+ ln[A]O ’ (2.20)

A plot of In [A] vs. time t gives a straight line with a slope of -k, The half-life of a first-order

reaction is independent of the starting concentration and is given by

t, =—== (2.21)
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2.3.2.3 Second-~order reactions
A second-order reaction depends on the concentrations of one
second-order reactant, or two first-order reactants. For a second order reaction, its reaction rate is

given by:

- % = 2AT or | | (222)

_d—c[l?! ~ K[A][B] or (2.23)

_M _ Zk[B]Z (2.24)
dt

In several popular kinetics books, the definition of the rate law for second-order reactions

is written instead as

_diA]
dt

= 2k[ A]2 {2.25)
This effectively conflates the 2 inside the constant, k, whose numerical meaning then becomes
different. This simplifying convention is followed in the integrated rate laws provided below.
It should be noted however that this simplification leads to potentially problematic inconsistencies,
ie. if the reaction rate is described in terms of product formation vs. reactant disappearance.
Instead, the option of keeping the 2 in the rate law (rather than absorbing it into a rate constant
with an altered meaning) maintains a consistent meaning for k and is considered more correct
technically. This more technically consistent convention is almost always used in peer-reviewed
literature, tables of rate constants, and simulation software. The integrated second-order rate laws

are respectively

LI S (2.26)
A 1A,
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([, (@A) - (B]

2.27
[B] [B] @27

0

[A], and [B], must be different to obtain that integrated equation. The half-life equation for

a second-order reaction dependent on one second-order reactant is

I
t =———
1 Kk[A]
5 0

(2.28)

2.2.3.4 Pseudo-first-order
Measuring a second-order reaction rate with reactants A and B can be
problematic: The concentrations, of the two reactants must be followed simultaneously, which is
more difficult; or measure one of tﬁcm and calculate the other as a difference, which is less
precise. A common solution for that probiem is the pseudo-first-order approximation. If either [A]
or {B] remains constant as the reaction proceeds, then the reaction can be considered
pseudo-first-order because, in fact, it depends on the concentration of only one reactant.

If, for example, [B] remains constant, then:

r =k[A][B]=k [A] (2.29)

where k' = k[B], (k' or k,_with units s ') and an expression is obtained identical to the first order
expression above. One way to obtain a pseudo-first-order reaction is to use a large excess of one
of the reactants ([B] >> [A]) would work for the previous example) so that, as the reaction
progresses, only a small amount of the reactant is consumed, and its concentration can be
considered to stay constant. By collecting k' for many reactions with different (but excess)
concentrations of [B], a plot of k' versus [B] gives k (the regular second order rate constant) as the

x

slope.
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Elementary reaction steps with order 3 (called ternary reactions) are rare

and unlikely to occur. However, overall reactions composed of several elementary steps can,

of course, be of any (including non-integer) order.

Table 2,1 Summary for reaction orders 0, I, 2 andn

ZLero-Order First-Order Second-Order nth-Order
d[A] dlA] dfA] 2 d[A] n
i ~SM Al | - oA - LA
Rate Law " i@t [Al " A} ot [ ,}
| 11 L b -
Integrated = —— 4kt n—1 a.qn—1
¢ [AJ=TA —kt | aj=(a) e | (A1 [a] [T A
Rate Law [Except first order]
Units of Rate M 1 1 1
Constant (k) s 3 M-s Mt
1 vs. i
Linear Plot to 1 [al® -1
' [Alvs. t n{dAD vs. t 78] vs. t
determine k [Except first order]
-l
. ,ﬂ{A]O t :H@ =__L__ tI =( l)k[A] ll"l
Half-life 17 % Lk L, 7 0
2

[Except first order]

where M stands for concentration in molarity (mol-L 1), t for time, and k for the reaction rate

constant. The half“life of a first-order reaction is often expressed as t,,, = 0.693/k (as In2 = 0.693).
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2.2.4 Photocatalysis
In chemistry, photocatalysis is the acceleration of a photoreaction in the presence
of a catalyst. In catalysed photolysis, light is absorbed by an adsorbed substrate. In photogenerated
catalysis, the photocatalytic activity (PCA) depends on the ability of the catalyst to create
electron—hole pairs, which generate free radicals {e.g. hydroxyl radicals: .OH) able to undergo
secondary reactions. Its practical application was made possible by the discovery of water
electrolysis by means of titanium dioxide. The commercially used process is called the advanced
oxidation process (AOP). Generally the defining factor is the production and use of the hydroxyl
radical.
2.2.4.1 Homogeneous photocatalysis
In homogeneous photocatalysis, the reactants and the photocatalysts exist
in the same phase. The most commonly used homogeneous photocatalysts include, ozone and
transition metal oxide. The reactive species is the °OH which is used for different purposes.

The mechanism of hydroxyl radical production by ozone can follow two paths.

O, +hV — 0,+0(1D) (2.30)

oup)+H,0  —  ‘on+ oH 2.31)

- O(IDY+H,0 — L0, (2.32)
L] LJ

H,0,+hV — OH+ OH (2.33)

2.2.4.2 Heterogeneous photocatalysis

Heterogeneous catalysis has the catalyst in a different phase from the
reactants. Heterogeneous photocatalysis is a discipline which includes a large variety of reactions:
mild or total oxidations, dehydrogenation, hydrogen transfer, 1802—!502 and deuterium-alkane
isotopic exchange, metal deposition, water detoxification, gaseous pollutant removal
Most common heterogeneous photocatalyts are semiconductors, which have unique
characteristics. Unlike the metals which have a continoum of electronic states, semiconductors
possess a void energy region where no energy levels are available to promote recombination of

an electron and hole produced by photoactivation in the solid. The void region, which extends
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from the top of the filled valence band to the bottom of the vacant conduction band, is called the
band gap. When light falls on these semiconductors, the electron present in the valence band
jumps to the conduction band, a result of which is the generation of a positive hole.
The recombination of the electron and the hole must be prevented as much as possible if
a photocatalyzed reaction is to be favored. The ultimate goal of the process is to have a reaction
between the activated electrons with an oxidant {o producé a reduced product, and also a reaction
between the generated holes with a reductant to produce an oxidized product. Due to the
generation of positive holes and electrons, oxidation-reduction reactions take place at the surface
of semiconductors. In the oxidative reaction, the positive holes react with the moisture present

on the surface and produce a hydroxy! radical. Oxidative reactions due to photocatalytic effect:

UV + MO — MO ' +e ) (2.34)
Here MO stands for metal oxide.

b+ 1,0 —  H'+ OH (2.35)

25 +2H0 — 2H' +H,0, (2.36)

H,0, — “uo+ “on (2.37)

The reductive reaction due to photocatalytic effect:

- -8

e +0, —> 0, (2.38)
—_—g L ] +

0, +HO, +H - H,0,+0, (2.39)

HOOI — *Ho + oH (2.40)

Ultimately, the hydroxyl radicals are generated in both the reactions. These hydroxyl radicals are

very oxidative in nature and non selective with redox potential of (E, = +3.06 V).
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2.2.5 Heterogeneous photocatalytic degradation of dyes in solution [118]

Photocatalytic degradation is a part of advanced oxidation process which
has proven to be a promising technology for degrading organic compound. The technique is more
effective as compared to other advanced oxidation processes because semiconductors
are inexpensive and can easily mineralize various organic compounds [119].

