/ C
OSSIET !
universita

A
\"
Z

=x0xp

L
N
Y
I|OLDENBURG

Photocatalytic degradation of selected organic pollutants in

water on zirconium modified TiO, photocatalyst

A dissertation accepted for the degree of Doctor of Science
Dr. rer. nat
Institute of Chemistry

Carl von Ossietzky University Oldenburg

Master of Science Anne Wanjira Mbiri

2018



This doctoral thesis was carried out between October 2015 and September 2018 at the Institute
fir Chemie, Facult V, Carl Von Ossietzky Universitat Oldenburg, Germany under the

supervision of Prof. Dr. Michael Wark.

First referee: Prof. Dr. Michael Wark, University of Oldenburg

Second referee: Prof. Dr. Frank RoRner, University of Oldenburg

Defense date: 12/18/2018



Acknowledgment

| wish to express my sincere gratitude to my supervisor, Prof. Dr. Michael Wark for his fruitful
discussion, guidance and continuous support throughout my PhD research. | would like to extend
my appreciation to Prof. Dr. Gunther Wittstock through whom | got a chance to do my research

at Oldenburg University.

I would like to thank Dr. Dereje Taffa for introducing me to various instrumental techniques and

also for his useful advice and suggestions during my research.

| am also grateful to Mrs. Nicole Lenkering and Heike Hilmer for their help in administrative
and personal issues; Mr. Rainer Bolts for his technical assistance in the lab and all other group

member for their support and making my stay in the working group more enjoyable.

Thanks to German Academic Exchange Service (DAAD) for their financial support during the

first two years of my research.

My special thanks to my husband and son for the great sacrifices they made to see to it that my
PhD study was a success. Special thanks to my late DAD who first introduced me to the
Chemical Periodic Table and instilled in me the curiosity behind analysis at a very young age
during our work in the farm. Thanks to my sweet mum, who always gave me a shoulder to cry
on and encouraged me every day. Thanks to my brothers, sisters, my in-laws and friends for their

unconditional support and encouragement.

All glory to God almighty through Him all things are possible.



Dedication

This thesis is dedicated to my parents; the late Johnson Mbiri and Lucy Mbiri



Table of contents

LIST OF FIQUIES ...ttt b bbbttt et b e bt s b b et b et e e e st eseebeebeebenten vii
LSE OF TADIES ...ttt b bbbt b ettt b et be e nen X
AADSTTACT ...t b bttt a et b e bbbt et aneneens Xi
L INErOTUCTION ...ttt bttt b et b et bt b et b et b bttt b et et e b s bt e s 1
L1 AIM OF TNE STUAY ...ttt s e st e s ba et e sbeesaenbeereensesreennas 4

2 LITEIATUNE TEVIBW ...ttt bbbt bbbt bbbttt b ettt b e bt nn s 5
2.1 THANTUM QIOXIAE ...ttt b ettt b bbbt e e e e seebeebesnennens 5
2.2 PROTOCALAIYSIS ...ttt sttt b ettt b b b nren 6
2.3 Principle of TiO, PNOLOCAIAIYSIS ....cuveuveuieiieiirieriesieteteet ettt neen 7
2.4 Modification of TiO, WIth ZIFCONTUIM ...eeeeeeeeeeeee ettt eee e e et e e e et e esaeaeeeesaseaeeesasseeeesasnaeeesan 9

S EXPEIMENTAL....c.veeeeeiiceee ettt ettt e et et e s be e b e beeae e b e s be e st e steebaentesbeeabebeereentesreenaesreenaans 10
3.1 Chemicals and MELETIAIS.........cc.cuirieuirieiiicirtc ettt 10
3.2 Preparation of nanocomposites by evaporation-induced self-assembly (EISA) ......ccocvvvvcvevvneenen. 11
3.3 Preparation of nanocomposites by Sol-gel Method ...........coooeveieieinnieeeeee e 11
3.4 Preparation of urea/thiourea doped nanocomposite via sol-gel method ...........ccccceoevevnincnencnene 12
3.5 Preparation of thin films via dip-COAtING .......cceccveviieieiiceeece et 12
3.6 CNATACLEIIZALION ...ttt b bbbttt ettt ettt b e 12
3.6.1 Scanning electron MICroSCOPY (SEM) ...voveoiieeieieieee ettt 12
3.6.3 X-ray powder diffraction (XRD) ......cccovveieriinieiericieie sttt eeete et e st ssa s sneenes 15
3.6.4 X-ray Photoelectron SpectroSCOPY (XPS) ...cvicieieririeriisieeiesieeeete e esee e sae e ae e essessesseenes 16
3.6.5 RAMAN SPECLIOSCOPY ..uvveerureeiitereiereeeiteeesieesteeesteeestesesseeessseesseessssessssesesssessssessssseesssesesssessssesanns 17
3.6.6 Nitrogen physisorption @NaAlYSIS........cceiieeeriieieieeitieieste sttt e e ste e saesbeere e besreenns 18
3.6.7 UV-Vis diffuse reflectance SPECIIOSCOPY.....c.iiieierrieierieitieiesteereete e eseesreeaesresreeaesteeseesbesanenns 19
3.6.8 PhotolumineSCENCE SPECLIOSCOPY ....vveuverrereeeiirreeeestiestetesseessestesseessesseessessesssessesseensessesseessessesnes 21
3.6.9 MOtE-SChOIKY @NAIYSIS ....cvvevieeieiiitieeseeeee ettt ettt r e s e s reena e aesnnenes 23

3.7 PhotocatalytiC aCtiVity STUAIES.......c.eeverieceeieeeeteeeeee ettt st see e e ennas 25
3.7.1 Photocatalytic degradation teSt 0N POWAET .........ccoiuieieiiiiieiere et e 25
3.7.2 Photocatalytic degradation teSt 0N filMS ........cc.ooiiiirieii e 25
3.7.3 Photocatalytic MeChaniSM TBST........ee et et 27

4 RESUIES QNG TISCUSSION ....viniiiieiiieiet ettt ettt ettt b s 28



4.1 Photocatalytic degradation of the herbicide chloridazon on mesoporous titania/zirconia

NANOPOWUELS .....veeveeuticteetesteettetestee e steeseete e e esessesssesesbeessesseessassesssassessesssesseaseassesseessensesssansessenssessenseans 28
4.1.1 TEM and HRTEM MEASUIEIMENTS........ccertirierieieieiietentestesteseeseeeeseeseese s s st s e eseeseenesneseennes 28
4.1.2 XRD TESUIES......eeiieeeteeteet ettt bbbt eb e nnenes 30
4. 1.3 XPS TESUILS ...ttt sttt b bbbt ettt h b nnenes 32
4.1.4 UV-Vis diffuse reflectance SPectroSCOPY FESUILS .........evveiveecierieeieiteceeeeste et s 33
4.1.5 PhOtOIUMINESCENCE MESUILS .....ouviiiiiteeeieet ettt 34
4.1.6 RAMAN TESUITS .....ceeviieiiicet ettt ettt 35
4.1.7 Np adSOIPLION TESUITS ...ttt e 36
4.1.8 Photocatalytic activity tests under UV and Visible light ..o 38
4. 1.9 CONCIUSION ...ttt b bttt et e b e bt s b b et et et et e st eaenbenaenes 47

4.2 Zirconium doped mesoporous TiO, multilayer thin films: Influence of the zirconium content on the

photodegradation of 0rganic POIULANTS...........cceririirieieiere e 48
4.2.1 SEM and HRTEM FESUIES ......uvimiiieiieieeteeee ettt 48
4.2.2 X-Ray diffraction and N, adsorption reSUIS..........coeveviieeceii e 50
4.2.3 XPS ANAIYSIS FESUILS ....eeveeeietietieiecteees ettt sttt et st b e e e e aesbeenbesreenaebesenenes 54
4.3.4 UV-Vis diffuse reflectance and photoluminescence reSultS .........ccevvevveieeeereceece e 55
4.3.5 MOtt-SChOttKY MEASUIEIMENLES ......c.eiuiriirtirtisteieieeeeet ettt sttt saennes 56
4.3.6 Photocatalytic degradation test under UV light ..........c.coviieeeniniericeeeee e 57
4.3.7 CONCIUSTON ..ottt be e 63

5 GENEIAI CONCIUSION. ...ttt ettt sttt ettt b e en s 64
B OULIOOK ..ottt b et bt b e bbbt s et b ettt b e en e enen 66
5 RETEIEICES. ...ttt bbbttt bbbt h bbb st bbbt b et n e enen 67
LGJ N o] 1= 1 o | T PRRSR 79
T CUITICUIUM VITAE ..ttt sttt 82
8 DBCIATALION ...ttt bbb 84

Vi



List of Figures

Fig. 1 Crystal structure of anatase, rutile and brookite ...................oooi i, 6
Fig. 2 Principle of photocatalytic degradation of water pollutant (R) on TiOz....................... 7
Fig. 3 A schematic illustration of X-rays scattered on parallel lattice planes........................ 15
Fig. 4 Principle of X-ray photoelectron SpectroSCOPY.........c.ovririniiniiiiiiiiiie e, 16
Fig. 5 Main photophysical processes of a semiconductor excited by light .......................... 22
Fig. 6 Diagram illustration of the two different indirect recombination processes ................. 23
Fig. 7 A schematic illustration of n-type semiconductor/electrolyte interface under applied potential.....24
Fig. 8 A photo of the photo-reactors used in photocatalytic tests...................oocoiiiiiini, 26
Fig. 9 TEM micrographs of NnanOpoOWdErS ....... ..o 29
Fig. 10 EDX mapping on samples eTiZr0.14-450 (a) and sTiZr0.05-700 (0).............c.ccenenee 29
Fig. 11 XRD patterns of EISA and sol-gel samples ............cooiiiiiiiiiiieeee, 31
Fig. 12 Core level XP spectra of (a) Ti 2p and (b) Zr 3d and (c) O 1sof eTiZr0.14 ............... 33
Fig. 13 Tauc plots transformed reflectance spectra of (a) EISA (b) Sol-gel samples .............. 34
Fig. 14 Photoluminescence tests on eTiZr0.14-450 (a) and sTiZr- 0.05-700 (b), each in
comparison to pure anatase TiOs ... ..oiueiriirt i 35
Fig. 15 Raman bands of EISA (a) and sol-gel (b) samples.............cooiiiiiiiiiiiiis 36
Fig. 16 Nitrogen adsorption desorption isotherms for EISA and sol gel samples................... 37

Vii



Fig. 17 Influence of catalyst loading on the degradation of chloridazon ............................ 39

Fig. 18 Plots of degradation of chloridazon on EISA and sol-gel samples ..............................40

Fig. 19 Plots of degradation of chloridazon on NS (a) and (b) N doped sTiZr0.05-700............ 43

Fig. 20 Plots of degradation of phenol (a) and 4-chlorophenol (b) on EISA samples under Xenon

lamp HHUMINGEION ... 44

Fig. 21 HPLC chromatogram of (a), (c) Phenol (b), (d) 4-chlorophenol on eTiZr0.14-450 ...... 45

Fig. 22 Hydroxylation test of terephthalic acid EISA and sol-gel samples .......................... 46
Fig. 23 SEM and HTREM images of films ....... ..., 49
Fig. 24 GI-XRD diffractograms of thin films showing effects of the Zr content.................... 52
Fig. 25 A series of XRD patterns of samples calcined at A) 500 °C and B) 1000.................. 52
Fig. 26 XP spectra of Ti 2p (A) and Zr 3d (B) of the films ..., 54
Fig. 27 Tauc plots (C) and photoluminescence (D) of films ..o, 56

Fig. 28 Mott-Schottky plots of fTiZr0.05-500 and fTiO,-500 at 100 Hz in 0.1 M Na;SO4 (pH =

5.6) versus NHE reference electrodes............ooovvuiiiiiiniiiiiiiiiiiieeean, 57

Fig. 29 Photocatalytic activity of fTiZr0.05-500 films in dependence on the Zr content (A), the

calcination temMPErature (B) ........ouiiniiri e 59
Fig. 30 Effect of the number of layers on degradation of chloridazon ............................... 60
Fig. 31 Plots of degradation of phenol (a) and 4-chlorophenol (b) ..., 61

viii



Fig. 32 Terephthalic acid hydroxylation test (a) and scavenger tests (b)



List of Tables

Table 1 FWHM in PXRDs and crystallite sizes obtained by use of the Scherrer equation ....... 31
Table 2 BET surface area and average pore size from N, gas adsorption experiments ............ 38
Table 3 Lattice parameters, XRD crystal sizes, and BET surface areas from nitrogen

physisorption results for differently prepared 3-layer films. ..., 53



Abstract

Though applications of TiO, photo-catalyst in environmental pollution remediation are
promising, up to date, photocatalytic efficiency is still a challenge due to relatively low quantum
efficiency of pure TiO,. The high recombination rate of photo-induced electron—hole pairs at or
near its surface on TiO, reduces its photodegradation efficiency. Stability of the photocatalyst is
also a key important factor for practical application of the semiconductor in the environment.
Herein, we report enhanced photocatalytic activity of mesoporous TiO, powder and thin films
towards degradation of organic pollutants in water due to their modification with zirconium.
Powder catalysts were prepared by sol-gel and evaporation induced self-assembly (EISA)
methods while highly stable, uniform transparent thin films were prepared using EISA via dip-
coating. Characterization of the catalysts was carried out using different techniques; XRD, XPS,
BET, HRTEM, SEM, RAMAN, UV-Vis DRS, electrochemical, photoluminescence and
fluorescence. The effects of Zr addition on the morphology, structure, crystallinity and
photoactivity of the catalyst were investigated. Incorporation of Zr to Ti positions in the TiO,
crystal lattice enhanced the charge separation, improved surface area, increased stability of
anatase phase as well as controlled the crystal growth as confirmed from photoluminescence, N,
adsorption and X-ray diffraction analysis. Zirconium modified TiO, catalysts showed higher
photocatalytic activity compared to pure TiO, catalyst. High calcination temperatures and high
amount of Zr led to formation of composite whose activity was lower than doped TiO,. The
optimum loading of Zr was dependent on method of synthesis and type of catalyst ranging from
0.05 to 0.14 mol ratio. Photocatalytic degradation performance of powder was far much better
than that of films. The results in this study show that modification of TiO; is a promising method

in improving photocatalytic activity of TiO, towards degradation of organic pollutants in water.
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1 Introduction

The world demand for clean and safe drinkable water is ever growing due to the increasingly
stress on water resources by ground water over-abstraction, climate change and pollution. It has
been estimated that 80 percent of world used water is released into the environment untreated
leading to environmental pollution. Most of the pollution comes from industrial, agricultural
house hold waste. It includes dyes, pesticides, detergents, pharmaceuticals, oils, pathogens,
inorganic waste like lead, mercury, noxious gases among others. Both the organic and inorganic

pollutants can cause adverse effect on both human health and the ecosystems [1-3].

