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ABSTRACT

ELECTROCHEMICAL PROPERTIES
OF TITANIA BASED POWDER

Global warming arising from the greenhouse effect is globally accepted as the
main problem which may threaten the life on the earth. Excess emission of carbon dioxide
which leads to the more absorption of solar radiation in the atmosphere is the main reason
for global warming. Carbon dioxide present in the atmosphere is balanced by natural
photosynthesis; however this balance was disturbed by the increasing amount of carbon
dioxide emissions after industrial revolution. Intense efforts was made by many scientists
to find solutions to decrease the carbon dioxide level in the atmosphere and the pioneering
studies were conducted in the early 1970s which founded the basic theory of artificial
photosynthesis.

The conceptual idea on conducting photosynthesis by technologically feasible
processes was accepted by many scientists and the research on artificial photosynthesis
accelerated in the last 10 years. The enhancement of the efficieny of artificial
photosynthesis, by which alternative fuels such as methane, methanol may be produced,
can be realized by doping titanium dioxide which is the most widely used photocatalyst
in the literature. The determination of new electrochemical properties obtained by doping
titanium dioxide is crucial since the oxidation/reduction reactions are controlled by the
electrochemical structure of this material. Bandgap and band position energy levels which
are important properties in photocatalysis can be determined and the efficiency of
photoreduction under UV or visible light corresponding to these energy levels can be
improved. Cyclic voltammetry (CV) can be used to determine the electrochemical
properties of titanium dioxide and these properties can be improved by using the
information obtained with this method.

The effects of rare earth element doping on the electrochemical properties of
titanium dioxide were investigated through out this Msc study. It was found that doping
of titanium dioxide is significantly increased the electrochemical activity with rare earth
elements. The increase in the doping amount of elements showed that articial
photosynthesis activity of titanium dioxide may be enhanced by rare earth element

doping.



OZET

TITANYUMDIOKSIT TEMELLI TOZLARIN
ELEKTROKIMYASAL OZELLIKLERI

Gilinlimiizde insanligin varligini tehdit edebilecek en biiyiik problemlerden birinin
sera gazi efektine bagli olarak ortaya ¢ikan kiiresel 1sinma oldugu kabul gérmektedir. Bu
durumun temel sebebi karbondioksit gazinin asir1 salininmi ve sonucunda da giines
1isinlarinin atmosferde daha fazla emilmesidir. Karbondioksit gazi hep vardi ve fotosentez
tarafindan dengeleniyordu ancak sanayi devriminden sonra bu gazin salimi dyle artt1 ki
biliminsanlar1 bu konuda ¢6ziim {iretmek igin ¢aligmaya basladilar ve ilk defa 1970 lerde
yapay fotosentez kavramina temel olusturan yayinlar yapildi.

Fotosentezin canlilara degil de aygitlara yaptirilmasi fikri birgok biliminsani
tarafindan kabul gordii ve bu ¢alismalar 6zellikle son 10 yilda hiz kazandi. Bu noktada,
metan, metanol gibi alterneatif yakitlarin {iretildigi yapay fotosentezdeki aktivitenin
artirllmasi icin literatiirde en yaygin kullanilan fotokatalizér olan titanyum dioksitin
katkilanmasi ve katki ile elde edilen yeni elektrokimyasal 6zelliklerin saptanmasi biiyiik
bir dneme sahiptir. Bu sayede fotokatilizde biiyiik 6neme sahip olan bant genisligi ve bant
pozisyonu enerji seviyeleri net bir sekilde belirlenebilir ve bu enerji seviyelerine denk
gelen UV veya goriiniir 151k altinda fotonik indirgenme verimleri iyilestirebilir. Titanyum
dioksitin elektrokimyasal 6zellikleri dongiisel gerilimdlger (cyclic voltammetery — CV)
yontemi ile arastirilabilir ve bu ozelliklerin iyilestirilmesine yonelik kullanilabilecek
bulgular bu yontem sayesinde liretilebilir.

Bu tez caligmasinda nadir toprak elementi katkisinin titanyum dioksitin
elektrokimyasal ozellikleri {iizerindeki etkisi incelenmistir. Nadir toprak elementi
katkisinin titanyum dioksitin elektriksel aktifligini 6nemli 6l¢iide artirdigi bulunmustur.
Bu baglamda titanyum dioksitin yapay fotosentezdeki aktivitesinin nadir toprak elementi

katkist ile artirabilecegini gosterilmistir.



To my Family

Vi



TABLES OF CONTENTS

L ST OF T A B LES ... ettt viii
LIST OF FIGURES ... oottt iX
CHAPTER 1. INTRODUCTION ...ttt 1
CHAPTER 2. PHOTOREDUCTION . ...ttt 4
2.1. General INTOrmMatioN.......oooceeeeeeeee et e e e e e 4

2.2. PROOSYNTNESIS ... 4

2.3. CO2 Photoreduction MeChaniSM .........eeeeee e 7

2.4, PROLOCALAIYSES ..ottt 8

2.4.0. TitaniUM IOXIAR. ..ottt e e e e e 13

2.4.2. SOI-GEI MEINOM ... 17

2.5. Valence — Conduction Band .............eeeeeeeeeeeeeeeeeeeee e 18

2.5.1. Oxidation Reduction REACLIONS .......eeveeeeeeeeeeeeeeeeee e 21

2.5.2. Cyclic VOltammetry.......ccoooeieeiiee e 23

CHAPTER 3. EXPERIMENT AL ..o, 33
3.1. Preparation of the FIlMS.........c.ccoooiiiiiiie e 33

3.2. Characterization Of the FilmS. .... ... 38

3.3, CV MEASUIEIMENTS ...eeeeeeee ettt e e e e e e e e e e e e e e e e e e e eeennnan s 38

CHAPTER 4. RESULTS AND DISCUSSION. .. .ottt 41
4.1. Characterization of the Powders and SOIS .........oooveooeeeeeee 41

4.2. Characterization of the FilmS.........ooooo oo 43

4.3, CV IMEASUIEIMENTS ..eeevtireeieeeeeeeeeiieee s e e e e et eeet s s e e eeeseessetanseeeeeseenseneas 46

CHAPTER 5. CONCLUSION ...cooiieeie e, 61
REFERENGCES ....coooeie ettt ettt ettt et e e e e e e e e et ettt e e e e e e e aee e eeeeeeeeeaetereeeeeeeeseanaeees 62