The photocatalytic discoloration of a dye is believed to take place
according to the following mechanism. When a catalyst is exposed to UV radiation, electrons are
promoted from the valence band to the conduction band. As a result of this, an electron—hole pair

Is produced [120]

Catalyst + hV —> e_cb + h+vb (241

where, e—ch and h+vb are the electrons in the conduction band and the electron vacancy in the
valence band, respectively. Both these entities can migrate to the catalyst surface, where they can
enter in a redox reaction with other species present on the surface. In most cases thVh can react
casily with surface bound H,0 to produce .OH radicals, whereas, e_cb can react with O, to

produce superoxide radical anion of oxygen

HO+h', —> ‘om+u' (2.42)

0,+e —> 0, (2.43)

This reaction prevents the combination of the electron and the hole which are produced in the first
® —®
step. The OH and O, produced in the above manner can then react with the dye to form other

species and is thus responsible for the discoloration of the dye.

0, +HO —> L0, (2.44)
~ H,0, = 2(om @4
‘OH + dye > dye_, (2.46)
e ,+dye —> dye,, (2.47)
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Direct and Indirect photocatalytic pathways are the two suggested mechanisms for a given
photocétalytic reaction. These are discussed below,
2.2.5.1 Direct photocatalytic pathway
Two different approaches have been suggested for this type of
mechanism;
(i)' Heterogeneous photocatalysis—the Langmuir-Hinshelwood process
The Langmuir-Hinshelwood process is applied to heterogeneous
photocatalysis and can be explained on the basis of production of electrons and holes by the
photoexcitation of the catalyst. The hole is then trapped by the adsorbed dye molecule on the
catalyst surface to form a reactive radical state which can decay as a result of recombination with
an electron. The catalyst is regenerated as a result.
(i) The Eiey;Rideal process
In this process, the free carriers are initially photo-fragmented
followed by subsequent trapping of the holes by surface defects. The surface active centers (S) can
then react with the dye {chemisorption) to form an adduct species such (Sﬁiye)Jr which can further

decompose to produce products or can recombine with electrons. The reaction scheme is outlined

below:

Photogeneration of free carriers: Catalyst +hV —> e , +h', (2.48)

Hole trapping by surface defects: S+ h+vb — s (2.49)

Physical decay of active centers: S+ e—cb — 5 (2.50)

Chemisorption: S'tdyes = (S—dye)' (2.51)
(S—dye)’ ~—> S+ products (2.52)

2.2.5.2 Indirect photocatalytic mechanism
In this process, electron—hole pairs are photogenerated on the surface of
the catalyst. The hole is then trapped by the water molecules leading to the formation of .OH
radicals and H' and the electrons allow the formation of H,0, which further decomposes in more

-]
OH radicals by means of its reaction with the oxygen supplied in the medium.
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Finally, the radicals formed during this mechanism are responsible for the oxidation of the organic

molecule producing ratermediates and end products. The stepwise mechanism is illustrated below:

Catalyst + h¥

+
h vb + HZO(ads)

O +e

2 (ads) cb

+
02 (ads) + H (ads}

L ] [ ]
HO2 (ads) + HO2 (ads)
H202 {ads)

L]
OH,4y + dy€puq

e d il

[~

+

cb+hvb

° +
OH(ads} +H {ads}

0

2 {ads)

HOZ (ads}
HZOZ {ads) + 02 (ads)

] L4
OH(ads) + OH{ads)

products

(2.53)
(2.54)
(2.55)
(2.56)
(2.57)

(2.58)

-(2.59)



CHAPTER 3

EXPERIMENTAL DETAIL

This chapter reported the chemicals used for preparation of thin films. Moreover the
experimental procedure was clearly described with a step-by-step and varicus characterization

methods for sample analysis were discussed.

3.1 Chemicals and instruments

The chemicals and instruments used in this study were shown in the table 3.1 and 3.2.

Table 3.1 Chemicals used in the experiment.

Chemicals Formuia Assay (%)  Manufacturer
Zin (1) acetate dihydrate Zn(CH,CO0),"21L,0 99.0 % Sigma Aldrich
Cobalt (1) acetate tetrahydrate Co(CH,C00),"4H,0 97.0 % Sigma Aldrich
Diethanolamine HN(CH,CH,OH), 99.0 % Carlo Erba
Malachite oxalate green (CLH, N0, 93.0% Panreac

Ethyl alcohol CH,CH,OH : 99.9 % AnalaR
Hydrochloric acid HCl 37.0% J. T. Baker
Nitric acid HNO, 69.0 % J. T. Baker

Table 3.2 Instruments

Instruments - Model Company
X-ray Diffractometer (XRD) Philips X ’pert MPD Philips
Fourier transform infrared spectrometer (FT-IR) Spectrum X1 Perkin Elmer
Atomic force microscope (AFM) XE 100 -Park System
Fluorescence spectrophotometer LS—s5 Perkin Elmer

UV-Vis spectrophotometer Lambda 25 Perkin Elmer
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3.2 Experimental procedures

The pure and cobalt-doped zinc oxide (ZnO:Co) thin films were deposited on
micro-slide glass substrate by home-made dip-coating experimental set-up. The Zn'' solution was
prepared by dissolving a 35 mmol of zinc acetate dihydrate (Zo(CH,CO0),*2H,0) into 50.00 mL
of absolute ethanol under vigorous stirring at room temperature for 30 min in a closed vessel.
The solution was cleared by adding diethanolamine (DEA} and deionized water (DI water).
The molar ratio of DEA/zinc acetate and DI water/zinc acetate were 1:1 and 2:1, respectively
[87, 121]. The clear solution was further heated to 50°C and stired for 5.5 hr.
For doped thin films, cobalt (I1) acetate tetrahydrate (Co(CH,CO0),-4H,0) at 3, 5, 7 and 10 mol%
was added into the mixfure solufion. The final solution was éged at room temperature for 24 hr
before dip-coating.

For thin film preparaﬁon, the cleaned glass substrate was dipped into the solution and
subsequently withdrawing it up at constant speed of 6.0 cm/min [87, 122]. After each deposition
the film was drie;i at room temperature, pre-heated at 100°C and treated at 500°C for 15 min per
each step [87, 122]. Coating and heat-treated process was repeated for 10 times. Finally,
the obtained thin films were anncaled at 500°C for 1 hr [87, 122]. The preparation of thin films

can be shown as the following diagram:
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Zn(CH,CO0),"2H,0 (6.7 M) + Co(CH,CO0),"4H,0 (3,5, 7
C,H_OH (25.00 mL) and 10 mol%} + C,H _OH (25.00 mL)
Stirring at room temperature Stirring at room temperature
for 30 min D] DEA + DI water <— for 30 min
Refluxing at 50°C for 5.5 hr

|

Ageing at room temperature for 24 hr

d

Dip eoating (withdrawal speed 6 cm/min)

J

Drying at roaem temperature for 15 min Repeating 9 times

I

Heat treatment at 100 and 500°C for 15 min/steps

J

Amnealing at 500°C for 1 hr

J

Thin films

Figure 3.1 Diagram for preparation of cobalt-doped ZnO thin films.