One promising sustainable water management to meet up with the high water demand is by reuse
of treated agricultural and industrial wastewater [4, 5]. The current water treatment technologies
like biotechnology, physical, chemical integrated practices suffer from various disadvantages e.g.
incomplete removal of the pollutants, high demand of chemical reagent, time consuming, high
treatment cost, and generation of toxic secondary pollutant [6-8]. They mostly involve removal
of coliforms, suspended solids and organic pollutants. Unfortunately for persistent organic
pollutants (POPs) (pesticides, phenolic waste, surfactants, pharmaceuticals, coloring matter and
endocrine disruptive chemicals), the methods are both tedious and expensive due to their stability
of the pollutants. Presence of POPs and their intermediates has been reported in studies carried
out on treated wastewater from sewage, surface and groundwater [6, 9, 10]. This suggests a
possible bioaccumulation of these pollutants in food chains which can lead to a negative effect
on both human and animals. Thus the need of advanced treatment technologies of POPs in water

is essential.



In the past decades, advanced oxidation processes (AOP) has attracted increasing attention due to
their promising, efficient and eco-friendly methods of removing POPs from water [4, 6, 9-11].
AOPs involve in situ formation of reactive free radicals through chemical, photochemical,
sonochemical or electrochemical reactions, with the most important radical being the hydroxyl
radical (OH*®) [12, 13]. These radicals can degrade organic molecules into CO,, H,O or mineral
acids. The processes can be broadly categorized as heterogeneous and homogenous processes.
Heterogeneous processes have attracted more attention compared to homogenous ones due to the
ease in catalyst separation and recovery thus the catalyst can be recycled after the reaction [14] .
Additionally, heterogeneous catalysts are both thermally and chemically more stable and hence
can withstand more harsh environments. Successful application of heterogeneous photocatalytic
degradation of organic molecules such as alcohols, pesticides, amines, carboxylic acids, dyes,
and aldehydes on semiconductors is well documented [12, 15]. Apart from water purification, the
process is also used in purification of air and self-cleansing surfaces [15].

Among the semiconductors used as catalyst in heterogeneous processes TiO, is the most
common one. Electron-hole recombination is detrimental to the photocatalytic efficiency of most
TiO, nanomaterials as it depends on the ratio of the rate of surface charge carrier transfer to the
rate of electron-hole generation. This can be overcome by preparation of materials with high
crystallinity (less defects and grain boundaries) and high surface area (in order to capture charge
carriers in the vicinity of their generation). Unfortunately, the amorphous to crystalline transition
in TiO, requires relatively high calcination temperatures; which possibly leads to a collapse of
the mesostructure and increased crystal growth. Choice of the method of synthesis is of great

importance as it determines the crystallinity and mesostructure of the final catalyst. Low



temperature synthesis method like evaporation induced self-assembly (EISA) route allows to

achieve both, high surface area and high wall crystallinity [16-19].

Doping and surface modification of TiO, films with metals, non-metals or dyes are further
strategies used for improving their photocatalytic efficiency in the UV, but especially in the
visible light region [4]. For example, Choi and coworkers reported that surface chelation, surface
derivatization and platinization and selective metal ion doping can be used in modification of
TiO, with a goal to enhance interfacial charge-transfer reactions [20]. According to their study
the presence of a controlled amount of selected metal ion impurities in the TiO, matrix acts as
electron or hole traps which in turn decrease the rate of electron-hole recombination. On the
other hand, too high levels of dopants can either act as recombination centers being detrimental
for the photocatalytic activity or can lead to phase separation resulting in the formation of
nanocomposites. Thus care must be taken on the type of the doping element and the amount
introduced. Doping is also applied to enhance thermal stability, increase specific surface area and

create more hydroxyl groups on TiO, which in return leads to better activity [4, 21-23].

For reduced aggregation and ease catalyst recovery, TiO, can be loaded on support material such
as glass, steel or quartz. The activity of supported catalyst is generally lower than that of
suspended or slurry systems as the immobilization can reduce the active sites and also decrease
the mass-transfer rate. For this reason, a photocatalyst which can offer high activity and easy
recovery is still a priority. TiO; thin films has been used widely for the preparation of different
nanomaterial photocatalysts such as nanopowder, nanotubes, nanorods and more importantly thin
films [4, 11, 19, 24]. Mesoporous crystalline TiO, thin films have potential applications in solar
cells, self-cleaning coatings, gas sensors, photocatalytic water splitting and degradation of

pollutants [25-30]. High chemical stability, optical transparency, fast photoinduced electron
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transfer and high accessibility of pores are important factors; the latter is especially achieved by
high surface areas established in films with ordered mesoporosity [19, 31, 32]. As a result of
high surface area and large pore volume, mesoporous films have more actives sites which create

more interaction between the catalyst and the pollutant.

1.1 Aim of the study

This thesis reports the investigation into the synthesis of Zr modified mesoporous TiO,
nanopowder and films that contribute to enhanced photocatalytic activity in environmental
photocatalysis. The photocatalytic activity tests focused on aqueous degradation of selected
organic pollutants under UV light.

As it has been proposed that zirconium enhances the photocatalytic activity of TiO,, this study
gives more understanding of the effect of zirconium on both the characteristics and the
photocatalytic activity of Zr modified TiO, using chloridazon as the main test molecule. This
was achieved by:

e Synthesis of Zr modified TiO, nanopowder using different synthesis methods (sol-gel and
EISA)

e Synthesis of Zr modified TiO, thin films by EISA method via dip-coating.

e Determination of the effect of different parameters such as; amount of zirconium, type
precursor, solvent, aging conditions, and calcination temperature, on the structure and
activity of the catalyst.

e Characterization of catalyst through; SEM, TEM, XPS, UV-DRS, N, physisorption
analysis, RAMAN, among others.

e Photocatalytic degradation test of chloridazon, phenol and 4-chlorophenol on the

prepared catalysts.



2 Literature review

2.1 Titanium dioxide

In photocatalysis, titanium dioxide (TiO,) is the extensively studied metal oxide due to its
versatility, high efficiency, widespread, availability, and low cost, physical and chemical
stability. It is practically applied in; catalysis as photocatalyst, paints and cosmetics as white
pigment, Li-based batteries, solar cells for production of hydrogen and electric energy, as an
optical coating, in ceramics and sensors among others [4, 25, 26, 28, 30]. TiO, exists in three
major different structures rutile (tetragonal), anatase (tetragonal) and brookite (rhombohedral).
Among the existing structures, only rutile and anatase plays any role in the applications of TiO;
[33, 34]. Fig. 1 shows the crystal structures of anatase and rutile, the basic building block
consists of titanium atom surrounded by six oxygen atoms in a nearly distorted octahedral
configuration while oxygen-titanium bond is slightly longer. Anatase draws more attention in
photocatalysis as it is more photoactive as a result of its higher adsorption affinity for organic
molecules and low recombination rate [35-37].

TiO, is an n-type semiconductor with a band gap of 3.2 eV for anatase and 3.0 eV for rutile.
Therefore, as a photocatalyst it can only be activated with irradiation in the UV region < 387 nm.
Studies have shown that modifying TiO, using transition metals, noble metals, non-metals or
dyes as sensitizers can improve its activity under visible light [4].

Common synthesis methods for preparation of nanocrystalline TiO, include sol-gel,
hydrothermal, solvothermal, chemical vapor deposition, direct oxidation and template method.
Sol-gel method is the most preferred method because of the homogeneity and purity of the
products and ease in introduction of dopants. Sol-gel method combined with evaporation induced

self-assembly (EISA) of triblock polymers with complexation of molecular inorganic species has



enabled the preparation of mesoporous TiO, catalysts (powder and films) with high surface area

[39]

"\ 0 0
Anatase Rutile Brookite

Fig. 1 Crystal structure of anatase, rutile and brookite [34, 38].

2.2 Photocatalysis

This is an important chemical process behind the development of the key renewable energy and
environmental technologies such as cheaper solar-cells with high-efficiency, hydrogen from
water splitting and photocatalytic water/air purification [26, 30, 40] . The process involves three
major steps: photoexcitation, bulk diffusion and surface transfer of charge carriers. Exposing a
semiconductor photocatalyst to UV/visible light energy greater than its band gap, the energy
excites electrons from the valence band (VB) to the conduction band (CB), generating
electron/hole pair on the semiconductor surface. The holes in the valence band are very strong
oxidants (redox potentials of +1.0 to +3.5 V versus normal hydrogen electrode (NHE), while the
electrons in the conduction band act as good reductants (redox potentials of -1.5 V to +0.5 V vs
NHE) [23]. Most organic photodegradation reactions utilize the oxidizing power of the holes

either directly or indirectly. The primary requirement of a good semiconductor photocatalyst for



degradation of organic molecules is that the redox potential (E° (H,0/0H = —0.28 V vs. NHE)
lies within the band gap domain of the material and the catalyst is stable for longer period. WO3
(Eqg = 2.8 eV), TiO, (Eg = 3.2 V), SITiO3z (Eg = 3.2 eV), ZnO (Eg = 3.2 eV) and ZnS (E; = 3.6
eV) are among the semiconductors whose band gap energies are sufficient for chemical reactions

[41]. TiO, is more studied for its high photocatalytic activity and stability in aqueous media.

2.3 Principle of TiO, photocatalysis

Since the discovery of photocatalytic water splitting on TiO, under UV light by Fujishima and
Honda in 1972, a lot of studies have been carried out to understand the photocatalytic mechanism
of TiO, and at the end many promising applications have been found [42]. Heterogeneous
photocatalytic reactions on TiO; involve reduction or oxidation of reactants e.g. organic
pollutants on its surface. Upon irradiation of TiO, with light energy equal or greater than its band
gap energy, electron is excited from the valence band to conduction band resulting in formation
of conduction band electron (¢7cg) and valence band hole (/h*vs) pairs fig. 2, eqn 1.

TiO, + hv - hi} + eg, (1)

_— T Reduction
0; + ey — Oz

]
o
‘m

0; +R—-— —C0; + H;0

S ———

Excitation
Recombination

Oxidation

H,0 +h}, - OH +H'

h+
Valence Band VB
OH+R —»— — CO,; + H;0

Fig. 2 Principle of photocatalytic degradation of water pollutant (R) on TiO,.
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The pair generated has very short life span and can undergo; recombination (egn 2), become
trapped in metastable state or interfacial charge transfer to the surface of TiO; particle.

hf, + ez, — TiO, + heat (2)
Surface trapped electrons and holes have longer life span compared to those in the bulk [43-45].
In presence of water and air, generated electron-hole pair at the surface reacts with surface
hydroxyl, adsorbed water molecules, dissolved oxygen, to form highly reactive species like
hydroxyl radicals and superoxide anions (03 ) and peroxides (037) (egn 3-10).

H,0 + hy, - OH®" +H* (3)

0, + eg, = 03 @

05" + H* > HO3 (5)

HO% + HO, — H,0, + 0, (6)

05" + HO, — 0, +HO;  (7)

HO; + HT - H,0, (8)

H,0, + ez, — OH®+ OH™(9)

H,0, + 05 — OH'+ OH™ + 0, (10)

In absence of air or water, charge recombination can also occur at the surface of TiO, with
formation of heat (eqn 2). Depending on the experimental conditions, the photogenerated
holes (h{), hydroxyl radical (OH*), hydroperoxide(HO3), oxygen radical (05~) can take part in
TiO, photocatalytic reactions (egn 11).

hf,/OH* + R - CO, + H,0 + intermediates + mineral acids (11)



The type of superoxide involved in the reaction differs from one compound to the other based on
the nature of the compound. It has been reported that superoxide and mostly hydroxyl radical are

the active species in photocatalytic degradation of organic compounds [46].

2.4 Modification of TiO, with zirconium

Despite the positive attributes of TiO,, its practical application still suffers a major drawback
related to the high rate of charge carrier recombination during their migration to the surface
where adsorption and oxidation of molecules takes place. This results in low quantum
efficiencies in photocatalytic reactions. Other factors that can limit the efficiency of TiO; include
surface area, crystal structure, size distribution, porosity, surface hydroxyl group density and

band gap.