Vii



LIST OF FIGURES

Figure Page
Figure 1.1. ENergy demand .........cccooueioiiiiieiese s 1
Figure 2.1. Coupled water splitting and CO2 reduction ...........ccccecvvveiiniiencinineees 4
Figure 2.2. The Calvin CYCle..... ..o, 5
Figure 2.3. Life an earth with @ CO2 CYCIE ......ccooiiiiiiii e, 6
Figure 2.4. (a) Photocatalytic water splitting (b) Surface reactions............cccccceveverennnnne. 8
Figure 2.5. Schematic of photoexcitation of a semiconductor............................... 9
Figure 2.6. Mechanism of water splitting on a photo-activated semiconductor.......... 10
Figure 2.7. Relationship between band structure of semiconductor and redox potentials

OF Water SPIEEING ..c.eoveiiceeee e 11
Figure 2.8. Applications of semiconducting materials ..................cooveiiiiiiiin.n 12
Figure 2.9. The variation of nanomaterials investigated for photocatalytic hydrogen
production in [terature .............cooeiiiiiiiiiii i 12
Figure 2.10. a) Rutile b) Anatase form of crystals of TiO2 ......cccccevviiiiiiiiiiiiieee, 13
Figure 2.11. Crystal structures form of TiO2 (from left to right: rutile, brookite,
ANALASE) ..ttt e 14
Figure 2.12. Applications Of TiO2 .....o.viiiriii e 16
Figure 2.13. A schematic view of asolar cell ............cooiiiiiiii 16
Figure 2.14. The Band — Gap CONCEPL .....viniiniiti e e 18
Figure 2.15. Basic Instruments of Electrochemistry .........ccccooveviiviiievc s, 19
Figure 2.16. Reduction processes and potentials ...........cccceveeiiiieiieve e 20
Figure 2.17. An Electrochemical Cell............ccooiiiiiiiiiee e 20
Figure 2.18. Oxidation and REAUCTION .........ccooiiiiiiiiiiiririeseeee e, 21
Figure 2.19. Applied Potential in Cylic Voltammetry .........ccccccoevviveiiiie e, 23
Figure 2.20. An Ideal VoItammOgram ..........cccceiieieeiiiieieese e 25
Figure 2.21. Electrochemical interactions of a typical voltammogram onto regional
DS .o 26

Figure 2.22

Figure 2.23

. The schematic illustration of the CV system fundamentally, is working
with electrolyte solution as expected ............ccovvevieiniiiiiieneeeeenn 27
. The schematic illustration of a typical CV (a) CV and (b) multiple CV of

modified GCE in 0.1 M of KCI solution, MB is methylene blue



Figure 2.24. The existance or non existance of cyclic voltammograms and peaks (a)
After photoreaction and (b) before photoreaction for 0.4 wt%CoOxTiO>

electrodes before and after photoreaction with illumination Solution: 0.1

mol NazSOs, Scan rate, 50MVS—1.........ccceveiiieiiiie e 29
Figure 2.25. Cyclic voltammetry curves recorded for doped and pristine TiO2,
immersed in 0.1 M K2SOg, at a scan rate 50 mV/S........ooovvveeivivieeeiiinnnn. 30

Figure 2.26. Cyclic voltammetry curves for variously prepared TiO2 samples
Electrochemical properties of novel titania nanostructures ...................... 31

Figure 2.27. (a) Voltammograms of PGTNs, PTNs and TiO; at 5 mV. (b—) CV curves
of PGTNs and PTNs at different scan rates. (d) Square roots of various
scan rates (v1/2) vs. Oxidation peak current (Ip) .....ccccoevvvveevveveciieceennn, 32

Figure 3.1. A schematic representation of REE doped sol-gel TiO, powder preparation

PITOCESS ...ttt ettt r e r e 34
Figure 3.2. TiO> film coated ITO glasses prepared by doctor-blade technique.......... 35
Figure 3.3. Colour Change of Titania POWUENS .........cccccovveiiiiieiieie e 35
Figure 3.4. Image of cerium doped TiO2 SOL........cccoeieiiiiiiiiieee s 36
Figure 3.5. Drying the STCKS .......cooiiiiiiiiiiieeeee s 37
Figure 3.6. TiO2 coated titanium StICKS ...........ovviiiiiiiii i 37
Figure 3.7. Three-electrode cell for CV measurements ...............c.coevvinvinianinnnnn. 39
Figure 3.8. Experimental setup for CV measurements ................coceeeverininnenennnn, 39

Figure 3.9. N2 purging of 0.1 M KCI SOIULION .....ooooviiiiiiiiiiiceee e

Figure 4.1. XRD patterns of the prepared powders ..............ccccoeiviiiiiiiiiinnannnn.. 41
Figure 4.2.

Figure 4.3. Bare titanium SHCK ...........ccooieiiiiiiicie e 43
Figure 4.4. Ce doped TiO> coated titanium StiCK ..........ccocvvviriiieieniiecee 44
Figure 4.5. SEM images of the bare titanium Sticks ...........cccoeiniiiiiincce, 45
Figure 4.6. SEM images of Nb doped TiO: film coated titanium sticks ..............cccco.... 45
Figure 4.7. CV voltagram of bare titanium StiCK ...........cccccovveviiiiiicie e, 47
Figure 4.8. CV voltagram of 0.25% Nd doped TiO> coated titanium wire .................... 48
Figure 4.9. CV voltagram of 0.5% Nd doped TiO> coated titanium wire ...................... 49
Figure 4.10. CV voltagram of 1% Nd doped TiO> coated titanium wire .............c.co...... 50
Figure 4.11. CV voltagram of 2% Nd doped TiO> coated titanium wire ....................... 51
Figure 4.12. CV voltagram of 2% Er doped TiO> coated titanium wire .............ccoceenee. 52
Figure 4.13. CV voltagram of 5% Er doped TiO> coated titanium wWire .............cc.cc...... 53



Figure 4.14. CV voltagram of 5% Ce doped TiO coated titanium wWire ............c.cce.... 54

Figure 4.15. CV voltagram of 5% La doped TiO> coated titanium wire .............c......... 55
Figure 4.16. CV voltagram of 5% Ce doped TiO> coated titanium wire ..............cc...... 56
Figure 4.17. Voltammograms of Pristine TiO2 with various scan rates ..............cc.e.... 57
Figure 4.18. Voltammograms of 0.5 Nd doped TiO> with various scan rates............... 58
Figure 4.19. Voltammograms of % 1 Ce, La and Nd doped TiO2 samples ................... 59

Figure 4.20. Voltammograms of pure TiO2 samples with 50mV/s and 70mV/s to

compare surface areas of single and pair Wires...........ccccocevveveieeveernene. 60



LIST OF TABLES

Table

Page
Table 2.1. Lattice parameters, bond lengths and angles of anatase and rutile................ 14
Table 2.2. Sample structures and calculated specific capacitances.............ccocevererennnn. 31
Table 4.1. Experimental CONAItiONS. ........ccccvviieiiiieiicce e 46