33

3.3 Sample Characterizations

3.3.1 Xeray diffractometry (XRD)
The X-ray diffraction studies were carried out using X-ray diffractometer
(Philips X’pert MPD) to investigate the structure of the deposited films using CuK radiation with
a wavelength 0.154059 nm. The scanning range of 20 was restricted to the range 20° to 60° with
scan rate of 0.02° O/min. The lattice parameter constants “a” and “c” and cell volume (V) of
hexagonal wurtzite structure of ZnO can be calculated using the relations (3.1), (3.2) and (3.3)

given below [123-124]:

_ L | 3.1)
3 sind
o= (3.2)
sin®
2 3.3
V:\/Ez C (33)

The strain {€) and average crystallite size (D} of the films was calculated using

Williamson-Hall (W-H) method:

ﬁhklcose = % + 4g sind G4

Where p is the full width at haft maximum (FWHM) of XRD peaks
0 is the Bragg angle [125]
K is the constant value (0.94)
A is the X-ray wavelength (0.154059 nm)
D is the average crystallite size (nm)

£ is the strain



34

The above equation is W-H equation. The strain of the films was estimated from the slope of the
fit curve which drawn with 4sinf along the axis and Bm cos0 along the y-axis. The crystallite size
was estimated from the y-intercept [126-127]. |

3.3.2 Fourier transform infrared spectroscopy (FT-IR)

The FT-IR gives information about functional groups present in a compound
along with the molecular geometry and inter or intra molecular interactions. The ZnO powder
(99.0% purity, CARLO ERBA) and powder scratched from deposited ZnO thin film and
cobalt-doped ZnO thin films with 3, 5, 7 and 10 mol% were characterized by fourier transform
infrared (FT-IR) spectroscopy using Perkin Elmer FT-IR spectrometer model spectrum RX1.
The FT-IR spectra were measured from samples prepared by KBr pallet technique (KBr : sample
ratio, 300 : 1) in the wavenumber ranges of 4000-400 em’.

3.3.3 Atomic force microscopy (AFM)

The surfaces mofphoiogy of cobalt-doped ZnO thin films (0, 3, 5, 7 and
10 mol%) were scanned using a atomic force microscopy (AFM) instrument (XE-100,
Park Systems) on a nom-contact mode. The cantilever is made from silicon nitride (SiN,).

Important measurement information was shown in table 3.3.

Table 3.3 The operated information used in AFM method.

Factor Value

X scan size 1 pm

Y scan size 1 pm

Z servo grain i

Scan rate 0.5 Hz

Set point 10.16 n

Amplitude 20.26 nm
3.3.4 UV-Vis spectroscopy

The transparency of cobalt-doped ZnQ thin films (0 and 3, 5, 7 and 10 mol%)

were measured by UV-Vis spectroscopy method, using lambda 25 UV-Vis double beam
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spectrometer (Perkin Elmer) in the wavelength range of 300 to 1,100 nm, The thickness of films

() was determined by using the optical transmission spectra (%7T) and the 1ollowing equation:

M (3.5)
MRy

whete t is the film thickness (nm)

?\,1, 7\,2 are the two consecutive in transmission spectra

1) is the refractive index of ZnO (~ 1.60) [128]

The direct optical band gap (Eg) of the films were obtained by extrapolating the linear portion of
the plot (cthv)” versus photon energy (hv) in electron volt (eV), according to the equation as

below:
ohv =A(hv —Eg)" (3.6)

where hv is the photon energy
Eg is the band gap (eV)
A is the edge parameter

n is the direct gap of material [129].

3.3.5 Photoluminescence {PL) spectroscopy
Photoluminescence spectra of the films were carried out at room temperature
using Perkin-Elmer spectrometer (Model LS-55) equipped with a 450 W xenon flash lamp as the
excitation source, and the exciting wavelength was chosen at 325 nm. A glass substrate was taken
as a reference, the excitation and emission spectra were recorded for the films deposited on the
substrates, Before recording the emission spectra, the films were scanned for excitation bands,
by fixing the monochromator at 393 nm. Once the optimum excitation wavelength were found,

the films emission spectra were recorded in the wavelength range 200-800 nm which the data was
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collected at the scanning interval of 0.5 nm. Meanwhile, the excitation and emission slit width
were used at 10 and 2.5 nm, respectively.
3.3.6 Photocatalytic degradation

Photocatalytic performance of the film was examined using the degradation of
Malachite Green (MG) dye in DI water. The coated glass plates were immersed into 25.00 mL
aqueous MG solution (5.0 mg/L) in 50.00 mL beaket. The beaker was immediately located in the
Solar Box ready for UV irradiation. The coated plate and dye solution were irradiated in the
vettical direction with continuously stirring. The distance between the UV lamp and plate/dye
solution system was kept within 15.00 cm. The light source of illumination was UV lamp
(Philips TL-D 20 Watt T8 Black Light Blue Fluorescent. 18in (BLB) lamps, F20T8/BLB,
emitting approximately 350-400 nm). All photocatalytic tests were performed with 5.0 mg/L MG
at constant stirring rate (500 rpm) and air was continsously pumped into the system (3.0 L/hr)
at room temperature for 180 min. The apparent rate constant of photocatalysis (k) was calculated

from the experimental data using the equation [130]:

In—=—kt 3.7

where C is the final concentration {mg/ 1) of MG after irradiation
C, is the initial concentration (mg/ L) of MG prior to irradiation
t is the irradiation time (min)

k is the apparent reaction rate constant {min )

The same equation was used for calculation of the rate constant of the dye adsorption on the films

surface under darkness. The degradation efficiency of the MG was calculated using the equation:

C -C
3.8
0 v100 3-8)

Degradation(%) =



CHAPTER 4

RESULTS AND DISCUSSIONS

The prepared thin films were characterized by several techniques; X-ray diffraction
(XRD), atomic force microscopy (AFM), fourfer transform infrared spectroscopy
(FT-IR), photoluminescence spectroscopy (PL) and UV-Visible spectroscopy. An attempt has
been made to correlate of the structural and optical properties of these films with the cobalt (I)
dopant and their concentrations. The structural and optical prqperties of films were characterized
and discussed in the following sections, including their photocatalytic activities for degradation of

Malachite green in water both under UV-light illumination and in darkness.

4.1 Structural properties

The crystal structure of pure and cobalt-doped ZnO thin films were investigated by X-ray

diffraction (XRD) technique as shown in Figure 4.1. ZnO thin films were detected at 20 of 31.750,

34.42°, 36.23°, 47.52° and 56.56°, similar to report by Lupan et al. [131], that the diffraction peaks

were found at 26 of 31.790, 34.420, 36.250, 47.51° and 56.62° for ZnO nanorods. These peak positions

of the pure and cobalt-doped ZnO thin films were found to be in good agreement with the files of

Joint Committee of Powder Diffraction Standards (JCPDS Card No. 36-1451) in a hexagonal wurtzite

stucture of ZnO, corresponding to the following lattice planes: (1 00), (00 2), (1 0 1), (1 0 2) and

(1 1 0), respectively. It was also found that the orientation planes of (1 0 0), {0 0 2) and (1 0 1) had

higher intensity than (1 0 2) and (1 1 0) planes, and the strongest diffraction peak for all the films was

(1 0 1) preferred orientation (see Figure 4.1 (a-e)). These results were similar to those of ZaO films [93]

and ZnO nanorods [132].
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Figure 4.1 XRD patterns of cobalt-doped Zn0O thin films with different cobalt contents.
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No imputity was observed in the cobalt-doped ZnO film, and doping level in the range
of 3 to 10 mol% did not affect the crystal structure of ZnO, in agreement with previously
published results of ZnO films {47, 56-60, 101-106] and nanoparticles [29, 49, 98-100, 110,
133-140]. Previous work on cobali-doped ZnO films [47] have shown that doping cobalt up to
20 at% did not change the wurtzite structure of ZnO. However, for ZnO nanoparticles prepared by
a one-step solution route [137], doping cobalt of 10 mol% resulted in Co(OH), impurity in
cobalt-doped ZnO powder. On the other hand, in this work no diffraction peaks corresponding to
Co(OH), or other impurities were detected within the limits of experimental error for all doping
concentration up to 10 mol% (Figure 4.1b-¢).