Various strategies have been utilized to modify TiO, in the aim of overcoming these limitations.
Incorporating low amount of transition metals (Fe, V, Cu, Zr, Mo) [5, 45, 47-49] noble metals
(Pt, Pd, Ag, Au) [39, 50, 51] or non-metals (N, C, S) [4] or forming composites like C3N4-TiOo,
SnO,-TiO, and WOs-TiO, [52, 53] has led to development of high efficient photocatalyst.
Modification of TiO, can impressively enhance light absorption, organic molecules adsorption,

interfacial charge transfer kinetics, leading to improved photocatalytic activity.

The metals ions (M™) become shallow trapping sites for charge carriers hence suppressing
electron-hole recombination by increasing the life-time of the photo-generated charge carriers
[20, 44]. For an enhanced photoactivity, the energy level of M has to lie slightly below the
conduction band edge or above the valence band. This allows easy detrapping and migration of

the charge carriers to the surface to avoid further trapped charge carriers recombination (egn 12).

Y e(_JB /hl-'/-B N M(n—1)+/M(n+1)+ (12)



Zirconium has been reported to enhance the photocatalytic activity of TiO, towards degradation
of dyes, phenolic compounds and water splitting [49, 54-57]. Different hypotheses are given on
the enhanced activity of Zr modified TiO,. Venkatachalam suggested in 2007 that substitution of
Ti*" with Zr** in TiO, lattice may enhance adsorption of molecules on TiO; as it creates charge
compensating anion vacancy in the TiO; lattice points [58]. Also the enhanced activity may be
due to created Lewis acid acids which act as adsorption as well as electron traps. Zirconium 4+
ions are known to stabilize the anatase phase by creating Ti®" species which hinders atom

transport in the anatase phase [49].

3 Experimental

This chapter presents the work on the synthesis of zirconium modified TiO, powders and thin
films, their characterization and evaluation of their photocatalytic activity if irradiated with
Xenon lamp light. Cut-off filters (320/340 nm) were used to vary the range of illumination
whether UV or visible region. To compare effect of method of synthesis on the activity of the
samples, TiO, and Zr modified TiO, samples were prepared through sol-gel method or
evaporated-induced self- assembly method. In each method either/both amount of zirconium or
calcination temperature was varied. Samples were labeled as, eTiZrx-y, sTiZrx-y, or fTiZrx-y
where e, s and f represents EISA, Sol-gel and films respectively while x and y represent the

calcination temperature and the molar ratio of Zr/Ti.

3.1 Chemicals and Materials
Titanium (iv) n-butoxide (99%, Alfa-Aesar), titanium isopropoxide (99%, Aldrich), zirconium
(1V) oxynitrate hydrate (99.99%, Aldrich), zirconium dichloride oxide hydrate (99.9%, Alfa-

Aesar), [poly(ethylene glycol)-poly(propylene glycol)- poly(ethylene glycol)] (Pluronic P-123
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Aldrich), [poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene oxide)] (Pluronic F127,
Aldrich), TiO, Evonik P25 (rutile/anatase mixture with about 20 % of rutile and about 20 nm
crystal size), concentrated hydrochloric acid (37%, VWR-ProABO), absolute ethanol (Aldrich)
chloridazon (99.7%, Fluka), phenol (99%, Aldrich), 4-chlorophenol (98%, Merck). All chemical

were used as received.

3.2 Preparation of nanocomposites by evaporation-induced self-assembly (EISA)

Mesoporous TiO,/ZrO, was prepared using a procedures based on those given by Fan et al. and
Zhou et al. [59, 60]. 3.17 ml concentrated HCI was added into 3.5 ml titanium butoxide by
vigorous stirring. After 20 min of stirring, a solution containing 1 g P123, 15.3 ml ethanol, and 0
- 0.2 mole ratio of zirconium oxychloride was added. The mixture was stirred for another 3 h
then aged at 40 °C in an oven for 4 days to evaporate the solvent. The as obtained samples were

then calcined in air at 350, 450, 500, 600, 700, and 750 °C at a heating rate of 1 °C/min for 4 h.

3.3 Preparation of nanocomposites by sol-gel method

In a separate route, mesoporous TiO,/ZrO, composites were prepared by sol-gel method. 3.5 ml
of titanium butoxide was dissolved in 10 ml absolute ethanol at room temperature under vigorous
stirring. After 20 min, a solution of 1 g F127, 0 - 0.2 mole ratio zirconium (IV) oxynitrate in 10
ml deionized water was added dropwise. The pH value of the sol was adjusted to 3 using 0.5 M
HCI after which the sol was continuously stirred for 3 h followed by aging for 24 h at room
temperature. The resulting powder was centrifuged, washed with distilled water and ethanol to
remove unreacted reagents. The samples were then dried overnight in an oven at 110 °C and
subsequently calcined at 500, 600, 650, 700, or 750 °C for 4 h in air at a heating rate of 1 °C/

min.
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3.4 Preparation of urea/thiourea doped nanocomposite via sol-gel method

The same procedure as 3.3 above was repeated but with addition of either urea (2, 5, 10 %) or
thiourea (2, 5, 10, 15 %) in the zirconium precursor solution. After mixing the two precursor
solution the mixture was aged for 24 hr at room temperature with constant stirring. The other

part of the procedure was the same as 3.3 above.

3.5 Preparation of thin films via dip-coating

Sols for pure TiO, and Zr modified TiO, films were synthesized by the EISA route using
Pluronic P123 as the structure directing agent [39]. With vigorous stirring concentrated HCI was
added slowly into a beaker containing titanium butoxide. After 20 minutes of stirring, a solution
containing P123, ethanol and zirconium dichloride oxide hydrate was added and the mixture was
stirred for further 3 h. The typical mole ratios were: Ti/HCI/EtOH/P123/Zr =
0.01/0.1/0.26/0.00017/0-0.0025. The amount of ZrOCl, was varied to prepare films with
different Zr content. The as-prepared sols were used for preparing films by dip-coating on
microscope glass at a withdrawal rate of 1 mm per s. The films were then aged in a humidity
chamber at 25 °C and 50 % RH for 24 h followed by calcination for 4 h in air at 350, 450, 500
and 550 °C, respectively, with a heating rate of 1 °C/min. Multi-layered films were prepared by
repeating the dip-coating process with a 350 °C intermediate heat treatment for 1 h (heating rate:

3 °C/min) between each coating step.

3.6 Characterization

3.6.1 Scanning electron microscopy (SEM)
Scanning electron microscope uses a focused beam of high-energy electrons (primary electrons)

to generate a variety of signals at the surface of solid specimen placed on carbon tape placed on a
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metal stub. The interaction of the high energy electrons generate, secondary electrons, back
scattered electrons, auger electrons, X-rays and photons of various energies as signals. Signals
from secondary electrons (from the surface) and backscattered electrons (from the bulk) are
commonly used for imaging samples [61]. Secondary electrons shows the morphology and
topography while back scattered electrons illustrate contrasts in composition in multiphase
samples. The X-rays can results in the compositional information about the sample incase the
SEM instrument is equipped with energy dispersive X-ray spectrometer. Secondary electrons
from the surface of the specimen are then attracted and collected by a positively biased grid or
detector and translated into a signal. An SEM image is produced by sweeping the electron beam
across the area being analyzed to produce many signals which are amplified, analyzed and
translated into images of the topography being inspected.

SEM images and film thickness were obtained using Helios NanoLab 600i (FEI, Eindhoven, The
Netherlands) scanning electron microscope. Secondary electron detector was at an acceleration
voltage of 15 kV. Powder samples were sprinkled lightly on a carbon tape fixed on an aluminum
stub while films were fixed directly on the stub and conductive silver put between film and the
stub. Finally all samples were sputtered with a thin layer of carbon to avoid charging effect
during measurement.

3.6.2 Transmission and High transmission electron microscopy (TEM/HRTEM)
Transmission electron microscope is a powerful tool for structural analysis in material science. It
resembles optical microscopy, except electromagnetic radiations are used to focus an electron
beam on the sample instead of optical lenses [62]. TEM is a technique that uses the interaction of
energetic electrons with the sample in vacuum and provides morphological, compositional and

crystallographic information. The electron emitted from filament passes through the multiple
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electromagnetic lenses and make contact with the screen where the electrons are converted into
light and an image is obtained. The speed of electrons is directly related with the electron
wavelength and determines the image resolution. A modern TEM is composed of an illumination
system, condenser lens system, an objective lens system, magnification system, and the data
recording system. A set of condenser lens that focus the beam on the sample and an objective
lens collects all the electrons after interacting with the sample and form image of the sample, and
determines the limit of image resolution. Finally, a set of intermediate lenses that magnify this
image and projects them on a phosphorous screen or a charge coupled device (CCD). TEM can

be used for imaging and diffraction mode.

The high-resolution transmission electron microscopy (HRTEM) uses both the transmitted and
the scattered beams to create an interference image. It is a phase contrast image and can be as
small as the unit cell of crystal. In this case, the outgoing modulated electron waves at very low
angles interfere with itself during propagation through the objective lens. All electrons emerging
from the specimen are combined at a point in the image plane. HRTEM has been extensively and
successfully used for analyzing crystal structures and lattice imperfections in various kinds of
advanced materials on an atomic resolution scale. It can be used for the characterization of point

defects, stacking faults, dislocations, precipitates grain boundaries, and surface structures.

The morphology and structure of the composites were studied using a Joel 2100F-FS high
resolution transmission electron microscope (HRTEM) and energy dispersive X-ray
spectroscopy (EDX) operating at 200 kV. Powder samples and flakes peeled-off from film
samples were sonically dispersed in absolute ethanol and the diluted powder suspension was

deposited on carbon-coated grid before examination.
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3.6.3 X-ray powder diffraction (XRD)

XRD is one of the most powerful analytical techniques used to determine phase purity, phase
composition, crystallinity, crystal size, lattice parameters, and geometry of crystalline material
[63, 64]. This technique is based on constructive interference of monochromatic X-rays with the
sample. X-rays are generated by a cathode ray tube, filtered to produce monochromatic radiation,

collimated to concentrate and then directed toward the sample, shown on fig. 3.

Fig. 3 A schematic illustration of X-rays scattered on parallel lattice planes.

Upon interaction with the sample, the X-rays undergo diffraction, produced by the planes that
form the atoms of the crystal. The path difference between two waves: 2 * wavelength (A) =
2dsinf. When there is constructive interference of the scattered X-rays a diffraction peak is
observed. This occurs when conditions satisfy Bragg’s law (nA = 2d sinf), where n = an integer
known as the order of reflection, A = wavelength of X-rays, d = distance between lattice planes
and 0 = angle of interference. The law relates the wavelength of electromagnetic radiation to
diffraction angle and lattice spacing in the crystalline sample.

The diffracted X-rays are then detected, processed and counted. By scanning through a range of
20angles a diffraction pattern is obtained. Conversion of the d-spacing allows identification of
the element as each element has a set of unique d-spacing. From the diffraction patterns, the

phase purity, degree of crystallinity and unit cell parameters of the material can be determined.
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The crystal sizes can be calculated using the Scherrer equation (t = ), where t is the mean

KA
Bcos6O
size of the crystalline domains, K is the dimensionless shape factor (= 0.8 - 1.0), A is the X-ray
wavelength and B is the full width half maximum (FWHM) of the intense peak at 6 value.

Both powder and films X-ray diffraction patterns were obtained on a PANalytical Empyrean X-
ray diffractometer using CuKo = 1.54 A. X-ray diffractograms were recorded over a range of 20

of 15 - 80 at 45 kV and 40 mA and crystal size were calculated using Scherrer equation and

lanthanum hexaboride as the reference material.

3.6.4 X-ray Photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy is one of the surface analysis technique applied on broad range
materials to provide quantitative and chemical state information [65]. XPS is typically
accomplished by exciting a samples surface with mono-energetic X-rays causing photoelectrons
to be emitted from the sample surface (fig. 4). An electron energy analyzer is used to measure
the energy of the emitted photoelectrons. From the binding energy (BE) and intensity of a
photoelectron peak, the elemental identity, chemical state, and quantity of a detected element can
be determined. The BE is related to the measured photoelectron KE by the equation; BE = hv —
KE, where h is the photon (x-ray) energy:

Photon

hv
Kinetic Photoelectron
Energy \ ?
o E,
s\
o — =

Binding

Energy i 3s
P P .\Q\_ 2p

& & 2s

- - 1s

¥

Fig. 4 Principle of X-ray photoelectron spectroscopy.
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X-ray photoelectron spectroscopy measurements were carried out using a Thermo Fischer
ESCALAB 250Xi equipped with monochromatic Al-Ka X-ray source 1486.6 eV. Powder
sample was pressed to form a thin wafer while the film was fixed on the sample holder using a
tape. The binding energies (BE) were referenced to the surface adventitious carbon
contamination C1s peak (284.8 eV). XP spectra were recorded with 10 eV pass energy and 0.02

eV step size.

3.6.5 Raman spectroscopy

Raman spectroscopy is a tool used to study vibrational, rotational and other lower frequency
modes in physics and chemistry. It also provides information about the crystallinity and phase
purity of materials. A sample is illuminated with a monochromatic laser beam which interacts
with the electron cloud of the bonds of the sample molecules. The incident photon excites the
molecule into a virtual state and shortly later falls back lower rotational and/or vibrational state
releasing a scattered radiation whose frequencies are detected. The scattered radiations have
different frequencies. The scattered radiation having a frequency different from that of incident
light (inelastic scattering) is used to construct a Raman spectrum. Much of this scattered
radiation has a frequency which is equal to frequency of incident radiation and constitutes
Rayleigh scattering. When the frequency of incident radiation is higher than frequency of
scattered radiation, Stokes lines appear in Raman spectrum. But when the frequency of incident
radiation is lower than frequency of scattered radiation, anti-Stokes lines appear in Raman
spectrum. Signal from Rayleigh scattering is filtered and only the signal from inelastic scattering
is detected. Raman spectra arise due to inelastic collision between incident monochromatic

radiation and molecules of sample.
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Raman spectra in the range of 200 — 2000cm™ were recorded with a Bruker Senterra Raman

spectrometer using a 633 nm laser with 2 m\W laser power.