Xi



CHAPTER 1

INTRODUCTION

Recent research have focused on generating renewable energy sources due to the
problems arising from the usage of conventional fossil fuels (Figure 1.1). Anthropogenic
CO2 emissions increased due to the increasing fossil fuel use since the beginning of
industrial revolution and the excess CO2 which cannot be consumed by the plants started
to accumulate in the atmosphere. This accumulated CO. and other
chlorofluorohydrocarbons in the atmosphere caused what is known as “Greenhouse

Effect” phenomenon and global warming.
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& Waste Electric Power 0.86%
Biomass, Geothermal, and Solar Mot

Met Muclear Electric
Used for Electricity Generation 0,5%
Power 5.76% ty °

Met Hydro-
Electric
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35.27%
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World Consumption 2006

Figure 1.1.Energy demand
(Source: World Consumption, 2006)



Up to 17th century, plants balanced the amount of CO. by photosynthesis. Now
the natural photosynthesis activity is not sufficient for maintaining the CO> balance and
searching alternatives seems essential. The aim should be not only reducing CO; and
chlorofluorohydrocarbon levels in the atmosphere, but also forming new organic
molecules such as methane that can be used as an energy source. Research on the
utilization of solar energy in order to satisfy the increasing energy demand and to decrease
the “Greenhouse Effect” gained significant interest in the last couple of decades. Artificial
photosynthesis is being considered as a promising technique for the synthesis of
renewable, sustainable fuels like methane, methanol and hydrogen and the reduction of
the global CO> content in the environment (Cogdell et al. 2010). This phenomenon is
based on the use of a photocatalyst which is a semiconductor activated by sunlight energy
and triggers the reactions including water splitting and CO- reduction.

Photocatalyst materials play a central role in the success of the photocatalytic
processes and artificial photosynthesis. These materials should be corrosion resistant
(Zhu and Zach 2009), chemically stable and cheap with high and efficient visible light
absorption (Silija et al. 2012). The commonly known anatase and rutile phases of titania
(TiO2) are the most important and widely used materials in environmental related
photocatalytic research and applications. The most important disadvantage of these titania
phases is their relatively high bandgap energies commonly reported in the 3.0-3.2 eV
range which results in the very limited absorption of sun light in the ultra-violet (UV)
range which represents < 5% of solar radiation spectrum (Nassoko et al. 2012). The
reduction and modification of the bandgap energies of the titania phases by doping with
various elements for more efficient absorption in the visible range and the determination
of the activities of these materials in the photocatalytic decomposition of organic
structures and artificial photosynthesis is the main concern of intense research in the last
10-15 years. These dopants are nonmetals like C, N, S etc. (Cong et al. 2007, Dong et al.
2011, Park et al. 2006, Rockafellow et al. 2009, Shen et al. 2007, Yang et al. 2010)
transition metals like Cu, Ag, Fe, Co etc. (Akpan and Hameed 2010, Silija et al. 2012,
Baiju et al. 2007, Nie et al. 2009) and rare earth metals like La, Ce, Nd etc. (Choudhury
et al. 2013, Li et al. 2004, Obregon et al. 2013, Ranjit et al. 2001, Xiao et al. 2007).

In this thesis, band position energy levels which determine the oxidation/reduction
reactions in artificial photosynthesis were determined by using Cyclic Voltammetry (CV)

which is preferred due to its working capability even in nanoamper levels. The effects of



rare earth element type, doping level, electrolyte type, electrolyte concentration on the
electrochemical behavior of TiO2 were investigated in this MSc study.



CHAPTER 2

PHOTOREDUCTION
2.1. General Information

Photoreduction is a chemical process that is carried out by the species formed by
the electron-hole pairs generated due to the interaction of light and the semiconductor.
Photoreduction is used to represent the reaction which is induced by light and it generally
outputs photoexcited species or photochemical hydrogenation of a molecule by the
addition of one or more electrons. The photoreduction of CO, and water splitting have

been widely studied for years. The reactions are shown in Figure 2.1.

2H,0 Mt O, +4H* +4
2C0; +4H* +4 =M 5c0 + 2H,0
2CO, light

2CO + O,

Figure 2.1. Coupled water splitting and CO2 reduction
(Source: Electrochemical photoreduction, 2015)

2.2. Photosynthesis

In natural photosynthesis plants and cyanobacteria synthesize their own building
block materials from CO. with the help of sunlight energy. Photon energy splits water
into oxygen and hydrogen which is then bounded to NADPH (Nicotinamide adenine
dinucleotide phosphate). This process, which is called as Light Reactions, is conducted at
photosynthesis reaction centers embedded in cell wall and includes the electron transfer
related to ATP (Adenozine triphosphate) synthesis. In Dark Reactions, NADPH, ATP
and COz is consumed in Calvin Cycle (Figure 2.2) to produce carbohydrates (Heldt 2005).
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00000
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Figure 2.2. The Calvin Cycle
(Source: Moore et al. 1995)

Plants and cyanobacteria are important due to their capability of producing
biomass, oxygen and all fossil fuels by photosynthesis. The CO2 cycle and photosynthesis
phenomena (Figure 2.3) are the vital living processes in human life and the whole
organics cycles. Animals need carbohydrates or other organics for the continuity of their
life so their existance. These animals oxidize biomass that is produced by plants or
bacteria and they utilize this needed energy to continue their own life processes. In other
words, solar energy is captured and used by plants and this fundamental step starts the

life cycles and become the source of the life processes on earth (Heldt 2005).
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The light coming from sun has a broad range of wavelength (1) containing three
main regions which are ultraviolet (UV and Auv< 4000 nm) visible (400 nm <Avisible< 700
nm) and infrared (IR and Ajr> 720 nm) and these range is thought with different energy
amounts due to the Planck’s equation (E=h.f) where f is the frequency of radiation. Plants
absorb this energy from the sun light and this energy initiates the photosynthesis reactions
in chlorophylls.

Solar energy can be utilized in many different applications. For instance this
energy can be converted to electricity by solar cell or the energy can be stored by solar
pond on this energy can be transformed into chemical energy by photosynthesis
(Hammarstrom and Hammes-Schiffer 2009). There are several advantages/disadvanteges
of these applications. Photocatalysis is supposed to create a great contribution to
environmental issues by carbon emission reduction and renewable energy generation
(Fujishima et al. 2000).

By using photocatalysis, harmful species from industrial wastes can be
transformed into harmless disposable species. Some chemical reactions that can occur
only at high temperatures and pressures may be triggered by the electrons and holes
produced by the interaction of photocatalyst and sun light. In this sense, artificial

photosynthesis is a promising process to produce sustainable energy to for the global



warming prevention and these all are supported by the intensive research in the last 10
years (Wu et al. 2005, Matejova et al. 2014, Raja et al. 2011, Tan et al. 2012, Uner et al.
2011, Zhang et al. 2009).