Since, a change in 20 presents inverse relation to the crystal radius of dopant, therefore
26 values of (1 0 0), (0 0 2) and (1 0 1) planes were plotted as function of cobalt-doping level as
shown in Figure 4.2, Considered the preferred orientation (1 0 1) plane, it was found that the
percentage change of cobalt-doped ZnO films for 3, 5,7 and 10 mol% cobalt-doping compared
with Zn0 were -0.05%, -0.25, -0.10 and + 0.06 %, respectiifely [57]. This indicated that some of
70" in ZnO lattice sites were replaced by Co” which was good agreement with the
Shannon-Prewitt crystal radius (CN = 6) of Zn"', Co”" and Co”" as 0.0880, 0.0885 and 0.0750 nm,

respectively [141].
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Figure 4.2 20 (degree) of XRD peaks as a function of cobalt-doping levels (mol% in dipping

solution),

The a- and c-lattice constant values for pure ZnO thin films in (1 0 0) and (0 0 2)
planes were found to be 0.3255 and 0.5212 nm, respectively which were in good agreement with
the lattice constants for ZnO powder reported in JCPDS card no. 36-1451
(a=03249 nmand ¢ = 0.5206 nm). For cobalt-doped ZnO at 3, 5, 7-and 10 mol%, the calculated
a-lattice constants of were 0.3236, 0.3259, 0.3260 and 0.3251 nnm, and the calculated c-lattice
constants were 0.5215, 0.5219, 0.5221 and 0.5209 nm, respectively. The cobalt~doping did not

change the a- and c-lattice constants of ZnO because the size of Co* in octahedral configuration
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{0.0885 nm) is close to the value of Zn® in octahedral coordination {0.0880 nm). It was indicated
that Co’" ions systematically substituted Zn”" jons in the samples without changing its crystal
structure. These resulted in the similar calculated cell volume of cobalt-doped ZnO films that were
0.0478, 0.0479, 0.0480, 0.0480 and 0.0477 nm’ for 0, 3, 5, 7 and 10 mol%, respectively.
Therefore, it can be conchuded that the cobalt-doping did not change both crystalline structure and
lattice parameters of ZnO due to a small mismatch in crystal radius between Zn' and Co' [47, 56,
100, 138].

The effect of cobalt-doping on crystallinity of ZnO thin films was also investigated.
The full width at half maximum (FWHM) values of the peaks from (1 0 0), (00 2) and (1 0 1)
planes with different cobalt contents were increased with increasing cobalt-doping concentration
from 0 to 10 mol% (see Figure 4.3). From Figure 4.3c, the FWHM values of (1 0 1) plane were
0.333°, 0.357°, 0.324° and 0.434°, for zinc oxide doped with cobalt at 3, 5, 7 and 10 mol%,
respectively. The FWHM of thin ﬁirﬁs were slightly increased with increasing in cobalt-doping
conicentrations compared with ZnQ (0.2930). The percentage increase of FWHM values were
13.40%, 21.76%, 10.36% and 48.03% as compared with pure ZnQ thin films. The increase in
FWIHM along with increasing of doping level suggested that dopant incorporation into the ZnO
lattice resulted in a reduction of crystallinity {59, 102].

The TWHM values gradually increased in proportion to the cobalt concentration due to
the enhanced strain caused by cobalt ions substituting for zinc ions. The strain of the films was

calculated using Williamson-Hall (W-H) method as in equation 4.1;

KA

Bhk]cose = = +4&sin0 (4.1}
D

where B, is the FWIIM of the rocking curve for a reciprocal lattice point hkl, 8 is the Bragg angle
for the hkl reflection, K is shape factor (0.9), D is the crystallite size, A is the X-ray wavelength
and € is the strain,

A plot was drawn with 4sin® along the x-axis and P, cosO along the y-axis for

cobalt-doped ZnO films as shown in Figure 4.4. From the linear fit to the data, the strain (£) was
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estimated from the slope of the fit and the average crystallite sizes have been estimated from the
y-intercept. The strain values of zinc oxide doped with cobalt at 0, 3, 5, 7 and 10 mol% were
48x10°,65% 10°, 102 x 10°,7.4 x 10° and 8.7 x 10°. The trend of strain values changed in
proportion to the FWHM value indicated that the crystallinity of ZnO film was controlled by

cobalt-doping level [59, 102].

6.5

{c)plane (101)

0.4 —
0.3 ] '/

04

FWHM: {Degree)
l\

&

l/

0.2

0.4

{a) plane (1 00)

0.3 -

- ) /"'Mu\.w,

0.2

6‘1_ ; ¥ i E] I T l ]
] 2 4 6 E 10

Cobait-dcping level (mol%)

Figure 4.3 FWHM (degrees) of XRD peaks as a function of cobalt-doping levels (mol% in dipping
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The average crystallite size of thin films was estimated using the W-H "equations based
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on the diffraction peaks of (1 0 0), (0 02), (1 0 1) and (1 0 2) as shown in Figure 4.4.

The crystallite sizes of zinc oxide doped with cobalt at 3, 5, 7 and 10 mol% were 50.81 nm,

20.54 nm, 36.39 nm and 30.17 nm, respectively. The crystallite sizes were tended to decrease with

increasing cobalt content compared with ZnO (87.24 nm) as shown in Figure 4.5. An increase in

Co”" ions incorporated in ZnO host matrix leaded to crystallite growth suppression, resulting in

reduction of crystallite sizes [59, 102]. However, the slightly increased in the crystallite size

at 7 and 10 mol% doping level as compared with cobalt-doped ZnO thin films (5 mol%) could be

accompanied by a decrease in the lattice strain (see Figure 4.4).

3
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Due to the solubility limit of cobalt, M. Li et al. successfully fabricated cobalt-doped
Zn0O nanoparticles with doping level up to 3 mol% [29]. However, it largely depends on the
preparation techniques, for example, H. Yang and S. Nie [135] prepared cobalt-doped ZnO
nanopowder with cobalt content from 2 mol% to 10 mol% by novel freeze-drying route.
They found that the solubility limit for cobalt-doped ZnO is 10 mol%. As well known, the limit of
solubility is the amount of mole of a dopant that a host can hold. The cobalt ions incorporated into
Zn0 lattice could be induced by the crystal lattice distortion degree (R). This value can be

determined by the equation 4.2 [29].

R= 4.2)

where a and ¢ are lattice constants and can be calculated from the XRD patterns. The crystal lattice

distortion degrees of ZnO with different cobalt-doping concentrations were shown in Figure 4.6.
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It was found that the crystal lattice distortion degree of doped films did not change when
compared to pure ZnQ, indicating that the solid solution limit of cobalt ions could be lower than

3 mol%.
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Figure 4.6 Crystal lattice distortion degree of cobalt-doped ZnQO thin films with different

cobalt-doping levels (mol% in dipping solution).