3.6.6 Nitrogen physisorption analysis

The specific surface area and the pore size distribution are fundamental parameters for the
characterization of solids. Surface area measurements are commonly carried out by gas
physisorption method. The commonly used gas is nitrogen as it is less expensive, easily
available, inert and able to penetrate even finest pores. Measurements are carried out at liquid
nitrogen temperature (77 K).

Different adsorption isotherms have been Freundlich, Langmuir and Brunauer, Emmett and
Teller (BET) theory. The most applied theory is the BET as it can be used to measure the surface
area accurately both at low and high pressures. The mathematical model derived from BET
theory has been adopted as standard method for determination of surface area. This physical
adsorption of a gas over the entire exposed surface of a material and the filling of pores is called
physisorption and is used to measure total surface area and pore size analysis of nanopores,
micropores and mesopores. The specific surface area of a powder is estimated from the amount
of nitrogen adsorbed in relationship with its pressure, at the boiling temperature of liquid
nitrogen under normal atmospheric pressure. The measurement process of physisorption involves
chilling the surface of the measured powder, using nitrogen to adhere to the surface -adsorption,

then taking the chilling away — leading to desorption.

The BET equation can be represented as

p __1  (Dp
v(Po=P)  VmC  CVmbPo
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Where C is a constant at a given temperature and is related to the heat of adsorption, v is the
volume of gas adsorbed at equilibrium pressure p, v, is the volume of adsorbate needed to form
a monolayer on the surface and po is the saturation vapor pressure of the adsorbate. According to

this BET equation, the specific area S.A ge) can be calculated by knowing vp.
A value of v, is measured at each of not less than 3 values of p/po. Then the BET value:

1
TR
Po_ 4
v -1

is plotted against p/po . From the resulting linear plot, the slope (c-1)/v,c and the intercept
(1/vme, Vi can be determined. From the so determined value of vy, the specific surface area is

calculated by equation:
SA (BET) = Vm AmnNaNmol

Nitrogen adsorption-desorption isotherms were collected either on a Micrometrics TriStar Il
3020 or Micrometrics ASAP 2020 apparatus and the Brunauer-Emmett-Teller (BET) equation

was used to calculate the specific surface area.

3.6.7 UV-Vis diffuse reflectance spectroscopy

UV-Vis spectroscopy is a technique applied preferably in liquid state for solids and insoluble
samples UV-Vis reflectance or diffuse reflectance is more applicable. UV-Vis diffuse reflectance
is a good method for powdered samples and rough solids.

When a beam of light is directed to an opaque (solid) sample, the light is reflected on the surface
of the sample. Part of the light is reflected symmetrically with respect to the normal line (Specula

reflection), while the other part is scattered in different directions (diffuse reflection).
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Using an integrating sphere, it is easy to avoid specular reflection by directing the light to the
sample at an angle 0 ©, specular reflected light exits the integrating sphere and only the diffuse
reflection is concentrated on the detector. The inside of the sphere is coated with diffusive
material like barium-sulfate. The obtained values are relative reflectance with respect to the
reflectance of a reference white standard which is taken to be 100%.

The most commonly used model to describe diffuse reflection is the Kubelka-Munk function; it

displays a linear relationship between absorption and scattering.

_K _ (1-R)?
FR) =5 = (2Rc0)

R., is the reflectivity; K is the absorption coefficient while o is the scattering coefficient.
From the above equation, Egp is directly related to absorption coefficient can be determined
using the Tauc-plot:
(hoa) ™ o< A (hv - Egap)

where h is the Plank-constant, v is the frequency and A is the proportionality constant.

Absorption coefficient is directly proportional to the Kubelka-munk function, thus,
(F(Ro)h0) "M oc A. (hv - Egap)

The reciprocal exponential n = % or 2, it represent the nature of electronic excitation in the
material. Where n = % is for direct band gap transition and n = 2 is for indirect band gap
transition. Egs, can be obtained by plotting (F(R..)hv)*" versus hu, extrapolating the linear part
and determining the intercept.
UV-vis diffuse reflectance spectra (DRS) were measured on a VARIAN Carry 4000

spectrophotometer connected with an integrating sphere. The spectra were scanned in the range
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of 200-800 nm and magnesium oxide used as the white standard. The indirect band-gap (Egap)

was determined from the intercept of the Tauc’s plot of (F(Roo) hu)% vs hv.

3.6.8 Photoluminescence spectroscopy

The photoluminescence (PL) is as highly sensitivity and non-destructive technique which is
widely used to investigate the structure and properties of the active sites on the surface of metal
oxides and zeolites. Also, the PL technique is applied in the field of photocatalysis to understand
the surface processes of semiconductors. PL spectrum is an effective way to study the electronic
structure, optical and photochemical properties of semiconductor materials, by which
information such as surface oxygen vacancies and defects, as well as the efficiency of charge
carrier trapping, immigration and transfer can be obtained. PL signals of semiconductor materials
result from the recombination of photo-induced charge carriers. In general, the lower the PL
intensity, the lower the recombination rate of photo-induced electron-hole pairs, and the higher
the photocatalytic activity of semiconductor photocatalysts. However, the photocatalytic activity

of semiconductor photocatalysts can also increase as the PL intensity becomes stronger.

The electronic structure of a semiconductor consists of a valence band (VB), conduction band
sometimes sub-bands in the band gap which is related to the surface defects and surface states
Fig. 5. The band gap energy (Eg) is the energy difference between the CB bottom and VB top.
When the semiconductor is excited with light energy equal or higher than its Eg, electrons in the
VB are promoted to CB with different energies to become different excited states with
generation of holes on the VB (process 1). However, the excited electrons are unstable and easily

recombine with holes at VB releasing energy in form of heat or light (process 2, 3, 4).
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Fig. 5 Main photophysical processes of a semiconductor excited by light with equal to or higher
than band gap energy.

The light energy can be dissipated as radiation, which results in a luminescence emission of
semiconductor material, called the PL phenomenon of the semiconductor. Electron transition can
take place from of the lowest energy state of the CB to the top energy state of the VB (process 2)
or electrons from bottom CB first undergoes relaxation (non-radiative) different sub-bands below
the CB before moving to the top VB state with emission of radiation (process 3). In addition, the
excited electrons at the CB bottom can come back to the VB directly or indirectly by non-
radiative transitions, which is the process 4. The first phenomenon results into a band-band PL
while the latter results into excitonic PL which mainly results from surface oxygen vacancies and
defects of semiconductors. Mid-gap energy states (MG) caused by impurities acts as deep traps
of charge carries and can results in indirect recombination of excited electrons in the CB with
holes in the VB. These transitions are non-radiative (fig. 6a). On the other hand, donor or
acceptor dopant can create donor/acceptor energy levels near the band edges which also results
in indirect recombination centers (fig. 6b). Donor and acceptor energy levels acts as shallow
traps for electrons. The electronic transitions involved in this case are radiative but are very rare

at room temperatures.
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Fig 6. Diagram illustration of the two different indirect recombination processes.

The photoluminescence spectra were measured at room temperature with a VARIAN Cary

Eclipse fluorescence spectrophotometer using the 325 nm line of a Xe lamp as excitation source.

3.6.9 Mott-Schottky analysis

The semiconducting properties of a material can be estimated from Mott-Schottky plots. When a
semiconductor is brought in contact with an electrolyte solution, a potential difference is
established [66]. If the Fermi level (Ef) of the semiconductor lies above the potential of the
solution, as in the case of n-type semiconductors, electrons will transfer from the semiconductor
to the solution. The Fermi levels become equal. The semiconductor becomes positively charged
(depleted) while the solution carries a negative charge. An upward band bending is observed (fig.
7a). A change in voltage of the semiconductor can result into separation of both Fermi levels and
thus band bending varies depending on the applied voltage. Applying a voltage/potential greater
than the electrostatic potential shifts the Fermi level upwards causing the bands to bend
downward since the band edge positions at the interface remain fixed (fig. 7b). The
semiconductor acquires excess charge carriers. The potential where no charge depletion and
therefore no band bending appear, the semiconductor is said to be at its flat-band potential (E)

(fig. 7¢).
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Fig. 7 A schematic illustration of semiconductor/electrolyte interface under applied potential, in
case of n-type semiconductor, a) E > Eg, b) E = Ef,, and ¢) E < Eg, .

Using the Mott-Schottky relationship the Eg, can be estimated by measuring the capacitance as a

function of the applied voltage under depletion conditions.

12
C% ~ eseN

T
* (E — Efb_%)

Where Cg is the capacitance of the space charge region, € is the dielectric constant of
semiconductor, €, is the permittivity of free space, N is the electron donor density in case of n-
type semiconductor, E is the applied potential, Ey, is the flat-band potential, K is the Boltzmann
constant, T is the absolute temperature and e is the electron charge. Flat-band potential (Es,) can
be estimated as the intercept from the linear region from the plot of 1/C? versus the applied
voltage E while donor density is the slope of the curve.

Electrochemical measurements were carried out in a conventional three-electrode cell. A
saturated Ag/AgCl (3 M NaCl) was used as the reference electrode (+0.209 V vs NHE at pH =0),
0.1 M Na,SO4 (pH = 5.6) was used as an electrolyte, a Pt-wire as counter electrode and the film
coated on the glass substrate fixed with copper adhesive tape as working electrode. The
measurements were performed on a ZAHNER Zennium potentiostat and evaluated with Thales

4.12 software. The space charge capacitance of the films were measured in the dark at various
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frequencies 1, 10 and 100 kHz in the potential range of -0.7 — 0.5 V at a step size range of 30 -

50mV. Flat-band potentials were estimated from Mott-Schottky plots.
3.7 Photocatalytic activity studies

3.7.1 Photocatalytic degradation test on powder

Photocatalytic degradation reaction on powder samples were carried out in a 100 ml slurry
double wall glass photo-reactor with a water cooling system (figure 8a). A specific amount (0 - 3
mg/L) of the powder was dispersed into 50 ml of aqueous solution. Each pollutant was
illuminated with light from a 150 Xenon lamp light source with a 320 nm cutoff filter for UV
region and 340 nm for visible region. The light source was placed approximately 5 cm above of
the reactor as shown on. Prior to irradiation, the sample was stirred in the dark for 30 min to
reach adsorption equilibrium. Adequate amount of aliquots of the sample were withdrawn after
illumination periodic interval of irradiation filtered with Sartorius Minisart syringe filters before

analysis.

3.7.2 Photocatalytic degradation test on films

The photocatalytic activities were tested for the degradation of three compounds, the herbicide
chloridazon, phenol and 4-chlorophenol, under UV region irradiation. Chemical structures of the
pollutants are shown on fig. Al. The reaction was carried out in a cylindrical quartz photoreactor
placed 6 cm in front of a 300 W Xenon lamp fitted with a 320 nm cut-off filter (fig. 8 b). Each
film was pretreated under UV irradiation for 6 h using a 365 nm UV lamp to clean the surface.
For each experiment 50 ml aqueous chloridazon (0.005 mM, pH 5), phenol (0.001 mM, pH 5.45)
or 4-chlorophenol (0.001 mM, pH 5.53), respectively, were put into the photoreactor and the

clean film was placed inside in a way that around 7.5 cm? of the film (about 5 mg catalyst) could
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be illuminated. Experiments were carried out at room temperature and without changing the
respective pH value. Prior to irradiation, the films immersed into the solution and magnetically
stirred for 30 min in the dark to reach adsorption/desorption equilibrium. After this the films

were irradiated for 4 h.

Fig. 8 A photo of the photo-reactors used in photocatalytic tests (a) Glass reactor for powder
samples (b) Quartz reactor for film samples.

The extent of pollutants degradation was monitored using UV-vis spectrophotometer (VARIAN
Carry 4000) by following the decrease in absorption maxima at 283 nm, 270 nm and 280 nm for
chloridazon, phenol and 4-chlorophenol respectively (figs. A4, A6, A7). Phenol and 4-
chlorophenol aliquots obtained from powder samples were further analyzed with LC-20AT
Shimadzu high performance liquid chromatograph equipped with UV-vis detector. The column
was a PRP C-18 5 um (2.1 pm x 250 mm) and acetonitrile: water (40:60) as the mobile phase. To
get the quantitative information, calibration curves made from standard solutions were used.
Since optimization of reaction variables will maximize the degradation efficiency, reaction

parameters like catalyst loading and initial pollutant concentration were optimized.
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3.7.3 Photocatalytic mechanism test

Using terephthalic acid as a probe molecule, OHe radicals were detected by fluorescence
technique. Terephthalic acid reacts with hydroxyl radicals to produce 2-hydroxyterephthalic acid
whose fluorescence intensity is proportional to the amount of OHe produced in water [67]. 50 mg
of the catalyst was suspended in 50 ml of alkaline 3 mM terephthalic acid and irradiated with
light from a 150 W Xenon lamp fitted with a 320 nm cutoff filter. A sample was taken every 1 h
and its fluorescence spectrum at 320 nm was measured. In order to identify the primary reactive
oxygen species responsible for chloridazon photodegradation, scavenger tests were performed
using 10 mM potassium iodide (K1), 10 mM isopropanol (IPA), and 10 mM benzoquinone (BQ)
as scavengers for holes (h*), hydroxyl radical (OH-), and oxygen radical (Oz), respectively [68,
69]. Each scavenger was introduced into the chloridazon solution and the experiment carried out

in a manner similar to photodegradation experiment above.
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4 Results and discussion

4.1 Photocatalytic degradation of the herbicide chloridazon on mesoporous titania/zirconia

nanopowders

4.1.1 TEM and HRTEM measurements

The morphology of the synthesized samples was studied with TEM imaging and the results are
presented in Fig. 9a,b for the most active EISA and sol-gel samples. For the EISA samples,
rectangular nanoparticles of 20-30 nm length and 10-15 nm width with rounded edges were
obtained, while for the sol-gel samples, most of the particles exhibit spherical shape with
diameter of ca. 40 nm.