Effective use of renewable energy sources is needed to protect the environment.
Photocatalysis is expected to be a promising solution to eliminate these kind of problems
that may occur in the future applications. Photocatalysts materials can also be used to
decompose pollutants in water, air and on reactive surfaces. There are many research
conducted on several different materials towards photocatalytic water splitting and
artificial photosynthesis in the last decade (Dey 2007, Fan et al. 2009, Inoue 2009,
Kalyanasundaram and Graetzel 2010, Neatu et al. 2014, de-Richter et al. 2013, Zhu and
Zach 2009). During all the achievements, “Artificial Photosynthesis Center” was built in
California, USA and this center has a budget of 120 million $. This center is supporting
many universities and national laboratories working on artificial photosynthesis
(Subbaraman 2010).

2.3. CO;2 Photoreduction Mechanism

Photoreduction mechanism of CO: includes water splitting and reduction of CO>
with species formed in water splitting reactions. This whole process is demonstrated step
by step schematically in Figure 2.4. The properties such as the capability of absorption of
photons, charge separation/migration and surface adsorption/reactions of a
semiconducting photocatalyst determine the important steps in photocatalysis.

Photocatalysis involves oxidation and reduction reactions due to photogenerated
holes and electrons. When water is adsorbed on the surface of the semiconducting
material, it produces O, and H* due to the reaction of captured holes with water. Produced
H* ions react with excited electrons to form H- radicals. On the other hand, one H2
molecule forms by union of two H- radicals. The photocatalytic water splitting
mechanism can be simply expressed by these two steps. When an electron interact with
CO2 molecule, -CO>- radical is formed (Koci et al. 2009). CO is formed by the reaction
of newly formed H- and -COz- radical. By consecutive reactions, CO is transformed into
-CHs radicals. As followings, by the reaction of -CHs radicals with H- or OH- radicals,
CHs (methane) or CHsOH (methanol) molecules are formed. The photocatalytic

reduction mechanism of CO; is explained by these steps. The heat is released without



chemical works due to the recombination of produced electron-hole pairs which is not
desired in photocatalysis.

(a) (b) o, e "0 o
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Figure 2.4. (a) Photocatalytic Water Splitting (b) Surface Reactions
(Source: Koci et al. 2009, Zhu and Zach. 2009)

2.4. Photocatalysts

Photocatalysts are generally semiconductors (mostly metal oxides) with a
bandgap energy (Eg) between valence and conduction bands. The activation of
semiconductor photocatalyst is supplied by exposing these materials to light which
incoming photons have energies equal to or higher than the bandgap energy of that
material (Figure 2.5). When the semiconductor is excited, an electron (e") hops from the
valence band to the conduction band and a hole is created in the valence band which acts

as a positively charged electron (Linsebigler et al. 1995).
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Figure 2.5. Schematic of Photoexcitation of a Semiconductor
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When a semiconductor has properties such as (i) photoactivity, (ii) biologically
and chemically inert; (iii) photostable (i.e., not prone to photocorrosion), (iv) inexpensive
and (v) non-toxic, it can be classified as an ideal photocatalyst. There are several
processes occuring after absorption of light by a photocatalyst. Firstly, by energy transfer
from the absorbed photons to the semiconductor electrons hop from the valence band to
the conduction band leaving holes acting as positively charged electrons. Excited
electrons and holes can recombine dissipating the input energy as heat, get trapped in
metastable surface states or react with electron donors/acceptors adsorbed on or near the
semiconductor surface leading to oxidation-reduction reactions (Zaleska 2008). In path
A or B, electron-hole pairs are produced in the lattice and they are separated and captured
in suitable parts of the nanostructure. The oxidation reactions are conducted by holes in
path D and reduction reactions are conducted by electrons in path C (Linsebigler et al.
1995). The electron excitation mechanism becomes more efficient if the reactant
molecules are preadsorbed on the surface of the photocatalyst. The band edge position of

the semiconducting material determines the probability and the rate of charge transfer



process. The redox potential of the adsorbed species is also important for the efficiency
of the photocatalytic process. The bottom of conduction band of the semiconductor must
be at a more negative potential than H*/H> (0 V vs. NHE at pH 0) and the top of the
valence band must be at a more positive potential than H.O/O2 (1.23 V vs. NHE at pH 0)
(Figure 2.6). The minimum electron energy should be 1.23 eV (corresponding wavelength
c.a. 1000 nm) for water splitting reaction to be thermodynamically possible (Zang 2011).
Some examples of photocatalysts and redox potentials of water splitting are also given in

Figure 2.7.

Potential
[vs. NHE at pH 0)

Conduction band (C.B.)
e—\t H*
H*/H X t C
G el TR, ) T H,
10k Band gap (E;) hv >E,
0,/H,0 &
+20F y -
O,
Y 2
=T —— "\ o0
Valence band (V.B.) =—=

Figure 2.6. Mechanism of Water Splitting on a Photo-activated Semiconductor
(Source: Zang 2011)
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Fujishima and Honda conducted the pioneering studies in the early 1970s to
produce renewable energy in terms of artificial photosynthesis and water splitting by
photocatalytic processes (Fujishima et al. 1972, Inoue et al. 1979). As a result of these
achievements, photocatalytic processes are being conducted by various photocatalytic
materials. Several materials were also commercialized by using these photocatalytic
materials in the literature.

Many oxide, sulfide, nitride based semiconducting materials are employed as
photocatalysts due to their suitable band gap energies for photocatalysis. TiO2, WOs3,
SrTiOs, Fe203, ZnO, CuO, ZnS, CdS, CdSe, GaN are some examples for photocatalysts.
The band gap energies of these materials are 3.2, 2.8, 3.2,3.1,3.2,1.2,3.6,24,1.7,3.4
eV, respectively (Hoffman et al. 1995). These semiconductors are used in many
applications including photocatalysis (Figure 2.8). TiO: is biologically and chemically
inert and stable with respect to photocorrosion and chemical corrosion and inexpensive

so that it is the most extensively used photocatalyst.
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Figure 2.8. Applications of Semiconducting Materials.
(Source: Carp et al. 2004)

Semiconductor materials for CO2 photoreduction and H2O photosplitting have
great importance because these two applications may be solutions as a convenient way to
produce renewable sources and preventing global warming. Nie et al. shows the diversity
of nanomaterials produced for photocatalytic hydrogen production studied in research
articles published in the last 15 years as shown in Figure 2.9 (Nie et al. 2009).
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Figure 2.9. The Variation of Nanomaterials Investigated for Photocatalytic
Hydrogen Production in Literature (Source: Nie et al. 2009)
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2.4.1. Titanium dioxide

Titanum dioxide is a naturally occurring oxide of titanium with the chemical
formula TiO2 (Figure 2.10). It may be referred as titanium (IV) oxide, also known as
titania. There are several different crystal forms of titanium dioxide such as anatase,
brookite, and rutile (Figure 2.11). They are all isomers of titanium dioxide with different
crystal structure. Anatase and rutile are sharing tetragonal structure, whereas brookite
have an orthorhombic structure configuration. Two types are more of our interest which
are anatase, rutile since they are more photocatalytically active and stable phases of
titania. The lattice structures, lattice parameters and bond lengths/angles of anatase and

rutile are shown in Table 2.1.