4.2 Characterization of thin film by FT-IR

Infrared fransmission measurements were employed to rule out the formation of
secondary phases such as CoO or Co,0, [140]. In this work, the FT-IR transmittance spectra of the
powder scratched from the ZnO and cobali-doped ZnO thin films in the wavenumber range
4000400 cm' were illustrated in Figure 4.7. The FT-IR transmittance spectra presented the
information about phase composition, and the way of oxygen was bound fo the metal ions
(M-O structure). The ‘vibration of Zn-O and Co-O were appeared in the range of 700-400 em’
as a result of condensation reaction. For the standard ZnO powder (99.0% pu-rity from CARLO
ERBA), the FT-IR transmission band appeared at 428 om’ (see Figure 4.7a) which could be

attributed to stretching frequency of Zn-O [133, 138]. Meanwhile, the FT-IR transmittance spectra
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Zn0 film showed peak at 436 em’ (see Figure 4.7b). The vibration band frequency of ZnO film
as cotupared to the standard ZnO powder was an indication of successful ZnO film preparation in
the present work. In the other work, R. Elilarassi and G. Chandarasekaran prepared cobalt-doped
Zn0 nanoparticle by auto-combustion method and the FT-IR transmission spectra of ZnO
nanoparticle presented at 439 em’ which had been attributed to stretching vibration frequency of
Zn-0 [140].

For cobalt-doped ZnO films, the FT-IR transmission peaks of doped films at 3, 5, 7
and 10 mol% were 435, 428, 428 and 420 cm'l, respectively, The transmission band of
cobalt-doped ZnO thin films slightly shifted to the lower wavenumbers compared with pure ZnO
(436 cm™"). The results could be explained that, in cobalt-doped ZnQ, cobalt had been supposed to
substitute Zn in ZnO lattice resulted in shifting of Zn-O group vibration. The difference in charge
and crystal radius of zinc and cobalt changed the vibration of Zn-O and increased the defect in
Zn0O lattice because of lattice mismafch. In another possible reason, a solubility limit of cobalt
atom in ZnQ lattice generated the excess of cobalt atoms, which could not replace the zinc atoms
in the lattice, but form the interstitial additives. The presence of interstitial additives increased the
disorder of lattice markedly, which caused the shifting of Zn-O vibration frequency at high doping
levels. In addition, the Co-O vibration was clearly observed at high cobalt-doping concentration
(sce Figure 4.7¢-f). The Co-O vibration band of 7 and 10 mol% cobalt-doped ZnO films were
presented around 678 and 677 cm-l, respectively. Whereas, the FT-IR transmitéance spectra of
the powder scratched from the cobalt oxide thin film (see Figure 4.7g) showed peaks at 570 and
663 cm’. The variation of vibration band for cobalt-doped ZnO filns as compared to the FT-IR
transmittance spectra of the ZnO (Figure 4.7b) and cobalt oxide (Figure 4.7g) thin films was

a confirmation of the presence of interstitial additives in ZnO lattice above 7 mol% cobalt-doping.
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Figure 4.7 FT-IR spectra in the range 4000-400 cm: (a) standard ZnO powder, {b) the powder
scratched from the ZnO film, (c)-(f} the powder scratched from the cobalt-doped ZnO
thin films with different cobalt-doping as 3 mol%, 5 mol%, 7 mol%, 10 mol% and

(g) the powder scratched from the cobalt oxide film,

4.3. Surface morphology

The surface morphology of cobalt-doped ZnO (0 to 10 mol%) and cobalt oxide thin
films prepared by dip coating method were investigated by atomic force microscopy (AFM)
measurement with non-contact mode. The surface roughness of the films was measured in the area
of 1 pm x 1 pm. The typical morphological feature of the films was recognized readily by visual
l:nsp-ection of both 2-dimensional and 3-dimensional micrographs as shown in Figure 4.8 and 4.9,
respectively. |

From the 2D-AFM micrographs (see Figure 4.8), the mean grain size of zinc oxide

doped with cobalt at 0, 3, 5, 7, 10 mol% and cobalt oxide thin films were 114 nm, 81 nm, 53 nm,
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65 nm, 86 nm and 17 nm, respectively. From Figure 4.10, the grain sizes tended to decrease with
increasing cobalt content compared with ZnO (114 nm) [104]. An increase in Co  ions
incorporated in ZnO ‘host matrix promoted the crystallite growth suppression, resulting in
reduction of grain sizes. However, the slightly increase in crystallite size at 7 and 10 mol% doping
level as compared with cobalt-doped ZnO thin films (5 mol%) could be explained by an increase
in the number of grain boundary [142]. In this study, it was indicated that the cobalt-doping level
played an important role in the grain size of ZnO. |
Suriace roughness can be presented as root mean square (RMS) roughness (R,) which

is calculated by equation 4.3 [143]:

1 5 '

where Z, is height at point i, and n is number of points in the image.

The roughness wvalues of the thin films were determined from the 3D-micrographs
(see Figure 4.9) as shown in Figure 4.11. The data presented that the surface morphology of the
cobalt-doped ZnO films was smoother than the vndoped ZnO thin film. The surface roughness
was found to decrease with the increase in the cobalt doping percentage ilp to 5 mol%.
The similar result was obtained from cobalt-doped ZnO films prepared by spray pyrolysis method
[104]. However, for more than 5 mol% cobalt-doped ZnO film, the surface roughness of film
increased along with increasing the grain size (Figure 4.10). An increase in the number of grain
boundary due to increase in doping concentration leaded to high grain growth promotion and

resulted in increasing of surface roughness of films [105, 144].
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Figure 4.8 2D AFM images of cobalt-doped ZnO thin films with different cobalt doping levels

(mol% in dipping solution).
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Figure 4.9 3D AFM images of cobalt-doped ZnO thin films with different cobalt doping levels

{mol% in dipping solution).
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4.4 Optical properties

The optical transmittance spectra of the films were recorded in the wavelength range
300-1,100 nm as shown in Figure 4.12. The average fransmittances in visible region
(400--800 nm) of pure ZnO, cobalt-doped ZnO (3, 5, 7 and 10 mol%) and cobalt oxide thin films
were 95.64 %UT, 94.66 %T, 91.19 %T, 50.16 %T, 61.97 %T and 13.58 %T, respectively
{sec Figure 4.13). The high transmittance of pure ZnO thin film was due toth; better crystallinity
of thin films, resulting in the low optical scattering which was corresponding to FWHM value
from XRD analysis method. It was also found that the average transmiftance decreased with
increase in cobalt-doping which correlated along with decreasing of crystallinity in the XRD
analysis. The similar result was obtained from cobalt-doped ZnO films prepared by spray
pyrolysis method [104].