As shown in Fig. A2 (a,b), the pure eTiO, and sTiO, samples exhibit similar morphological
features indicating that the shapes of the particles are not affected with the addition of Zr.
HRTEM images of the TiZr samples are also presented in Fig. 9c,d to assess their crystallinity of
the samples. Both samples are highly crystalline and the measured lattice spacing for the (011)
anatase plane are 0.3560 and 0.3562 nm for eTiZr-0.14-450 and sTiZr0.05- 700 samples,
respectively. These values are slightly higher than values reported in the reference database for
pure TiO, (d = 0.3537 nm, ICSD 98-000-9855) and can be attributed to the incorporation of
some Zr** ions, which possess larger ionic radii (72 pm) than the Ti** ions (61 pm) [70].

In order to check the Zr distribution in the TiO, matrix, we performed EDX mapping on the most
active samples prepared by both routes as shown in (Fig. 10). The Zr is uniformly distributed on
both the EISA and sol-gel prepared samples. The ratio of Zr/Ti was estimated from the EDX
analysis and found to be 0.11 and 0.051 for EISA and sol-gel sample, respectively. These ratios

are very close to the mixing ratio of the two metals used during the synthesis.
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Fig. 9 TEM micrographs of nanopowders (a) eTiZr0.14-450 (d) sTiZr0.05-700; HRTEM
micrographs of (c) eTiZr0.14-450, (d) sTiZr0.05-700 showing the lattice spacing of the anatase
(011).

Fig. 10 EDX mapping on samples eTiZr0.14-450 (a) and sTiZr0.05-700 (b), proofing uniform
distribution of Zr.
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4.1.2 XRD results

Fig. 11a presents selected X-ray diffraction patterns of the most active EISA and sol-gel samples
showing the influence of both the calcination temperatures and the Zr/Ti molar ratio. All
composites prepared by the EISA method and treated at temperatures lower than 600 °C did not
show any zirconium oxide diffraction reflexes up to loadings of 0.2 mol% Zr (Fig. 11a and 11).
However, as the temperature increases beyond 600 °C, the reflexes belonging to monoclinic
ZrO, (2 theta = 31.4° and 45.3°) start to develop simultaneously to peak broadening of the
anatase diffraction on samples with (Fig. 11b, Table 1). This indicates phase separation and/or
the formation of new ZrO, phase combined with a decreased crystal coarsening of TiO,. It might
also be deduced that the frmeq NEW phases act as capping layer which hinders the crystal growth
of TiO,. Additionally, according to Fu et al., such peak broadening can be related to low
crystallinity of the samples as zirconia inhibits densification and crystallite growth by providing
dissimilar boundaries [54]. Interestingly, similar peak broadening was also observed for sol-gel
samples containing Zr loadings higher than 0.05 mol% being annealed at 700 °C (Fig. 11c and
Table 1). Fig. A3 shows of EISA samples with 0.05 mol% Zr above 600 °C. There was no
observable Zr reflexes an indication of a substitution process at low Zr loading. All the ESIA
samples show no rutile (ISCD 98-000-9161) modification even at higher calcination temperature
(750 °C) (Fig. 11b). The thermodynamic transformation of anatase to rutile phase begins at
around 500 °C [35]. However, doping TiO, with cations of valence +4 and higher including Zr*
is known to stabilize the anatase phase by creating Ti*" species which hinders atom transport in
the anatase structure [49, 71] (Table 1). For the sol-gel samples calcined at 700 °C (Fig. 11c),
diffraction reflexes of the rutile phase appeared at Zr loadings up to 0.05 mol%, but higher

amounts of Zr led to the formation of TiO,/ZrO, oxide nanocomposites.
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Fig. 11 XRD patterns of EISA and sol-gel samples showing the influence of the Zr content at
fixed calcination temperatures of 450 and 700 °C (a, c), the effect of different calcination
temperatures at Zr contents of 0.14 and 0.05 mol%, respectively (b,d).

Table 1 FWHM in PXRDs and crystallite sizes obtained by use of the Scherrer equation

EISA samples FWHM | XRD crystal | Sol-gel samples | FWHM | XRD crystal
(degrees) | size (nm) (degrees) size (nm)
eTiO,-450 0.6998 12.7 sTiO,-700 0.2832 37
eTiZr0.14-450 0.643 13.7 sTiZr0.05-500 1.1342 7.6
eTiZr0.14-500 0.283 35.7 sTiZr0.05-600 0.5339 17
eTiZr0.14-600 0.274 37.5 sTiZr0.05-650 0.5083 19
eTiZr0.14-700 0.592 15.2 sTiZr0.05-700 0.3038 33
eTiZr0.14-750 0.511 17.9 sTiZr0.05-750 0.2485 42
eTiZr0.1-450 0.6091 14.7 sTiZr0.01-700 0.2353 44.9
eTiZr0.05-450 0.6165 14.5 sTiZr0.1-700 0.3737 25.6
eTiZr0.2-450 0.5826 15.4 sTiZr0.2-700 0.6706 13.2
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Note that for the sol-gel samples, the rutile phase also appeared at temperatures of 700 °C and
above (Fig. 11d). This reveals the anatase to rutile phase transformation is still inhibited in the s-
TiZr samples compared to the thermodynamic transition temperature. The similar phenomenon
was also reported by Neppolian et al. [72]. The measured full width at half maximum (FWHM)
for the most intense anatase reflex at 2 theta = 25.1° and the calculated crystal sizes with the
Scherrer equation is shown in Table 1. At the optimum Zr loading, the calculated crystal sizes
show a coarsening of the nanoparticles for EISA up to 600 °C but lower crystal sizes are
observed at T > 700 °C. On the other hand, for the sol-gel prepared samples, the crystal size
increases continuously with the calcination temperature. The variation of the Zr/Ti ratio at
constant calcination temperature has no significant influence for the EISA samples, but for the
sol-gel samples, smaller crystallites were obtained as the Zr/Ti ratio increases. This is probably
due to the phase separation and ZrO, may act as capping layer to inhibit further growth of the
TiO,. For the most active samples, eTiZr0.14-450 and sTiZr0.05-700 crystallite sizes of 13.7

and 33 nm are obtained, respectively, which agrees very well with the TEM measurements.

4.1.3 XPS results

Fig. 12a and b shows XP spectra of the Ti 2p and Zr 3d peaks of sample eTiZr0.14-450. There
was no peak shift due to the presence of Zr; the binding energy of Ti 2ps;; and Ti 2p1> was found
to be 459.0 and 464.79 eV on both pure TiO, and the TiZr sample.

From the observed binding energies and the spin-orbit splitting (A = 5.58 eV), it is evident that
also in the TiZr sample the oxidation state of Ti is +4 [73]. The binding energies of the Zr 3ds,
and Zr 3ds, peaks were found to be 182.43 and 184.57 eV, respectively. These results are in
agreement to literature, where binding energies of Ti 3ps; and Zr 3ds, were reported to be 459.0

and 182.0 eV, respectively [21]. The Zr/Ti ratio was calculated to 0.10 from the integrated areas
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under the Ti 2p and Zr 3d peaks, which is close to the mole ratios used in the synthesis and found
by EDX as presented above. The O 1s peak consists of two peaks centered at 530.0 eV (lattice
oxygen, M-O) and 531.5 eV (oxygenated carbon, C-O), the latter originating from the thermal

decomposition of the templates.

Ti
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Fig. 12 Core level XP spectra of (a) Ti 2p and (b) Zr 3d and (c) O 1s of sample eTiZr0.14
annealed at 450 °C.

4.1.4 UV-Vis diffuse reflectance spectroscopy results

To investigate the effect of Zr on the band structure of TiO, photocatalyst, diffuse reflectance
UV-Vis absorption analysis was carried out. The spectra or the different samples are shown in
fig. 13 (a,b). All samples were found to absorb at UV region, absorption ascribed to the band-
band transition. The band gaps were for EISA samples were estimated to range between 3.05 -
3.2 eV (fig. 13a) while those for sol-gel ranged between 3.0 - 3.05 eV (fig. 13b). Zirconium is a
wide band gap semiconductor (5.0 eV) compared to TiO, which has (3.2 or 3.0 eV) depending
on the phase [41]. Addition of up to 0.14 mol% led to a slight blue-shift in the band gap and
above this resulted to a red-shift in the band gap in EISA method. Interestingly, the decrease in
the band gap occurred at lower Zr concentration in sol-gel method 0.01 mol%. Method of

synthesis, type of precursors and calcination temperature has an effect on the band gap of the
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catalysts. A blue-shift shows the effect of incorporation of Zr in the TiO, lattice but a red-shift
could be as a result of formation of composite ZrTiO4 [55].

Addition of urea and thiourea into sol-gel sample sTiZr0.05-700 changed the colour of the
powder from white to bright yellow. The band gap of the composite shifted from 3.04 eV to 2.99
eV for thiourea, and to 2.94 eV for urea added samples. This confirms that nitrogen or
nitrogen/sulphur was been doped into TiO; lattice. Replacement of oxygen on the TiO, lattice
with N or S resulted into decrease the band gap. The results in this study are comparable to those
reported by Cha et al, using hexadecyltremethylammonium as the nitrogen source they
synthesized TiO,-N/ZrO, composite with a band gap of 2.81 eV [74]. Similar red shifts were on

nitrogen doped TiO,/ZrO, observed by Yu et al and Wang et al [75, 76].
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Fig. 13 Tauc plots transformed reflectance spectra (a) EISA (b) Sol-gel samples (c) urea/thiourea

doped sol-gel samples.

4.1.5 Photoluminescence results

Photoluminescence (PL) emission spectra of samples eTiO,-450, eTiZr0.14-450, sTiO,, and
sTiZr0.05-700 excited at 340 nm were recorded to study the recombination of photogenerated
electron-hole pairs (Fig. 14a,b). It can be seen that a broad emission band from 475 to 575 nm

was formed in all samples indicating the presence of defect states which serve as recombination
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centers. Semiconductors exhibit complicated photoluminescence spectra due to different
fluorescence signals caused by surface states and bulk defects among other factors. The PL
emission intensities of both TiZr samples were lower than those of the pure TiO, counterparts.
This suggests that introduction of Zr enhances the separation of the photogenerated charge
carriers and, hence, contributes to the observed increase in the photoactivity. Previous reports on

sol gel synthesized Zr-doped TiO, also showed similar PL trends [77].
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Fig. 14 Photoluminescence tests on eTiZr0.14-450 (a) and sTiZr- 0.05-700 (b), each
incomparison to pure anatase TiOs.

4.1.6 Raman results

Raman spectroscopy was carried out for both EISA and sol-gel samples to supplement the XRD
data and get more insight on the influence of Zr on the TiO; structure. From Fig. 15, the Raman
bands observed at 143 cm(E,), 198 cm'(E,), 396 cm '(B1,), 517 cm™* (Ay,), and 638 cm™*
(Eg) correspond to the vibrational modes of the anatase phase [78]. Avery weak band of rutile at
322 cm* [79] was observed for the sTiZr-x-700 samples. However, this vibrational band can
also be assigned to the ZrO, according to Hirata et al. [80]. The other ZrO, vibrational bands

only appear at higher Zr content since the Raman cross section of ZrO, lower than TiO, [78]. In
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our study, Raman bands related to ZrO, only appear at higher Zr content; the identification
becomes ambiguous at lower Zr amount as the Raman cross section of ZrO, is much lower than
TiO, and due to overlap of rutile peaks [72, 81]. Furthermore, the eTiZr-x-450 samples only
display Raman bands related to anatase suggesting the successful integration of the Zr atoms into

the TiO, structure. These observations on the Raman spectra are consistent with the XRD data.
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Fig. 15 Raman bands of EISA (a) and sol-gel (b) synthesized TiZr samples showing main bands
assigned to anatase.

4.1.7 N, adsorption results

Fig. 16 represents nitrogen adsorption-desorption isotherms for the different samples. All
samples show type IV isotherms which are related to the presence of mesopores formed between
interconnected particles according to the IUPAC classifications [60, 82]. For EISA samples (Fig.
16a), there was a gradual increase in surface area with increasing Zr amount up to 0.05 mol%
which was followed by decrease in surface area above this value. It has been suggested that,
presence of Zr*" which has larger ionic radius than Ti** inhibits densification which leads to less

crystal growth by providing dissimilar boundaries [54].
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Fig. 16 Nitrogen adsorption desorption isotherms for composites prepared by EISA (a,b) and sol
gel method (c,d): influence of Zr /Ti ratio at fixed calcination temperature (a,c), effect of
calcinations temperatures (b,d).