(b)

Figure 2.10. a) Rutile b) Anatase form of crystals of TiO>
(Source: Marin Mineral, 2015; Mineral MasterPiece, 2015)

13



Figure 2.11. Crystal structures form of TiO2 (from left to right: rutile, brookite, anatase)
(Source: Crystal structures of titania, 2015)

Although these three types of TiO2 have the same chemistry, they are different in
crystal structure. The anatase is a crystal with small size which is isolated and somehow

sharply developed. Like rutile, anatase is commonly occurring modification of TiO..

Table 2.1.Lattice parameters, bond lengths and angles of anatase and rutile
(Source: Labouriao et al. 1997).

Ti-O O-Ti-O Lattice parameters
bond length | bond angle A)
(nm) ©) A b c
4-92.4
4-0.1934
Anatase 4-78.1 3.782 | 3.782 9.502
2-0.1980
4-101.9
2-98.8
4-0.1949
Rutile 2-81.2 4.594 4.594 2.958
2-0.1980
8-90.0
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Temperature is a very important factor which can affect their crystal structure.
When they go through elevated high temperatures, then there will be structure change.
We can expect anatase automatically revert to the rutile structure when the temperature
goes high up to 915 ° C. Unlike anatase, rutile is the more common as well as more known
mineral of all those three. Anatase and rutile share many of the same or nearly the same
properties, such as luster, hardness, and density. However, they differ each other slightly
in crystal habit and more distinctly in cleavage due to their structure difference.

Chemical stability/inertness, low cost and absorption capability of UV light of
TiO2 make it very attractive material and it is used in research and applications of
photocatalytic processes. It is widely showed in (Figure 2.12) with application types such
as plastics, paper, paint and others. Excitation of one electron from the valence band to
the conduction band of TiO2 needs near UV or UV light to be absorbed due to the large
band gap of TiO- (3.0-3.2 eV). Only UV radiation can activate TiO2 which means no
more than 5% of solar radiation may be used by TiO> (Carp et al. 2004). Effective use of
photons of solar radiation can be achieved by using the advantages of nanoscience.

There are various application area of the titanium dioxide apart its photocatalytic
properties. It is widely used as white pigment in paints owing to its high refractive index
and brightness. If there are many tiny particles orientated in different directions, a high
refractive index will cause the scattering of light. In other word, high refractive index
means high clarity and high polarizing power. In this respect, when compared titanium
dioxide to many other candidate materials. It has a higher refractive index, even higher
than diamond and there are only a few other substances which also have higher index as

titanium dioxides.
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Figure 2.12. Applications of TiO>

Considering the limited amount of available resources like fossil fuels, there is
ever growing need for producing renewable energy sources in an economical way. Silicon
based solar panels, which is represented in (Figure 2.13) as an example, are now widely
used. But the construction of these panels need two layers of specially constructed silicon
crystals. The layer structure as will be shown below is made of glass coated with
conductive oxide, for example fluorine doped indium oxide which is made by adding

fluorine to indium oxide and used as photo anode. The bottom layer contains nano-
structured titanium dioxide.

Conducting Glass Plate

Nano Titanium Dioxide

Fruit Dyeabsorbed onto the Titanium Dioxide

e ]
AN e "1“‘&7&‘5

RN

Figure 2.13.A schematic view of a solar cell
(Source: Solar cell, 2008)

16



2.4.2. Sol-Gel Synthesis Method

An extensive investigation in the degradation of toxic organic pollutants, in
energy conversion and storage, in organic synthesis have been carried out for
semiconductor as catalyst for photochemical reactions long time. In these related
reactions, holes and photogenerated electrons move to the surface of semiconductor
where they can induce oxidation and reduction of adsorbed molecules. Among all
promising candidate for better photocatalyst, titanium dioxide, for instance, is one of the
most popular in photocatalytic application because of the strong oxidizing power of its
holes, also the high photostability of redox selectively bringing into the process. TiO is
available commercially and very easy to prepare in the laboratory. A better catalytic
activity from TiO- can be achieved by taking a way as increasing its specific surface are,
which is surely dependent on the crystal size. It is known that the catalyst in smaller size
will give bigger specific surface area. So far, a couple of methods have been used to
prepare TiOzsuch as chemical precipitation, microemulsion, hydrothermal crystallization
and sol-gel.

For preparing metal oxides with high photocatalytic activities, sol-gel is one of
the most promising techniques. In sol-gel processes, a reaction of hydrolysis and
polycondensation of titanium alkoxide Ti(OR), to form oxopolymers is usually taken

place, which are then transformed into an oxide network. The reactions are as follows:

Hydrolysis reactions;

M(OR)s + H.O — HO-M(OR)3 + R-OH (partial hydrolysis)
M(OR)4 + 2H20 — (OR)2-M-(OH) + 2R-OH (partial hydrolysis)
M(OR)4 + 3H20 — (OR)-M-(OH)3 + 3R-OH (partial hydrolysis)
M(OR)s + 4H20 — M(OH)4 + 4R-OH (total hydrolysis)

Condensation reactions;

(OR)3-M-OH + HO-M-(OR);3 — [(OR)sM—-O-M(OR)3] + H-O-H
(OR)3-M-OR + HO-M-(OR)z — [(OR)sM—O-M(OR)s] + R-OH
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Sol-gel method has couple of advantages over other known methods. It give high
purity and homogenous product, excellent atomic mixing, low temperature synthesis,
precise control of size and surface properties, possibility of different forms of products
such as films or powders. However high amount of solvent usage is the most important

drawback of sol-gel method.

2.5. Valence — Conduction Band

A free electron is assumed to stand almost everywhere in an atom. However,
Quantum Mechanics predict specific and discrete energy levels electron can only stay due
to the interaction between the electron and nucleus. This phenomena is experimentally
defined as valence band, conduction band and energy gap (Figure 2.14). These terms are

used to show how much energy is needed for conductivity.