The average thickness of the pure and cobalt-doped ZnO (3, 5, 7 and 10 mdl%) thin
films were 567 nm, 552 nm, 564 nm, 535 nm and 571 nm, respectively. As seen from Figure 4.14,
the film thickness did not significantly change by cobalt-doping up to 10 mol%. Therefore,

the transparency of ZnO film did not depend on the film thickness.
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Figure 4.12 The optical transparency of cobalt-doped ZnO thin films with different cobalt-doping

levels (mol% in dipping solution).
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The band gaij of the films were estimated by extrapolation of the Hnear portion of
an (athv)’ versus thv) plot as given in Figure 4.15. The mean direct optical band gap of pure ZnQ,
cobalt-doped ZnO (3, 5, 7 and 10 mol%) and cobalt ofcide thin films were 3.21 eV, 3.27 ¢V,
328 eV, 3.26 eV, 325 eV and 2.10 eV, respectively. It indicated that the band gap of
cobalt-doped ZnO thin films slightly increascd with increasc in cobalt-doping up to 5 mol% and

then decreased as shown in Figure 4.16 [145].
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4.5 Photoluminesecence

Photoluminescence (PL} spectroscopy is an important tool to characterize the optical
properties of a photocatalyst. PL intensity is directly correlated with the defect density in
a fluorescent material. Therefore, it was used to study the luminescence properties of present thin
films. First of all, the optimal fluorescence excitation wavelength (in the range of 250 nm to
350 nm) for detection of ZnO thin films was investigated, as shown Figure 4.17. The resulis
showed that excitation wavelength (?\.cx) of 325 nm had the highest intensity with emission
wavelength {lcm) of 391 nm when compared with other excitation wavelengths. Thus, this

excitation wavelength was used for PL intensity detection [29].
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Figure 4.18 Photoluminescence spectra of pure and cobalt-doped ZnO thin films at room

temperature with A_ of 325 nm.
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The room temperature PL spectra of pure Zn0O, cobalt-doped ZnO (3, 5, 7 and 10
mol%) and cobalt oxide thin films in the wavelength range of 340-600 nm with an excitation:
wavelength of 325 nm were illustrated in Figure 4.18. As can be seen from the figure that the pure
7Zn0, cobalt-doped ZnO (3, 5, 7 and 10 mol%) and cobalt oxide thin films exhibited the strong UV
emission peaks with a wavelength of about 390 nm, 390 nm, 382 nm, 387 nm, 384 nm and
355 nm, respectively. It can be converted to band gap energy according to the following

equation 4.4:

Fg- 12398 (4.4)

where Eg is the band gap energy (eV) and A is the maximum wavelength (nm) of the emission

peak in PL spectra [ 146].

The band gap energy of the pure ZnO, cobalt-doped ZnO (0, 3, 5, 7 and 10 mol%) and cobalt
oxide thin films were found to be 3.18 eV, 3.18 eV, 3.25 ¢V, 3.21 eV, 3.23 eV and 3.49 eV,
respectively. It was noticed that the band gap energy determined from the obtained PL spectra
agreed well with the results of UV-Visible absorption measurement (see Figure 4.16).
The UV emission must be contributing to the near band edge emission (NBE) of the wide band
gap ZnO (3.37 V) [147]. The position of the UV emission exhibited a blue shift (from 390 nm to
384 nm) as cobalt-doping concentration increased in comparison with the pure ZnO
(see Figure 4.18). A slightly blue shift in the cobalt-doped ZnO band edge emission from 390 nm
to 384 nm may be related to cobalt ions which take up the energy level located at the bottom of
ZnQ conduction band and the photogenerated electrons were excited to the ZnO conduction band
with higher energy level when cobalt-doped ZnO was irradiated by UV-light. Thus a blue shift
happened at the electron and holes recombination, and these resuits were in good agreement with

the observation by many authors [139, 147].
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The room temperature PL spectra of pure ZnO, cobalt-doped ZnO (3, 5, 7 and 10
mol%) and cobalt oxide thin films in the wavelength range of 340-600 nm with an excitationt
wavelength of 325 nm were illustrated in Figure 4.18. As can be seen from the figure that the pure
ZnQ, cobalt-doped ZnO (3, 5, 7 and 10 mol%) and cobalt oxide thin films exhibited the strong UV
emission peaks with a wavelength of about 390 nm, 390 nm, 382 nm, 387 nm, 384 nm and
355 nm, respectively. It can be converted to band gap energy according to the following

equation 4.4:

1239.8 @.4)

where Eg is the band gap energy (eV) and A is the maximum wavelength {nm) of the emission

peak in PL spectra [146],

The band gap enérgy of the pure ZnO, cobalt-doped ZnO (0, 3, 5, 7 and 10 mol%) and cobalt
oxide thin films were found to be 3.18 eV, 3.18 eV, 3.25 eV, 3.21 eV, 3.23 ¢V and 3.49 eV,
respectively. It was noticed that the band gap energy determined from the obtained PL spectra
agreed well with the results of UV-Visible absorption measurement (sce Figure 4.16).
The UV emission must be contributing to the near band edge emission (NBE) of the wide band
gap ZnO (3.37 eV) [147]. The position of the UV emission exhibited a blue shift {from 390 nm to
384 nm) as cobalt-doping concentration increased in comparison with the pure ZnO
(see Figure 4.18). A slightly blue shift in the cobalt-doped ZnO band edge emission from 390 nm
to 384 nm may be related to cobalt ions which take up the energy level located at the bottom of
Zn0 conduction band and the photogenerated electrons were excited to the ZnO conduction band
with higher encrgy level when cobalt-doped ZnO was irradiated by UV-light. Thus a blue shift
happened at the electron and holes recombination, and these results were in good agreement with

the observation by many authors [139, 147].
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4.6 Characterization of photocatalytic activity

Malachite green was used as a test reactive dye, because its absorption peak is in the
visible range and its degradation can be easily monitored by optical absorption spectroscopy.
In this work, four sets of experiments were performed in order to prove the photocatalytic activity
of ZnO and coblat-doped | Zn0 films with respect to Malachite green (MG) degradation.
First, experiments were carried out on the exposure of MG to films under UV iflumination
(the photocatalytic condition). Second, experiments were performed at the same conditions, but
without UV illumination (the catalytic condition). Third, experiments were done by exposing MG
aqueous solution to UV-light without the presence of film in the solution (the photolysis
condition). Finally, experiments were measured for the MG aqﬁeous solutions in darkness without
the presence of film in the solution (the self degradation condition).

Figure 4.19-Figure 4".20. showed the visible absorption spectra of MG dye solution
with different irradiating time using the cobalt-doped ZnO (0, 3, 5, 7 and 10 mol%) and cobalt

oxide thin films as catalysts under both UV-light iflumination and darkness, respectively.

The absorption peaks of dye diminished over time and finally disappeared. This indicated that the

dye had been degraded and no new absorption band appeared in the visible region as shown in
Figure 4.21. After 180 min UV-light irradiation, it was found that the absorbance intensity
(at 616 nm) was reduced from 0.6853 (MG initial concentration) to 0.0354, (.1492, .1773,
0.1768, 0.0966 and 0.5267 for pure ZnO, cobalt-doped ZnO (3, 5, 7 and 10 mol%) and cobalt
oxide thin film, respectively. It can be concluded that the pure ZnO films has the highest

decolorization efficiency in the MG solution under UV-tight ilflumination.
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Absorption spectra of MG under 180 min UV-light illumination time over

cobalt-doped ZnO thin films with different doping levels.

As seen from Figure 4.22, absorption peaks of MG dye exhibited two maxima of
absorbance at 423 nm and 616 nm, respectively. The intensity of absorption peak of MG dye at
616 nm was higher than peak at 423 nm. In this work, the absorbance value of ab,sorption peak of
MG dye at 616 nm was selected to obtain high sensitivity of detection. A calibration line was
plotted by the absorbance at 616 nm versus the MG dye concentration in the standard solution

(C; ppm) as shown in Figure 4.23. The calibration plot (correlation coefficient 0.9977) showed the

linear dependence of optical absorbance (A) on the dye concentration expressed as in equation 4.5:

A =0.14C -~ 0.0

{4.5)
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Figure 4.23 The calibration line of the absorbance maxima at wavelength 616 nm versus the dye

concentration.
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The degradation percentage (D) of MG dye was calculated as shown in equation 4.6 :

c(,-c] @.6)
C()

D=100x[

where C, is the initial concentration (5 mg/Lj of MG

C is the concentration of MG after imadiation at selected time interval.