Note that the type of hysteresis changes from type IV to Il isotherm at higher Zr content
indicating the formation of larger pores (macropores) which supports that higher amounts of Zr
inhibit densification leading to wider interparticle voids. However, for the sol-gel samples, the
BET area increases with Zr content indicating the formation of ZrO, is accompanied by
additional adsorption sites or favorable interaction with the adsorbate (Fig. 16c).

In general, as the calcination temperature increases, the pore sizes also increase as result of
progressed removal of the templating polymer or a merging of smaller pores. This suggests that
the interparticle mesopores partly survive the calcination process (Table 2). On the other hand,

there was no observable trend in the pore size with variation of the amount of Zr. In general,
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high-temperature treatment in sol-gel synthesis resulted in samples with lower surface area than

those prepared by EISA method (due to larger crystallite sizes).

Table 2 BET surface area and average pore size from N, gas adsorption experiments

EISA BET-specific Pore size Sol-gel BET-specific Pore size
surface area (nm) surface area (nm)
(m*/g) (m*/g)
eTiO,-450 85 15.9 sTiO,-700 23 15.4
eTiZr0.14-450 90 12.8 sTiZr0.05-500 97 6.5
eTiZr0.14-500 86.6 6.72 sTiZr0.05-600 75 8.5
eTiZr0.14-600 46.3 11.1 sTiZr0.05-650 58 13.7
eTiZr0.14-700 49.6 16.6 sTiZr0.05-700 33 18.3
eTiZr0.14-750 42.7 16.8 sTiZr0.05-750 27 18.9
eTiZr0.1-450 101 14.0 sTiZr0.01-700 23 13.0
eTiZr0.05-450 90 12.8 sTiZr0.1-700 43 16.2
eTiZr0.2-450 87 12.1 sTiZr0.2-700 53 12

4.1.8 Photocatalytic activity tests under UV and Visible light

To determine; the best method of synthesis, optimum calcination temperature and amount of Zr,
chloridazon was used as the model pollutant. After getting the optimum parameters, the pure and
modified TiO, samples with the highest activity for degradation of chloridazon were used in
degradation of phenol and 4-chlorophenol. The tests were carried out either under UV or visible

light illumination using cut-filters.

4.1.8.1 Photocatalytic degradation of Chloridazon
Photodegradation activity of the composites towards degradation of aqueous solutions of the
herbicide chloridazon under Xenon lamp illumination was determined from the absorbance peak
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at 283 nm on a UV-vis spectrophotometer (Fig. A4). Both chloridazon and its metabolites absorb
in the UV region with overlapping absorption maxima (around 280 and 230 nm (Fig. A5). Thus,

it was difficult to differentiate them in the aqueous solution using UV spectroscopy.

4.1.8.1.1 Degradation of chloridazon under UV light

4.1.8.1.1.2 Effect of catalyst loading

Photocatalytic degradation of chloridazon against amount of catalyst is shown on fig. 17. From
the results it is clear that the photocatalytic activity increased with increase in the amount of
catalyst loading and reaches an optimum value above which the activity began to decrease. The
initial increase in photocatalytic activity is a result of the increase in the number of illuminated
particles, hence higher production of reactive electron-hole pairs. Nevertheless, there is a limit of
the catalyst loading corresponding to the total absorption of the photons coming from the light
source. For this case, the optimum value was 3 g/L. At high catalyst loading turbidity of the

mixture prevents further penetration of light in the reactor lowering the performance of the

catalyst.

Degradation (%)
n
o

1 2 3 4 5
Catalyst loading (g/l)

Fig. 17 Influence of catalyst loading on the degradation of chloridazon.
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4.1.8.1.1.3 Effect of amount of zirconium and calcination temperature

Fig. 18a—d shows representative data for changes in concentration of chloridazon with respect to
the initial concentration (C/Co). As expected, the control experiment containing only chloridazon
and no photocatalyst showed only negligible degradation after 6 h of irradiation suggesting no

photolysis (self-degradation).
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Fig. 18 Plots of degradation of chloridazon on EISA (a,b) and sol-gel samples (c,d). The Zr
content (a,c) and the calcination temperatures (b,d) were varied.

Photocatalytic activity of the samples increased with increasing calcination temperature up to the
optimum temperatures was 450 °C for the EISA samples and 700 °C for the sol-gel route, and
then decreased with further increase in temperature. The high-temperature decrease can be
interpreted as a result of crystal growth, and hence, a decrease in BET specific surface area

(Table 2). As stated by Shao et al., [82], photocatalytic activity does not depend on specific
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surface area alone but also on crystallinity and morphology of the catalyst. This is evident from
samples eTiZr0.14-350 and sTiZr0.05-500 which display the highest surface areas of 175 and 97
m?/g but had the lowest activities due to poor crystallinity resulting from low calcination
temperature. EISA-prepared nanopowders showed higher activity than eTiO, and commercial
Evonik P25. This could be attributed to the higher surface area and reduced electron-hole
recombination compared to that of TiO, and P25 caused by the presence of Zr. From powder
XRD measurements, the EISA samples consist exclusively of the anatase phase which is
photocatalytically more active than the rutile phase. The optimum activity was obtained with the
sample containing 0.14 mol% Zr calcined at 450 °C. A further increase in Zr content resulted in
decrease in activity which was a result of poor anatase crystallinity and decrease in surface area.
Samples synthesized by sol-gel exhibited lower activities than the EISA samples and commercial
P25, with the highest activity recorded for sample sTiZr0.05-700. There are various reasons
contributed for the low activity (i) large crystal size leading to lower BET surface area (Table 2),
(ii) different crystal phases (anatase vs. rutile) and phase separation leading to the formation of
ZrO, as demonstrated by the XRD results (Table 1). ZrO; is a wide-band semiconductor (ca. 5.2
eV) being only activated in the deep UV. Thus, it will not participate in the light absorption
process. The presence of different phases may facilitate charge carrier recombination at grain
boundaries. However, the low activity of P25 and sample sTiZr0.01-700 which had both anatase
(major) and rutile phase compared to eTiZr0.05-450 with pure anatase phase supports the
suggestion by Ohtani et al. that there is no synergetic effect between anatase and rutile on the
photoactivity P25 [84]. Additionally, the different molecular weight of the polymers and type of
zirconium precursor used in the synthesis could also have contributed to the differences in the

photoactivity [59].
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Further increase in calcination temperature to 750 °C led to better crystallinity but low
photoactivity due to more pronounced decrease in surface area and more anatase-to-rutile phase

transformation.

4.1.8.1.1 Degradation chloridazon under visible light

Sol-gel sample sTiZr0.05-700 doped with nitrogen or nitrogen and sulphur was tested for
degradation of aqueous chloridazon under visible light. The results are as shown on fig. 19 a,b.
Degradation of chloridazon under visible light in absence of photocatalyst was negligible. As
expected, the undoped sTiZr0.05-700 recorded the lowest activity incomparison with the doped
samples. The low activity is as a result of the wide band gap (3.04 eV) as depicted on the UV-
DRS results. The absorption band of the undoped sample is more into UV region compared to
that of doped samples. An increase in the amount of thiourea from 2 to 10 % showed a gradual
increase in activity but 15 % thiourea resulted in decrease in activity. For urea 5% showed better
activity compared to 2 % and 10 %. Excess dopant ions can act as recombination centers hence
decreasing the activity of the catalyst. Although there was a small shift of the band gap towards
the visible region, the photocatalytic activity under visible light was very low compared to the
activity under UV light. Could be presence of nitrogen or sulphur ions in the TiO; lattice caused
structural defects which act as recombination centers of charge carriers or the shift was not large
enough to activate the catalyst under visible illumination. Also, the composite formed after
doping could be unstable hence poor activity. Mrowetz et al argued that the narrowing of the
band gap due to nitrogen doping is largely due to creation of occupied stated above the valence
band of TiO, and the oxidizing species generated at the interface after promotion of such states
by means of visible irradiation are thermodynamically or kinetically unable to oxidize some

organic pollutants [85].
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Fig. 19 Plots of degradation of chloridazon on NS (a) and (b) N doped sTiZr0.05-700.

4.1.8.2 Photocatalytic degradation of phenol and 4-chlorophenol

The widespread occurrence of phenols in wastewater and associated environmental hazards has
heightened concern over public health. Phenols and their derivatives are well known for their
biorecalcitrant (resistance to biodegradation) and acute toxicity. Fig. 20 (a,b) shows
photocatalytic degradation results for phenol and 4-chlorophenol on sample eTiO,-450 and
eTiZr0.14-450 after 4 h illumination with a Xenon lamp source. In the absence of photocatalyst,
the photodegradation was negligible. Zirconium modified powder exhibited better degradation
performance than both pure TiO, and commercial Evonik P25. The enhanced activity is
attributed by the increase in surface area and decrease in charge recombination due to presence
of Zr in TiO, lattice. These results are consistent with those observed for degradation of
chloridazon. Venkatachalam et al., [58] suggested higher photocatalytic degradation of 4-
chlorophenol on Zr doped TiO; is a result of enhanced adsorption of the molecule on the catalyst
site due to creation of more Lewis acidic sites and also the high surface area . Same results were

observed by Macmanamon et al., [86] on degradation of phenol.
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Fig. 20 Plots of degradation of phenol (a) and 4-chlorophenol (b) on EISA samples under Xenon
lamp illumination.

HPLC analysis results for degradation of phenol and 4-chlorophenol on nanopowder catalysts are
shown on fig. 21 (a,d). To confirm the degradation of phenol, 4-chlorophenol and their
intermediates, we tried to identify some of the common intermediates; benzoquinone (BQ),
hydroquinone (HQ), and catechol (C) [87, 88]. Using acetonitrile: water (40:60) solvent system,
phenol peak eluted at 3.6 min while 4-chlorophenol appeared at 7.5 min. The phenol (fig. 21a)
and 4-chlorophenol (fig. 21b) peak decreases with increase in irradiation time, a similar trend
observed from the UV analysis results. An expansion of the chromatogram shows formation of
some intermediates during the degradation of both phenol (fig. 21c) and 4-chlorophenol (fig.
21d). But it was not easy to identify all the intermediates from the chromatograph and their
degradation trend was not consistent. This could be as a result of our solvent system or the
column (PRP C-18.5 um) used in this study. It has also been reported that HPLC alone as a
detection method for the intermediates is not enough due to the need of calibration standards yet
many intermediates are unknown and the fact that some intermediates have the same retention

time [88]
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Fig. 21 HPLC chromatogram of (a), (c) Phenol (b), (d) 4-chlorophenol on eTiZr0.14-450.

4.1.8.3 Results for photocatalytic mechanism test

In order to elucidate the mechanism of the degradation and the reactive species involved in the
process, hydroxylation of terephthalic acid and scavenger tests were performed (Fig.22a— d). The
enhanced activity of the composites was determined by the amount of hydroxyl radicals
produced, which is one of the active species in photocatalytic degradation reactions. For both
syntheses, the intensity of the OHe radical peak increased with increasing amount of Zr up to the
optimum value and then decreases with further addition of Zr. Sample eTiZr0.14-450 produced
more OHe than EISA samples with different Zr loading or TiO; and P25 (Fig. 22a). Among the
sol gel samples, sTiZr0.05-700 has the highest fluorescence intensity (Fig. 22b), but slightly

lower than that of eTiZr0.14-450. Thus, the photocatalytic most active samples show the highest
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OHe radical formation, confirming that OHe radicals are

degradation of chloridazon.
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Fig. 22 Hydroxylation test of terephthalic acid: EISA samples with different amount of Zr
calcined at 450 °C (a) and sol-gel samples with varying Zr content calcined at 700 °C (b).
Scavenger tests with eTiZr0.14-450 (c) and sTiZr-0.05-700 (d).

In the presence of the OHe scavenger (IPA), little or no degradation of chloridazon was observed

(Fig. 22c¢,d). On the other hand, addition of h* scavenger (KI) resulted in only 3% degradation

after 6 h of UV irradiation. This implies the primary oxidizing agent in the photodegradation of

chloridazon is mainly OHe radical and the role of photo-induced holes is not significant.

However, tests for superoxide radicals using BQ or ascorbic acid were not successful, as result of

chemical reactions between the scavenger and chloridazon dark yellow solutions were formed.
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4.1.9 Conclusion

The degradation of chloridazon on the surface of UV- irradiated Zr-loaded TiO, was
investigated. Nanopowders prepared by the EISA route were found to be more active than TiO,
and Evonik P25. The anatase modification is the sole composition of the EISA samples without
any other impurities for calcination temperatures up to 750 °C. The optimum value of zirconium
was found to be 0.14 mol% and the highest photodegradation activity towards chloridazon was
observed after calcination at 450 °C. However, for nanopowders prepared by the sol-gel route,
the formation of composites of anatase and rutile phase TiO, and ZrO; is found. The highest
activity was observed with the Zr/Ti composition of 0.05 mol% at 700 °C; the samples show
lower activity than the EISA-prepared ones due to the recombination at grain boundaries of the
different polymorphs and lower surface area. For both preparation methods, the calcination
temperature significantly affects the photoactivity. Higher temperatures (T > 700 °C) lead to

phase separation forming ZrO, which are photocatalytically less active.

Modification of TiO, catalyst with zirconium shows enhanced photocatalytic degradation
activity on other organic compounds rather than chloridazon. This is clear from the high
photocatalytic activity of sample eTiZr0.14-450 towards degradation of phenol and 4-

chlorophenol as compared to pure eTiO,-450 sample.
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4.2 Zirconium doped mesoporous TiO, multilayer thin films: Influence of the zirconium

content on the photodegradation of organic pollutants

4.2.1 SEM and HRTEM results

Mesostructural changes due to addition of Zr, calcination temperatures, and number of deposited
layers are illustrated by the SEM micrographs presented in Fig 23a-e. The obtained thin films
were mesoporous, optically transparent and with majority of the particles are spherical in shape.
The mesoporosity was less ordered especially for films calcined at high temperatures. For films
calcined at 500 °C addition of some Zr (Zr/Ti = 0.05) in Fig. 23b resulted in comparison to the
pure TiO, film (Fig. 23a) to a decrease in the particle size, but also to a more pronounced
distortion of the mesostructure.