Figure 2.14.The Band — Gap concept Electrochemistry

Electrochemistry is a concept which deals with the interrelation of electrical and
chemical effects. Reactions occur due to the involving reactant: electron. When the
current moves throughout the molecules, chemical changes form and stability breaks
which can be thought in (Figure 2.15). Thus, this area is thought to analyze and
charecterize the electrical properties of coated material as. This phenomena was
developed by Volta in 1793 firstly, which could form oxygen and hydrogen gases from

pure water.
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Figure 2.15. Basic Instruments of Electrochemistry (Source: Nello Formisano et al.)

Combination of chemical and electrical effects bring about lots of special
characterization techniques which can lead enhancements in nanotechnologhy, chemistry
and materials sciences. There are two main types of applications;

1- Electrolytic process: Reactions in which chemical changes occur on the

passage of an electrical current

2- Voltaic process: Chemical reactions that result in the production of electrical

energy.

Both are tested in an electrochemical cells. In Figure 2.16 lots of half reaction

processes and potentials are listed respectively.
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Figure 2.16. Reduction processes and potentials
(Source: René McCormick, 2006)
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Figure 2.17. An Electrochemical Cell
(Source: Petrucci et al. 2007)
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An electrochemical cell is consisted of two electrodes and an ionic conductor
called electrolyte (Figure 2.17). Both have charge transfers yet on electrodes it occurs via
the motion of electrons, although it occurs via the motion of ions in the electrolyte. At
each electrode, an electrochemical reaction occurs. This is named as a half cell reaction.
There are two fundamental types of half cell reactions:

- Oxidation reactions

- Reduction reactions

2.5.1. Oxidation-Reduction Reactions

Charge transfers in the electrochemical reactions is defined upon the direction of
them. If a molecule accepts the electron, then it is called reduction, if it loses, then it is
called oxidation (Figure 2.18).
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Figure 2.18. Oxidation and Reduction
(Source: Oxidation and Reduction Process, 2015)

This phenomena involves the loss of an electron for oxidation and the transfer of

electrons from the metallic structure of the electrode. Moreover it is an energetic process,
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and occurs when the energy of the electrode dips below the highest occupied molecular
orbital of the molecule. However, reduction involves the gain of an electron and the
transfer of electrons from the electrode to the sample. Reduction is also an energetic
process, and occurs when the energy of the electrode increases above the lowest vacant
orbital of the molecule. The electrodes are used in the oxidation reduction reactions are
known as anode and cathode. The electrode where the reaction of attract occurs is called
the working electrode and at which the other (coupled) reaction occurs is called the
counter electrode. A third electrode, called the reference electrode may also be used. For
a given set of two reversible redox reactions, Thermodynamics tells that reaction proceeds
as an oxidation and which proceeds as a reduction (Johanna Loberg, Jenny Perez
Holmberg, Ingela Mattisson Anna Arvidsson, and Elisabet Ahlberg). The electrode’s
potential for a reaction is derived directly from the free energy difference for that reaction
AG = - nFE where G is used for Gibbs free energy, n is used here as number of Faradays
passing through the cell, F is for Faraday constant and E is the electromotive force of the
cell. By this method, for instance, the reaction with the lower standard reduction potential
gets oxidized, the other reaction maintains as a reduction.

Zn sZny" + 2e, E%q = 0.7618 V

Cuz" +2e s Cu, E°ed =0.341 V

Thus, in the example above, Zn is oxidized, and Cu is reduced which can also be

understood from direction of the 2e. As a result

Ecen = Ecathode = Eanode (2-1)

Since E cell must be positive, E cathode must be bigger than E anode.

As a matter of fact that,

m =n.F.m (2.2)

m - mass of substance

M - molecular weight of the substance
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| - current passed

t - time for which the current is passed

n - number of electrons transferred

F - Faraday constant (96475 C / eqv)

So the amount of substance is directly proportional to the density of the current passed.
There are two main types of methods which can easily use electrochemical

charecterizations and analyse of the measurements those are called Cyclic Voltammetry

and Lineer Sweep Voltammetry. Due to its nano-amount quantities, Cyclic Voltammetry

had been chosen and measurements were done on sticks in Faraday Cage with Palme

Sense.

2.5.2. Cyclic Voltammetry

Today linear potential scan methods are very practical tools for initial studies of
new systems and proved to be reliable techniques to get information about totally
complicated electrode reactions. Cyclic voltammetric methods, in particular, have often
been benefited in basic studies of electrochemical systems and in the concept of analytical
research.A cyclic voltammetry is potentiodynamic electrochemical instrument which can
be tried on the sample when electrical potential is increased and shrinked by time linearly.
An initial potential is applied on the sample(working electrode) and it is scaled up to set
point to observe changes due to potential and then is scaled down to the initial point but
this time reverse direction which is set by the user initially in terms of potential and

current (Figure 2.19).

Potential (V)

L oy e
fy t t; Time (s)

Figure 2.19 Applied Potential in Cylic Voltammetry
(Source: Nicholson, R. S., 1964)

23



The graph which is created and presented by CV instrument is called a
voltammogram. It gives a graph which has a behaviour of the working elecrode’s
response owing to the variable applied voltages (Figure 2.20). An ideal voltammogram
should be like that at least with two runs and the applied potential versus current peaks
would be used for oxidation and reduction parts to measure band-gaps density lately
(P.He, L.R. Faulkner, Anal.Chem). The red graph represents the second run of the
characterization which must be the same or very similar to the old one. Voltammetric
measurements are carried out with the help of using an electrochemical cell made up of
three electrodes immersed in a solution containing the combination of chemical salts and
deionized water which must be nonreactive. One of the three electrodes is the working
electrode, which is typically made of platinum, gold, silver, glassy carbon, nickel, or
palladium. The redox process occurs upon this electrode. Its dimensions are held very
small in order to enhance its tendency to become polarized. The second electrode is
generally known as reference electrode, which provides calibration for the applied
potential. Examples of commonly used reference electrodes are the normal hydrogen
electrode, Ag/AgCl electrode, and calomel electrode (i.e., Hg/Hg2Clz). The third
electrode is called the counter electrode, which is often a platinum wire that simply serves
to conduct electricity from the current source through the liquid conductor solution to the

other two electrodes.
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Figure 2.20. An Ideal VVoltammogram
(Source: Huskinson B et al. 2014)

These two graphs red and black refer to the duplicated runs with CV which is
essential for repeatability testing.The redox potential can be obtained from a
voltammogram by calculating the average value of the anodic and cathodic peaks. For
example, for the voltammogram shown in (Equation 2.3), the one-electron (Ei, 1/2) and

two-electron (Ez,12) redox potentials can be calculated as:

Es 4 F& Fr + F=
1t l;ul{lEzlf_,.= e

- - (2.3)

E].L,rz =

The subscript 1/2 indicates that the potential is obtained approximately at the half-
height of the cathodic and anodic peaks and hence is often called the half-wave potential.
At these points the concentrations of the reduced and oxidized molecules have to be equal.