The relationship between the decolorization percentage and time under UV-light
irradiation was illustrated in Figure 4.24. It was exhibited that the degradation percentages of
cobalt-doped ZnO films with different cobalt-doping level at O,l 3, 5,7, 10 mol%, cobalt oxide film
and self photolysis of MG dyer were 93.51%, 73.35%, 70.97%, 72.31%, 85.33%, 9.43% and
8.09% after 180 min, 1'cspective1y. It was clearly observed that the increment in cobalt
conceniration gave a lower photocatalytic activity.

In da}kness condition (see Figure 4.25), it was found that the degradation percentages
of cobalt-doped ZnO films with different cobalt content at 0, 3, 5, 7, 10 mol%, cobalt oxide film
and self degradation of MG dye were 71.77%, 61.23%, 51.76%, 58.48%, 79.16%, 2.27% and
1.76% atter 180 min, respectively. As scen in Figure 4.24 and 4.25, the pure ZnO thin films had
the highest degradation percentage under UV-light illumination, whereas 10 mol% of
cobalt-doping had the highest degradation percentage in darkness condition. It was interesting that
the films could decolorize the MG dye without UV illumination (Figure 4.25), however the
decolorization efficiency was lower than the respective photocatalytic reactions. A decrease in
MG concentration in this case was most probably due to the adsorption on the films or due to a
sort of chemical activity of the films even in darkness. Moreover, our measurements of the
absorbance of ZnO thin films used in the dye decolorization showed that there was no residual dye
deposited on the film within the experimental error (see Figure 4.26), The obtained results
indicated that a sort of chemical activity of the films even in darkness had more significant

influence qn the decolorization percentage of MG than the adsorption process.
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Figure 4.24 The degradation percentages of 5.0 mg/L. MG solution as a function of UV-light
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Figure 4.26 Comparison of absorption spectra of films used in the decolorization of MG after

180 minute.

The reaction kinetics was revealed by plotting the natural logarithm of concentration
ratio (In (C,/C)) versus the irradiation time (t). Straight lines were obtained, indicating that the
reaction was the first order. The slopes of these lines corresponded to the rate con;stant of reaction
(k). The photocatalytic and photolytic degradation of MG dye by cobalt—dope:d Zn0 (0,3, 5,7 and
10 mol%) and cobalt oxide film were found to be the pseudo-first-order reaction as shown in
Figure 4.27. It was clear in Figure 4.27 that the increment in cobalt concentration ga\.fe a lower
photocatalytic activity compared with ZnO, but this reduction of activity was not proportional to
the doping level. The photocatalytic activity decreased for 3 and 5 mol% cobalt concentrations,
but for higher concentration {7 and 10 mol%) the degradation rate constants increased. ZnO film
had the highest reaction rate under UV-light, giving k = 0.0150 min'l, while the rate constant of
cobalt-doped ZnO films at 3, 5, 7, 10 mol% cobalt concentration and cobalt oxide film were
0.0078 min, 0.0069 min”, 0.0071 min", 0.0109 min” and 0.0006 min”, respectively. Meanwhile,

the rate constant of photolytic degradation of MG dye under UV-light irradiation was
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0.0006 min’. Obviously, the degradation of MG dye under UV-light illumination was more
sensible to the photocatalytic activity, rather than the photolytic degradation.

The above results were compared with the decolorization of MGrover films without
UV illumination (in darkness). The degradation of MG dye over films without UV-light followed
the pseudo-first-order reaction as shown in Figure 4.28. It was found that the rate constant of
catalytic degradation of dyes at different cobalt concentration of 0, 3, 5, 7, 10 mol% and cobalt
oxide film were 0.0069 min”, 0.0053 min”, 0.0041 min’, 0.0050 min”, 0.0089 min® and
0.0001 min'l, respectively, whereas self degradation of MG was 0.0001 min’. As seen,
the 10 mol% cobalt;doping had the highest rate constant in darkness. The results could be
explained with the increase in cobalt contcnt‘actuziiiy ihcreasg:d the number of the .zic:ti;:(a’3§'itesz on
the catalyst surface thus causing an increase in the number of the “HO radicals whlchcan takepart

in actual decolorization of MG dye solution.
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Figure 4.27 Pseudo-first-order reaction kinetics curves for photocatalytic degradation of MG

under UV-light irradiation,
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Figure 4.28 Pseudo-first-order reaction kinetics curves for catalytic degradation of MG in

darkness.

As the comparison, degfadation efficiency of MG dye under both UV-light and
darkness in term of the apparent rate constants were shown in Figure 4.29. The photocatalytic
efficiency of films was greater than the activity achieved from film in darkness. The results could
be explained that UV-light illumination promoted the electrons in the conduction band and the
electron vacancy in the valence band of film. Both these entities can migrate to the film surface,
where they can enter in a redox reaction with other species present on the surface. The electrons in
the conduction band can react with O, to produce superoxide radical anion of oxygen (O, _'),
whereas the electron vacancy in the valence band can react easily with surface bound ILO to
produce hydroxy] radicals (°OH). The °OH and (O, _‘) can then react with dye to form other

species and is thus responsible for the discoloration of the MG dye.



69

0.020-
—O—Photocatalysis
- 0.015 4 —&— Catalysis
=
E
-
=
-g 0.010 -
£
o
©
Ri3
el
&
0.005 -
0.000 . , ' : ; , ! E '

0 2 4 6 8 10
' * Gobalt-doping level (mol%)
Figure 4.29 Effect of mol% cobalt dopant (mol% in dipping solution) and catalysis condition on

the rate constant of cobalt-doped ZnO films.

Dye degradation rate can be influenced by numerous factors such as the band gap
energy, PL intensity and RMS roughness as shown in Figure 4.30-4.32. From Figure 4.30, it was
found that the band gap energy for both ZnO and cobalt-doped ZnO were the same (about 3.2 eV),

so the photocatalytic activity of the present film did not depend on the band gap energy.
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Figure 4. 30 Comparison of the optical band gap and-degradation rate constant of doped ZnO thin

filims with different cobalt-doping levels.

PL spectrum is a useful tool to investigate the recombination rate of electron-hole pairs
that greatly affect the photocatalytic activity of photocatalysts. Generally, a low PL intensity
indicates an increase in the recombination rate [148]. As well known, during the process of PL,
oxygen vacancies and defects could bind photoinduced electrons to form free or binding exactions
so that PL signal could easily occur, and the larger the content of oxygen vacancies or defects,
the stronger the PL intensity. But, during the process of photocatalytic reactions, oxygen vacancies
and defects could become the centers to capture photoinduced electrons so that the recombination
of photoinduced electrons and holes could be effectively inhibited. Moreover, oxygen vacancies
could promote the adsorption of O,, and there was strong interaction between the photoinduced
electrons bound by oxygen vacancies and adsorbed O,. This indicates that the binding for
photoinduced electrons of oxygen vacancies could make for the capture for photoinduced
electrons of adsorbed O,, and 02_. free group is produced at the same time. Thus, oxygen
vacancies and defects are in favor of photocatalytic reactions in that O, is active to promote the

oxidation of organic substances [149].
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As seen in Figute 4.31, the results was demonstrated that there were certain
relationships between PL spectra and photocatalytic activity, namely, the stronger (or sharper) the
PL intensity, the larger the content of oxygen vacancies and defects, the higher the photocatalytic
activity [134]. Therefore, in this stady the doping of cobalt did not enhance the degradation.
Similar observation on the close relationship between PL intensity and photocatalytic activity was
previous reported by J. Ligiang et al. [150]. Therefore, it is clearly known that the
cobalt-doped ZnO had higher recombination of electron and hole as compared with pure ZnO,

which reasonably lead to a lower photocatalytic activity.
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Figure 4.31 Comparison of the PL intensity and degradation rate constant of doped ZnO thin

films with different cobalt-doping levels.