The thickness of films depends on many factors; method of synthesis, type of substrate, ratio of
the reagents, dip-coating withdrawal rate, number of coatings, aging parameters and calcination
temperature. A withdrawal rate of 1 mm/s applied in this study has been reported to produce
films with uniform thickness. As determined from the cross-sectional SEM image the thickness
of three layer pure TiO, film was 645 nm in good agreement to earlier reports [12] while that of
a three layer Zr modified mesoporous TiZr0.05-500 film was about 417 nm showing a decrease
of 35%. A single layer of TiZr0.05-500 film had a thickness of 340 nm (Fig. 23e and Table 1),
thus the increase goes not linear with the number of coatings in contrast to earlier studies on pure
TiO, [32]. Studies on Zr doped TiO; single layer films carried out by Juma et al. and Oluwabi et
al. reported film thickness of 200-330 nm [21, 22].

The thickness of the films not only depended on the number of coating cycles, but also on the
calcination temperature and the amount of Zr added during the synthesis. An increase in

calcination temperature resulted in decrease in the film thickness. As the temperature increases
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the mesoporosity is lost hence leading to a film contraction. On the other hand, the increase in Zr
content led to a decrease in film thickness due to the formation of a more viscous sol which

results more compact films (Table 2).

417 nm

Fig. 23 SEM images of pristine (A) TiO; film and the film fTiZr0.05-500 both calcined at 500
°C. Further SEM images show the films fTiZr0.05-450 (C) and fTiZr0.05-550 (D). The cross-
sectional image of a three layer fTiZr0.05-500 film is shown in (E) and (F) shows a HRTEM
image of flakes peeled-off from fTiZr0.05-500.

The morphology and structure of the composites were studied using HRTEM. HRTEM images

(Fig. 23f) from film scratches mounted on Cu grids exhibit average TiO, crystallite sizes of 13
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nm for the sample film fTiZr0.05-500. In agreement with our earlier work on powdered samples
[21] flakes taken from the film fTiZr0.05-500 exhibit average particle sizes of 13 nm in HRTEM
images (Fig. 23f); moreover the particles are highly crystalline. From site specific EDX analysis
the Zr: Ti atomic ratios vary between 0.06 and 0.09 which is slightly higher than in the mixed

precursor sol (0.05).

4.2.2 X-Ray diffraction and N, adsorption results

X-ray diffractograms of TiO, and Zr modified TiO, thin films calcined at 350 — 550 °C are
shown in Fig. 24 a-d. The diffraction reflexes become sharper with increasing in calcination
temperature (Fig. 24b), an indication of enhanced crystallinity. On the other hand, an increase in
concentration of Zr led to a slight decrease in crystallinity (Fig. 24a). Anatase phase dominated
in all samples (Reference ICDD: 98.015.4602). The absence of the rutile phase even at 550 °C
indicates the stabilization of anatase phase by Zr [21, 49, 89, 90]. There is no additional impurity
phase below Zr/Ti rations of 0.10 suggesting the lattice substitution of Ti*" ions by Zr** ions in
these samples. Thus, the Zr** ions act as dopant. However, if the Zr/Ti ratio was raised up to 0.18
a very weak diffraction reflex at 26 = 31.4° and 45.5° were observed, which can be related to
monoclinic zirconium oxide (ZrO,, ICSD 98-008-0043) [90, 91]. Interestingly, the formation
ZrO, depends not only on the Zr/Ti ratio, but also on the number of layers (Fig. 24c). As the
number of layers increases (> 3 layers) the formation of ZrO, is more pronounced due to the
repeated steps of intermediate thermal treatment. However, it seems that independent on classical
sol-gel route or EISA route and independent on the mesoporosity of the samples the anatase TiO,
crystal lattice can tolerate only a maximum of about 10 % of the slightly larger Zr** ions. Excess
Zr** ions form with the amorphous TiO, phase, which is present up to 400 °C, in the oxygen-rich

atmosphere the mixed metal oxide ZrTiO4 [56, 90] or, as in our case, a TiO,/ZrO, [89, 92]

50



composite in the oxygen-rich atmosphere. Study carried out by Wang et al reported that ZrTiO,4
is formed depending on the concentration of the Zr** and the calcination temperature [90]. They
observed a weak reflex of ZrTiO4 at 2 theta = 30.3 °© for TiO, doped with 20 molar percentage of
Zr calcined at 800 °C while for 40 molar percentage ZrTiO,4 was formed at 500 °C. Unlike in our
results where a reflex at 31.4 © and 45.5 ° were observed, the XRD patterns in this study do not
contain a reflex at 45.5 ° which according to reference ICSD 98-008-0043 belongs to ZrO,, thus
confirming the presence of ZrTiO,4 (fig. 25a,b). Gnatyuk et al reported formation of a titanate
solid together with anatase which caused the anatase reflex (101) to shift to lower 2theta angles
due to the ionic radius difference in Zr** and Ti*" [56].

The inset in Fig 24a shows a shift of the anatase (101) diffraction line at around 20 = 25° to

lower 20 angles with addition of Zr. If the Zr**

ions (ionic radius: 0.072 nm) substitute the
somewhat smaller Ti*" ions (ionic radius: 0.065 nm) in the anatase lattice, this can causes
distortion of the crystal parameters, which becomes obvious by an increased d-spacing (Table 1).

Due to the incorporation of the Zr*" ions the distance between the crystal planes increases

slightly [22, 57, 90, 93].

The effects of the amount of Zr incorporated on the crystallite sizes and surface area of the
mesoporous films are demonstrated for films calcined at 500 °C (Table 3). The crystallite sizes
were calculated from the widths of the XRD reflexes at 20 = 25° and 20 = 48° using the Scherrer
equation [94]. In general the crystallite sizes range between 15 — 21 nm whereas they as expected
increase with the calcination temperature. It is remarkable that the crystallite sizes of films
calcined at 500 °C stay in the 15 nm range as long as the Zr/Ti ratio does not exceed 0.1; i.e. as
long as lattice substitution takes place. For higher Zr/Ti ratios, i.e. when the nanocomposites with

ZrO, crystallites grow, the crystallite sizes increase to about 20 nm.
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Table 3. Lattice parameters, crystal sizes obtained from analyzing XRD peak widths with the
Scherrer equation, and BET surface areas from nitrogen physisorption results for differently
prepared 3-layer films. For the crystallite sizes error ranges of about + 2 nm and for the BET
surface areas error ranges of about = 5 m%m? must be considered.

Sample (101) 26 d-spacing Crystallite SgeT Thickness

(3 layers) ©) (A) size (nm) (m?*m?) (hm)

TiO,-500 25.25 3.525 14.80 48 645
TiZr0.01-500 25.20 3.531 15.01 50 -
TiZr0.05-500 25.19 3.532 14.57 72 417
TiZr0.10-500 25.17 3.535 14.15 102 420
TiZr0.14-500 25.16 3.537 20.91 113 -
TiZr0.18-500 25.15 3.5638 19.89 134 -
TiZr0.05-350 25.23 3.527 14.77 169 -
TiZr0.05-400 25.21 3.528 14.91 142 587
TiZr0.05-450 25.20 3.532 16.24 89 -
TiZr0.05-550 25.19 3.531 31.27 37 272

The BET surface areas were in the range of 37 — 169 m*m? depending on the Zr/Ti ratio and the
calcination temperature. Since the surface areas obtained from N, adsorption are related to the
geometric area of the films, the high values indicate a high mesoporosity. However, no ordering
of the mesopores is visible in the SEM images (Fig. 23) and also no XRD diffraction peaks at
small angles (below 20 < 3°) could be detected. The surface areas decrease strongly with the
calcination temperature due to the crystal growth and loss of mesoporosity as the film structure
collapse [32, 39]. At constant calcination temperature (500 °C) the BET surface area increases
with the Zr loading. As long as the Zr level is below 10%, substitution of Ti*" by the Zr**at the
lattice positions in the anatase probably leads to the formation of some lattice defects and the
increase in BET area remains moderate. However, for the films TiZr0.14-500 and TiZr0.18-500,
in which nanocomposites of Zr-doped anatase and ZrO, are present, the increase in surface area
is quite significant. This might indicate that the newly formed ZrO, phase is porous as well, and

the mesoporosity does not only result from interstitial voids between the crystallites. The film
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TiZr0.10-500 shows intermediate behavior, with small crystallite size but already increased
surface area. This is probably due to the start of some ZrO, formation which stays below the

detection limit of the XRD.

4.2.3 XPS analysis results

By X-ray photoelectron spectroscopy a slight shift in the binding energy of Ti 2p electrons from
458.06 eV to 458.27eV for 2ps, and 463.78 eV to 464.01 eV for 2py, was observed for sample
fTiZr0.05-500 compared to pure TiO, (Fig. 26a). Studies carried out by Wang et al. [90] and
Gnatyuk et al.[56] relate this phenomenon to the presence of the more electronegative Zr** ion in
the TiO, lattice which reduces the electron density around the Ti*" ions hence increasing the
binding energy. Fig. 26b shows the XP spectra for Zr 3d, 181.37 eV and 183.74 eV represent the
Zr 3ds, and Zr 3dsj, peaks, respectively. These results are in good agreement with reported data

for Zr*" ion [21, 55, 89].
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Fig. 26 XP spectra of Ti 2p (A) Zr 3d (B) of films f-TiO,-500 and f-TiZr0.05-500;(C) C 1s of
f-Ti0,-500 before and after UV illumination.

The effect of UV illumination on the films was done by analysis of the XP spectra of carbon

before and after illumination. The results fig. 26¢ shows a significant decrease of the carbon peak
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after the irradiation. This explains the reason behind the poor photocatalytic performance of the
films before the UV treatment due to the carbon contamination covering the active sites on the

surface of the films.

4.3.4 UV-Vis diffuse reflectance and photoluminescence results

Fig. 27a shows the influence of Zr incorporation on the optical band gaps of the TiO, film.
Notably, addition of up to Zr/Ti = 0.10 led to a slight continuous blue-shift in the indirect band
gap absorption onset of TiO,, resulting in a band gap widening from 3.29 eV to 3.35 eV as
calculated from Tauc plots. In contrast, a further increase in the Zr/Ti resulted in a red-shift. This
is probably due to the formation of the ZrTiO, at high levels of Zr doping. Gao et al., [55]
reported a similar red-shift for TiO, powder by adding a much higher content of Zr (35%) but
suggested this shift to the presence of ZrTiO,. Maybe also in that case, additional ZrO, was
formed, since the X-ray diffractograms shown in that work look closer to those in our study (Fig.
2) than in a recent paper by Polliotto et al. on ZrTiO4 [95]. In that work, Polliotto et al.
determined a band gap of 3.65 eV for ZrTiO,, leading to an optical blue shift with respect to
TiO,.

Charge recombination is one of the limitations for practical application of TiO, catalyst. Several
strategies have been applied to improve the charge transport properties of TiO, including
introduction of both metal and non-metal ions into TiO, lattice [4]. Photoluminescence (PL)
analysis was carried out to study the influence of Zr doping in the TiO, thin films on the
recombination of photogenerated species electrons (fig 27b). Comparing pure TiO, films and
films with a low Zr doping level (Zr/Ti = 0.05) the luminescence intensity drastically decreases
due to presence of Zr. At such low doping levels, the more electronegative Zr*" ions may act as

electron traps during the band gap excitation of TiO,. Thus, a better charge distribution and
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stabilization seems to occur documenting the favoring doping. This suggestion is also supported
by the observed slight binding energy shift of the Ti 2p electrons (Fig. 27a). Higher doping levels
of Zr/Ti > 0.10, however, lead again to an increase of the photoluminescence intensity. These
films contain ZrO; as impurity phase forming grain boundaries for recombination with the TiO,
crystallites. Furthermore, structural defects might be introduced in the crystal lattice due to the
progressive substitution of Ti** ions by Zr** ions. Such structural defects can act as mid-gap

states and increase, thus, the electron-hole recombination [89, 93].
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Fig. 27 Tauc plots (C) and photoluminescence (D) of films, which were calcined at 500 °C, with
varied amount of Zr.

4.3.5 Mott-Schottky measurements

Mott-Schottky analysis of EIS spectra for the most active film (fTiZr0.05-500) and pure TiO,
film are shown on fig. 28 a,b. The positive slopes in the region where the 1/C? vary linearly with
the potential indicate that both samples exhibit n- type semiconductivity. The flat band potentials
(Ef,) were estimated from the linear part of the curve. Using the Mott-Shottky equation the Eg,
for fTiO,-500 and fTiZr0.05-500 were found to be -0.02 V and -0.11 V versus NHE respectively.

Addition of Zr 0.05 mole% led to a slight negative shift of TiO, Eg. This behavior is related to
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grain boundaries generated due to formation of TiO,/ZrO,; their interface produces defects in the
TiO,, lattice hence the shift of Eg, of TiO, to more negative values. The Eg, values in this study
are comparable to those reported by Imahori et al -0.08 V for TiO; and -0.19 V for Ti-Zr versus

NHE [96].
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Fig. 28 Mott-Schottky plots of fTiZr0.05-500 and fTiO,-500 at 100 Hz in 0.1 M Na;SO4 (pH =
5.6) versus NHE reference electrode.