In a typical voltammogram, both thermodynamic and kinetic information are

available in a single experiment.
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The experimenter can understand details about the rates of electron transfer, as
shown in Figure 2.21, between substances and electrodes and one can also learn about the
rates and nature of chemical processes coupled to the electron transfer event during the
process. The properties of both reactants and products can frequently be discerned from
a single voltammogram, or from a series of voltammograms obtained as a function of

scan rate, molar density, pH, solvent type, and fabrication temperature .
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Figure 2.21 Electrochemical interactions of a typical voltammogram onto regional base.
(Source: Cyclic Voltammetry, 2015)

The speed of change on potential is arranged with the scan rate function due to the
fact that some radicals could only be prevented before they influence redox reactions.
(DuVall, Stacy DuVall; McCreery, Richard, 1999).

The potential applied, E, will control the concentration of the two redox forms in

accordance with the Nernst equation:

[0x]
[Red ] (2.4)

E—E+RTl
= Ep (nF)n
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Where, Ox = oxidised species

Red = reduced species

(1) (2) (3)

)

N, >

Il (1)Counter electrode
(2)Working electrode
(3)Reference electrode

oo

o Magnetic agitator

Figure 2.22. The schematic illustration of the CV system fundementally, is working with
electrolyte solution as expected. (Source: Cardoso et al. 2014)

The application of CV as a dynamic measuring technique is based on the
assumption of a linear rise and fall of the potentialversus current (Figure 2.22). In order
to guarantee successful analysis, the electrochemical workstation has to treat the scan
function with high accuracy and must avoid interruptions, especially for caused by
autoranging functions. Therefore CV is performed in a fixed current measurement range,
defined by the user through the limiting current input. It is important to select an
appropriate current range, which is warned with the instrument as low current, to avoid
restarting on current overdrive with shrinked voltage scale on the one hand and an
accurate signal-tonoise ratio on the other hand. In the literature, there are few examples
showing the capability of CV on various examples. For instance Figure 2.23,
voltammograms show lots of peaks for the samples ZnO and P25 (TiOz) in KCI solutions

with or without Methylne Blue in the scale of current versus potential.
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Figure 2.23. The schematic illustration of a typical CV (a) CV and (b) multiple CV of
modified GCE in 0.1 M of KCI solution, MB is methylane blue. (Source:
Fatin S O et al. 2012)

Differences can easily be detected by this kind of analysis such as in graph (a)
P25 could not obtain peaks even though MB added P25 could get definite peaks shown
in the red voltammogram.

Another voltammogram is examined in Figure 2.24. At those graphs, before and
after conditions are compared by the help of Cyclic Voltammetry in a photoreaction
medium. As seen, after a photoreaction, because of the new reductive species, peak was
appeared at —0.36V (versus SCE), and it probably was due to the nonstoichiometric

intermediate of CoOx active species which was produced during photoreaction process.
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Figure 2.24. The existance or non existance of cyclic voltammograms and peaks (a) After
photoreaction and (b) before photoreaction for 0.4 wt% CoOXxTiO2 electrodes
before and after photoreaction with illumination Solution: 0.1 mol Na2SOs,
Scan rate, 50mVs . (Source: Wu Y. et al. 2006)

In Figure 2.25, CV is performed for both pure and iodine doped TiO2 samples.
The working electrode was polarized from the rest potential in the anodic direction up to
1V and back up to -1 V vs. Ag/AgCI reference electrode within 0.1M KCI. In general,
the shape of CV curve is typical for titanium dioxide materials with a marginal capacitive
current in anodic region (seen with A). However, in the case of doped materials, the clear
reduction peak marked as B at 0.2 V vs. Ag/AgCI reference electrode again 0.1M KCl is
that is why presence of dopant atoms. This cathodic peak can be described as the
reduction of Ti** sites in TiO. As a result of the electrochemical reaction, the change in
the electronic structure of TiO, takes place. This change is the formation of additional
energy levels within the bandgap directly influences the conductivity parameters causing
different current densities.
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Figure 2.25. Cyclic voltammetry curves recorded for doped and pristine TiO2, immersed
in 0.1 M K>SO, at a scan rate 50 mV/s (Source: Siuzdak et al. 2015)
Measuring voltage versus current be used for comparison between the
Capacitance Values of different samples within the voltammograms. In Figure 2.26, 7
different samples were applied which were respectiveley named as sample 1,2,3,..etc.
Sample forms of the TiO2 were shown in table 2.2 .. Their specific capacitances were used

the equation below :
C=Q/ (mx AV). (2.5)

where C is the specific capacitance calculated based on the mass of active material, Q is
the charge calculated using half the integral area of the CV curve, m is the mass (g) of the
active material, and AV is the potential difference. The C values of the samples are

summarized in Table 2.2.
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Table 2.2 Sample structures and calculated specific capacitances

Samples Specific capacitance (mF g Yy BET areas® fm:E 'Y Featured structure”

Sample 1 172 68.5 TiCk nanodishes
Sample 2 4600 47.1 Ti(d, three-laver nanoshests
Sample 3 1361 51.6 Tik; ancient Chinese coins
Sample 4 270 12.6 Tik, singledaver nanoshests
Sample 5 1493 4.6 TiOF; nanocubes
Sample 6 365 0.9 Hollow Ti(y, nanocubes
Sample 7 1193 50.0 Commercial rutile Ti(h,
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Figure 2.26. Cyclic voltammetry curves for variously prepared TiO2 samples.
(Source: Sungi Lou et al. 2015)

Polyaniline/graphene/titania nanotube arrays (PGTNs) and Polyaniline/titania
nanotube arrays (PTNs) were tried in CV for a kind of electrochemical analyses also scan

rate differencies were observed in Figure 2.27.
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Figure 2.27. (a) Voltammograms of PGTNs, PTNs and TiO, at 5 mV. (b—c) CV curves of
PGTNs and PTNs at different scan rates. (d) Square roots of various scan rates
(v1/2) vs. Oxidation peak current (Ip). (Source: Hua Huang et al, 2015)
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CHAPTER 3

EXPERIMENTAL

3.1. Preparation of the Films

Rare Earth Element (REE) doped TiO2> powders were prepared by sol-gel using
titanium tetraisopropoxide (TTIP, Aldrich 97%) as titanium precursor. Cerium(I11) nitrate
hexahydrate (Ce(NO3)3.6H20, Aldrich 99.99% trace metal basis), neodymium nitrate
hexahdrate (Nd(NOs)3.6H20, Aldrich 99.99% trace metal basis), lanthanum nitrate
hexahydrate (La(NO3)3.6H20, Aldrich 99.99% trace metal basis), erbium(lll) nitrate
pentahydrate (Er(NO3)s.5H20, Aldrich 99.9% trace metal basis), were used as dopant
precursors.