It was also known that the roughness of thin film was very important parameter that
controled the effective surface area and hence the efficiency of the photocatalytic performance of
the film. The surface roughness as reported in term of the root mean square-roughness (R} was
presented in section 4.3. From AFM analysis, it was clearly seen that the ZnO thin film had a

larger particle size and more roughness than doped thin films and alse showed the highest
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photocatalytic activity as shown in Figure 4.32. The results could be explained that rough surface
had higher surface area to efficiently absorb light and produced more photocurrent than smooth
surface, leading to greater efficiency towards photocatalytic degradation. The cobalt doping leads
to a more even surface than the undoped ZnO film. Since the photocatalytic properties were more
sensible to the roughness of the film surface, rather than the grain size, therefore the cobalt-doped

films which had very fine grains, showed relatively low photocatalytic activities compared to the

updoped ZnO fiim.
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Figure 4.32 Comparison of the surface roughness (RMS) and degradation rate constant of doped

ZnO thin films with different cobalt-doping levels.
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4.7 Repeatahility test on the photocatalytic activity of ZnO thin film

A repeatability test was carried out 4 times using ZnO thin film for MG degradation
under UV-light irradiation and the results were shown in Table 4.1. The rate constant of zinc oxide
film with repeatability test at 1, 2, 3 and 4 times were 0.0150 1nin"l, 0.0104 min_l,
0.0101 min” and 0.0096 min_l, respectively. A decrease in rate constant of MG degradation for
the second, third and fourth time were 30.67%, 32.67% and 36.00% compared with the first time,
respectively. From AFM analysis (Figure 4.33), the surface roughness of ZnO thin film after the
fourth time of photocatalytic activity was 3.70 nm (see Figure 4.33b). It indicated that surface
roughness tended to decrease with increase in repeating test compared with ZnO film before
photocatalysis (RMS of 5.55 nm). A decrease in photocatalytic activity of ZnO film was probably

due fo a decrease in surface roughness.

Table 4.1 Repeatability test on the photocatalytic activity of ZnO thin film

Times Rate constant (minnl) Decrease percentage (%)
1 0.0150 0.00
2 0.0104 -30.67
3 0.0101 -32.67
4 0.0096 -36.00

@ Q

(a} Before photocatalysis (b} After photocatalysis for 4 times

Figure 4.33 3D AFM images of ZnO thin films before and after photocatalysis for 4 times.
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4.8 Suggestion for future work

Since there is a variety of oxidation states of cobalt and in the present work only used
XRD results to indicate the cobalt ion substituted in the ZnO lattice by a change in the 28 values,
therefore in future work, X-ray absorption spectroscopy will be carried out to characterize the
coordination and oxidation states of cobalt in ZnQ lattice.

In this work, it was found that the photocatalytic activities of cobalt-doped ZnO‘ films to
decompose Malachite green (MG) dye under UV-light irradiation were lower than the undoped
Zn0 film. In the future work, photocatalytic activities of updoped and cobalt-doped ZnO films for
decomposition of MG dye under simulated visible-light will be investigated to study the effect o.f

cobalt dopant.



CHAPTER 5
CONCLUSION

In summary, cobalt-doped zinc oxide thin films have been deposited on the
micro-slide glass substrates by using a simple dip-coating mefhod. This method is proved to be a
repeatable, low-cost, and high-yield route to fabricate thin films. The thesié data specifically
addressed the infiuence of cobalt concentration on the microstructure and surface morphology
which eventually lead to variation in grain size of thin films and the optical properties such as .
photoluminescence, transmittance and optical band gap of cobalt-doped ZnO thin films.
The photocatalytic activity of cobalt-doped ZaO thin films (0, 3, 5, 7 and 10 mol% cobalt in
dipping solution) was illvestigafed by malachite green degradation wnder UV-light illumination
and in darknegs.

From XRD analysis, all samples retained the original wurtzite structure. No metallic ,
cobalt or other oxide phase impurities were observed within the limit of experimental detection.
The results demonstrated that cobali-doping did not affect the crystal structure of ZnO films with
variable concentrations of 3 mol%, 5 mol%, 7 mol%, and 10 mol% of cobalt (II} acetate
tetrahydrate (CO(CH3COO)2°4HZO) in dipping solutions. It was also found that films crystallinity
decreased with increasing cobalt doping levels and this may be resulted from the enhanced strain
caused by cobalt ions substituting for zinc ions. The decrease in crystallite size up to 5 mol% had
been attributed to the presence of Co”" in the ZnO lattice, however with further increase in cobalt
content, an increase in crystallite size was atfributed to the Co”'/Co™ ions substituting leading to
an overall decrease in lattice strain of the films.

The FT-IR transmittance spectra presented the information about phase composition.
The powder scratched from the ZnO film showed peak at 436 cnt | which had been attributed to
stretching vibration frequency of Zn-O as compared to the standard ZnO powder. Meanwhile,
the transmissioﬂ band of cobalt-doped ZnO thin films slightly shifted to the lower wavenumbers

compared with pure ZnO film. In addition to, the Co-O vibration was clearly observed at high
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cobali-doping concentration (above 5 mol%), which was a confirmation of the presence of
interstitial additives in ZnQ lattice.

ATM analysis showed that an increase in cobalt-doping Jevel up to 5 mol% reduced
the grain growth of ZnO films with reduction of both grain size and surface roughness. However,
at 7 and 10 mol% doping level, grain size and surface roughness slightly increased as compared
with 5 mol% cobalt-doped ZnO thin films. It was concluded that cobalt played an important role
in grain size and surface roughness of cobalt-doped ZnO films.

The photoluminescence (PL) analysis showed that the PL intensity of undoped ZnO
film was higher than cobalt-doped ZnO films. The higher PL inteﬁsity indicates the less
recombination of ¢lectron-hole pair. |

From UV-Visible absorption spectra of cobalt-doped ZnO films, transparency of Zn0Q
film decreased with increasing -of cobalt-doping levels due to a decrease in crystallinity and this
was in good agreement to the XRD results, Furthermore, the film thickness did not significantly
change after cobalt-doping up to 10 mol%. It could be concluded that the thickness did not affect
transparency of the cobalt-doped ZnO {ilm. The direct optical band gap of cobalt-doped ZnO thin
films slightly increased with increase in cobalt-doping up to 5 mol% and then decreased.

The photocatalytic efficiency for degradation of MG dye over films under UV-light
and in darkness were compared in term of the apparent rate constants. The photocatalytic
efficiency of ZnO film was greater than the activity achie{ied with cobalt—d;)ped ZnO films.
The results demonstrated that the photocatalytic activities of the films related to their
photoluminescence properties. For cobalt-doped ZnO films, the photocatalytic propetties were
more sensible to a roughness of film surface, rather than grain sizes. Moreover, a sort of chemical
activity of the films even in darkness had more significant influence on the decolerization of MG

than an adsorption process.
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