4.3.6 Photocatalytic degradation test under UV light
Photocatalytic tests towards the degradation of organic pollutants were performed using
chloridazon, phenol and 4-chlorophenol. For all the three molecules photolysis tests proved the

stability of the molecules under Xenon lamp irradiation in absence of catalyst.

4.3.6.1 Photocatalytic degradation of chloridazon

The effect of Zr modification on the photocatalytic activity of TiO, thin films was investigated
by using 0.005 mM chloridazon as the organic pollutant (Fig. 29a). The TiZr0.05-500 film
degraded about 99 % of the pollutant while pure TiO, films only removed 69 % of the
chloridazon in 4 h. This is related to a better charge separation, the increase in surface area as

well as stabilization of anatase phase as illustrated on photoluminescence, BET and XRD results.
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Although still under debate some studies have suggested that the increase of the band gap may
contribute to the improved activity of Zr doped TiO,, due to a shift of the conduction band to a
slightly more negative potential [93]. This was concluded from a small negative shift of the flat
band potentials for Zr doped TiO; as shown on the Mott-Schottky plots above and reported in
other studies [96, 97].

While films with Zr/Ti ratios up to 0.05 showed an increase in activity, higher Zr amounts
caused a decreasing activity. The increasing amounts of structural defects as well as grain
boundaries with the ZrO,, which starts to grow, act as recombination centers for the
photogenerated charge carriers hence decreasing the activity. As ZrO, is a wide band gap oxide
semiconductor (5.0 eV) it will only be excited in the deep UV region (< 250 nm) which is not
accessible with the used light source. Additionally, the injection of photoexcited charge carriers
from TiO; to ZrO, is not possible due to the mismatch of the band positions. Thus, ZrO, either
blocks the active centers or creates grain boundaries for charge recombination, both effects being
detrimental to the photoactivity.

The influence of the calcination temperature on the photocatalytic activity of the catalyst is
evident on Fig. 29b. The rate of degradation improved gradually with increase in calcination
temperature from 350 °C to 500 °C. This trend is related to the transformation of amorphous to
crystalline TiO, anatase phase (Fig. 24b). However, a further increase in temperature (> 500 °C)
led to an increase in crystal size and a complete collapse of the mesostructure (as shown on SEM
images), which may reduce the accessibility of the active sites and the interactions between the
catalyst and chloridazon molecules. Temperatures beyond 550 °C could not be tested due to the
instability of the microscopic glass supports. However, previous studies showed that higher

temperatures resulted in the diffusion of sodium ions into the films, decreasing their
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photoactivity even further [98, 99]. Interestingly, the films fTiZr0.05-400 and fTiZr0.05-450
showed some ordered mesoporosity, but their activity was poor compared to fTiZr0.05-500 and
fTiZr0.05-550 which possess only disordered mesoporosity. The results suggest that
mesoporosity and crystallinity are more key factors for the photocatalytic performance than the
order of the mesopores [100].
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Fig. 29 Photocatalytic activity of fTiZr0.05-500 films in dependence on the Zr content (A), the
calcination temperature (B).

4.3.6.1.1 Effect of number of layers on degradation

The correlation between the number of layers and the photocatalytic activity is shown in Fig. 30.
The optimum number of coatings in this study was found to be 3, addition of more layers led to a
slight decrease in activity. As the number of coatings increases, the amount of the catalyst
material deposited on the substrate increases, leading to the generation of more holes which are
responsible for the oxidation of the pollutants. As the thickness of the film increases, the
penetration of light and pollutant molecules to the bulk of the film decreases. Therefore, the
degradation can only occur on the outer/exposed surface of the film. This could be the reason for
the slight decrease in degradation on films with four and five layers. Moreover, for multilayer

films the formation of ZrO, is pronounced as shown in the XRD patterns (Fig. 24c).
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Furthermore, the intermediate (consolidation) heat treatment at 25, 100 or 350 °C between the
coating steps of the multi-layer films showed in general no significant effect on the
photocatalytic activity, the repeated tempering of the four and five layer films might cause the
formation of too much grain boundaries acting as recombination centers. Photogenerated holes
produced in the bulk can easily recombine with electrons due to the longer diffusion length

required to reach the surface of the film to interact with the pollutant.
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Fig. 30 Effect of the number of layers on degradation of chloridazon.

4.3.6.2 Degradation of phenol and 4-chlorophenol

We have extended the photocatalytic activity tests towards the degradation of phenol (Fig 31a)
and 4-chlorophenol (Fig. 31b) for the pure TiO, film (fTiO,-500) and the most active Zr doped
film fTiZr0.05-500. The decreases in absorbance of the three pollutants with time are depicted on
Fig. A4, Fig. A6 and Fig. A7. The Zr doped film showed in all cases the superior photocatalytic
activity. For phenol the rate of degradation was lowest, indicating the high stability of the
aromatic ring. Prior to illumination adsorption-desorption tests on the fTiZr0.05-500 film were
performed in the dark for 30 minutes. During this time the absorbance (at the absorption
maxima) of the solutions of the different pollutants decreased in the order: phenol (16%) < 4-

chlorophenol (30%) < chloridazon (34%). This decrease is due to the adsorption of the pollutants
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on the film surface. The different degrees of adsorption, which might also be a reason for the
varying rates of degradation under illumination, are closely related to the pH of the solution, the
isoelectric point (surface charge) of the oxide and the relative valence and conduction band
positions following Nernst's law [101]. Fu et al. reported the isoelectric point of Zr modified
TiO, catalyst to be 6.4 [54]. Thus, at pH values below 6.4 the films will be positively charged
while at pH values above 6.4 they will be negatively charged. For phenol (pK; 9.99) and 4-
chlorophenol (pK, 9.41) [102] at solution pH values 5.5 and 5.6, respectively, the film surface as
well as the pollutant surface will be positively charged which might hinder the adsorption of the
two molecules due to electrostatic repulsion. On the other hand, the adsorption chloridazon (pK,
3.38) [103] at pH 5 is favorable at the positively charged surface since chloridazon possesses net

negative charge, resulting in better photocatalytic degradation.
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Fig. 31 Plots of degradation of phenol (a) and 4-chlorophenol (b) on eTiO,-500 and fTiZr0.05-
500 under Xenon lamp illumination.

4.3.6.3 Photocatalytic mechanism results
The amount of hydroxyl radicals formed was determined qualitatively by fluorescence
spectroscopy using 50 ml of alkaline 0.3 mM terephthalic acid. The fluorescence intensity at ca.

430 nm (Fig. 32a) resulted from the formation of 2-hydroxy terephthalic acid, which is related to
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the amount of hydroxyl radicals formed on the illuminated films. The intensity, i.e. #OH radical
formation, is highest for fTiZr0.05-500 and correlates well with the photocatalytic degradation
results in Fig. 29a.

In order to identify the main reactive oxygen species responsible for the degradation, we
conducted different scavenger tests using 50 ml of 0.001 mM phenol solution and 10 mM of
either potassium iodide (KI), isopropanol (IPA) or benzoquinone (BQ). Addition of IPA (eOH
scavenger) and KI (h* scavenger) resulted in little or no degradation of phenol (Fig. 32b).
However, in presence of BQ, a scavenger for superoxide radicals eO,’, degradation of phenol
occurred at lower but significant rate. The results suggest that direct hole oxidation or hydroxide
radical (¢OH) mediated oxidation are the main reaction pathways in the degradation of the
pollutants on fTiZr0.05-500 film. The «OH radicals seem to be mainly formed by the reaction of
holes with OH" ions from the aqueous solution. But also the superoxide radicals might be
involved; they are formed via the reaction of oxygen molecules with irradiated electrons. With
water they form eOH radicals in a subsequent step. A similar mechanism was observed for

degradation of chloridazon over zirconia/titania powder in our former studies [89].
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Fig. 32 Terephthalic acid hydroxylation test (a) and scavenger tests (b).
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4.3.7 Conclusion

Zr-doped mesoporous TiO, thin films with enhanced photocatalytic activity towards degradation
of organic pollutants (chloridazon, phenol and 4-chlorophenol) under Xe lamp irradiation were
successfully prepared. At low Zr/Ti ratios up to about 0.08 - 0.1 the Zr*" ions are substituting Ti**
ions in the anatase TiO; lattice. This lowers the charge carrier recombination as evidenced from
photoluminescence measurements and consequently increases the photocatalytic activity. With
progressing Zr introduction the formation of structural defects increases and above Zr/Ti ratios
of 0.1 the formation of ZrO, as a second phase occurs. The formed nanocomposites of Zr-doped
anatase and ZrO, show an increased crystallite size, but surprisingly also an increased surface
area indicating the formed nanocomposite is also porous. The photocatalytic activity of films
with high Zr content decreases, since nanocomposite formation leads to more grain boundaries
acting as recombination centers and also blocks active centers. Optimization of parameters such
as Zr loading, calcination temperature and number of layers is crucial in determining the best
overall photocatalytic performance of the films.

In dependence of the acidity of the pollutant, which shall be degraded; the pKa values of the
pollutant, the pH value changes and with that the surface charge of the Zr doped TiO, films and
the adsorption rate of the pollutant. Hydroxyl radicals are the dominant active species in the

degradation reactions.
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5 General conclusion

In this research two types of Zr modified TiO, catalyst (powder and films) were successfully
prepared and their photocatalytic activity towards degradation of three organic pollutants was
investigated. Considering the method of preparation, EISA method was found to be more
preferable method compared to sol-gel method as it resulted to samples with high surface area
and also higher photocatalytic activity Presence of Zr in the modified samples were confirmed
from the HRTEM-EDX, XRD and XPS results. Addition of Zr** ions into TiO, resulted in either
substitution of Ti*" with Zr*" (low Zr content) or formation of TiO,/ZrO, composite (high Zr
content). Although other studies have reported formation of mixture of anatase and ZrTiOy4, our
samples showed presence of either pure anatase or anatase with ZrO,. In general, presence of Zr
increased the band gap of the samples except in at very high amount of Zr a decrease in band gap
was observed. This was as result of formation of composite. Mott-Schottky analysis showed that
Zr can results in decrease in the flat-band potential of TiO, which is related to change in
conduction band.

This study reports an improved photocatalytic performance of TiO, towards degradation of
selected organic pollutants due to modification with Zr** ions compared to pure TiO, catalyst.
Also, for powder samples the Zr modified sample showed better activity compared to the
commercial Evonik P25 especially for samples prepared through EISA method. Increase in
surface area, better charge separation, small crystal size and better adsorption of organic
molecules on surface catalyst were among the major reasons for the increase in photocatalytic
activity. The optimum Zr concentration and calcination temperature varied depending on the
type of catalyst and the method of synthesis. Sol-gel prepared powder samples and EISA films

showed highest activity at lower Zr content 0.05 mol% while EISA prepared samples required
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higher Zr concentration (0.14 mol%). Above Zr 0.05 mol%, sol-gel powder and EISA film
formed TiO,/ZrO, composites while EISA powder samples formed only anatase phase. Anatase
phase is known to be the most photocatalytic active phase of TiO,. In case of a mixture of
anatase and ZrO; phase, ZrO, which has a wide band-gap does not participate much in light
absorption during the degradation. Between films and powder type of catalyst, powder samples
recorded superior photocatalytic activity which is expected due to the large mass of particles as
compared to the small amount of particles on the film. Although the photocatalytic activity of

films a lower films are better in terms of ease in catalyst recovery.
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6 Outlook

Although the improvement of photocatalytic activity of TiO, by modification of with Zr shows
positive results, the increase is still low for its practical application. More work is still needed to
optimize the performance of the catalyst. Especially the films as they can ease the tedious work
of water treatment. Further investigation of the effect of Zr on the electronic structure of TiO;
could help in better understanding of its contribution towards the increase in activity and hence
optimization of the same. Electrochemical methods like cyclic voltammetry and transient
photocurrent could help in understanding of the changes in the conduction bands and efficiency
of the charge carrier separation due to Zr.

In this study only three organic pollutants were tested where else there are many other known
and also emerging pollutants which need to be investigated. Could be the modified catalyst has
even higher activity towards other pollutants. In addition, due to limited time and facility few
degradation products were determined. In future, it would be important to analyze the
degradation products to avoid formation of new persistent molecules which could be more toxic
than the original pollutant.

Finally, the world is searching for cheaper, safer and easily available sources of energy and one
of them is by use of the visible energy from the sun. Zr modified TiO; are only active under UV
light which is a limitation as only 5% of the sunlight is within UV region. In this work, known
methods of decreasing the band gap of TiO, using elements like nitrogen and sulphur from urea
and thiourea were applied but little or no activity was observed under visible region. Further
modifications are possible to make this catalyst visible light active as it is known that
doping/modification of TiO, with Zr results into a very stable catalyst. Recent advances has

shown that formation C3N4 can be coupled with the semiconductors to make them visible active.
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6 Appendix
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Fig. A2 TEM micrographs of pure TiO, samples prepared by the two methods (a) eTiO,-450 and
(b) sTiO, -700
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Fig. A3 XRD patterns of EISA samples showing the effect of different calcination temperatures
at Zr content of 0.05 mol%.
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Fig. A4. Absorbance change during the photodegradation of chloridazon on eTiZr0.14-500.
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Fig. A5. Chemical structure of chloridazon and its metabolites.
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Fig. A6. Absorbance change during the photodegradation of phenol on fTiZr0.05-500.
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Fig. A7. Absorbance change during the photodegradation of 4-chlorophenol on fTiZr0.05-500.
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