Pure TiO2 powder was prepared by the dropwise addition of a solution (nitric acid
(HNO3z, Merck 65%) and water in ethanol (Merck absolute) to a titanium
tetraisopropoxide/ethanol solution under vigorous stirring at room temperature. The
resulting transparent sol with the molar ratios of TTIP:H,O:HNO3:EtOH as 1:2:0.06:5.9
was stirred until complete gelation was observed. REE doped TiO, powders were
prepared by following the same route with the addition of predetermined amounts of RE
nitrates to nitric acid/water/ethanol solution. The obtained gels were dried at 50°C
overnight prior to heat treatment at 700°C for 3 hours. TiO, powders doped with 0-20%
RE203 ,Rare Earth Oxide, (on molar basis) were prepared in the context of this study. A
schematic representation for the preparation of REE doped sol-gel TiO2 powders is given
in Figure 3.1.
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Figure 3.1. A schematic representation of REE doped sol-gel TiO2 powder preparation
process.

TiOz film coated ITO (Indium Tin Oxide) glasses were prepared by using doctor-
blade technique. Doctor blade (or tape casting) is one of the widely used methods for
producing techniques and it is accepted as precision accurate coating method. When a
constant relative movement is established between the blade and the substrate, the slurry
spreads on the substrate to form a teen layer which results in a gel layer to dry. So, first,
TiO2 pastes were prepared with PEG200/water with different pure/doped TiO2 powders.
The pastes were applied on the ITO glasses by using doctor-blade technique. Then the
films were dried at room temperature and heat treated at 400°C for 2 hours for burning
off organics and adhesion of the TiO> films on ITO glasses. Prepared films are shown in
Figures 3.2 and 3.3.
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Figure 3.2. TiO film coated ITO glasses prepared by doctor-blade technique.

Figure 3.3.Colour Change of Titania Powders
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Titanium sticks were used due to difficulties in the application of large ITO
glasses in CV measurements and low adhesion of the powders on the glasses. Sticks were
coated with doped/pure TiO2 by using the corresponding sols of the previously prepared
powders. Pure/doped TiO sols were prepared with % of Ti** concentration of the powder
recipes, whereas H.O/Ti*" and HsO*/Ti*" ratios were kept constant. Image of cerium

doped TiO: sol is given in Figure 3.4.

Figure 3.4. Image of cerium doped TiO2 sol.

Pure/doped TiO2 coated titanium sticks were prepared by using dip-coating

method. Following procedure was employed:

1- 1 m of titanium stick/bar with 2 mm diameter was cut into 7.5 cm pieces.
2- Titanium pieces were cleaned with ethanol and dried.
3- Sticks were dipped into TiO2 sols and waited for 30 seconds.

4- Step 3 was repeated for 5 times for obtaining thick TiO2 films.
5- Coated sticks were dried at room temperature for 1 hour (Figure 3.5).
7- Dried sticks were heat treated at 700°C for 3 hours (Figure 3.6).
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Figure 3.5. Drying the Sticks

Figure 3.6. TiO> coated titanium sticks.
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3.2. Characterization of the Films

Phase characterization of the prepared powders was performed by Philips X’ pert
Pro XRD equipment with monochromated high-intensity (A=1.54A) CuKa. radiation. The
scanning rate was set as 2.5 20/min between 5° and 80° with 0.033° step size.
Characterization was conducted with 1-2 g powder pressed in an aluminum cassette
which was also used as reference material to calculate the accurate peak positions.

Dynamic light scattering (DLS) analyses were conducted with Malvern Zetasizer
3000HS DLS in order to determine doped/undoped TiO: sol average particle sizes.

Scanning electron microscopy (SEM) analysis were conducted with FEI
QUANTA 250 FEG.

3.3. CV Measurements

Cyclic voltammetry measurements were conducted in a three-electrode undivided
glass cell (Palm Sense). The experimental setup for CV measurements consists of CV
instrument, three-electrode glass cell in a faraday cage and a computer The images of the
three-electrode undivided glass cell and experimental setup used in CV measurement are

given in Figures 3.7 and 3.8, respectively.
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Figure 3.8. Experimental setup for CV measurements.
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The electrolyte solutions were 0.1 M KCI or 0.1 M NaOH solution purged with
CO2 (g) for 30 min. The second solution was used since photocatalytic reduction of CO>
was generally conducted in this solution in the studies on artificial photosynthesis. The
solution was purged with N2 before the CV mesurements when KCI solution was used as
shown in Figure 3.9.

Figure 3.9. N2 purging of 0.1 M KCI solution.

The experimental conditions such as supporting material (ITO glass or titanium
stick), electrolyte, potential range, scan rate employed for different pure/doped TiO; films

and the determined oxidation/reduction points is given in Table 4.1
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CHAPTER 4

RESULTS AND DISCUSSION

4.1. Characterization of the Powders and Sols

XRD patterns of pure/doped TiO> powders heat treated at 700°C are given in
Figure 4.1. It was found that anatase coexists with the rutile phase at 700°C with a
contribution of 30.4 wt% for pure TiO2. The relative intensity of (101) reflection peak
significantly decreased and FWHM of this peak increased with increasing doping level
which indicated that anatase to rutile phase transformation was significantly inhibited by
REE doping. The level of this inhibition was found to increase with increasing dopant
concentration. The REE doped titania mainly consists of the anatase phase at this heat

treatment temperature.

5% - Ce
5% - Er
2% - Er
2% - Nd
1% - Nd
—0.5%-Nd
—0.25% - Nd
Pure

/ AN N\ N e

Intensity (a.u.)

20 (deg.)

Figure 4.1. XRD patterns of the prepared powders (* and o indicate anatase and rutile

phase peaks respectively).
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Figure 4.2. Size distributions of the prepared sols.

The sol particle size distributions given in Figure 4.2a and 4.2b indicate the
presence of polymeric titania species with sizes in the 1-10 nm range as they are prepared
at room temperature. The polymeric sol particles become smaller at low dopant
concentrations compared to the pure titania. The presence of such small particles was
determined to cause the formation relatively small (~10-20 nm) crystallites in the heat

treated powders. The dopant presence even at very low concentrations significantly
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reduced the crystallite sizes in the powders as determined from the XRD patterns by
Schrerer equation.

4.2. Characterization of the Films

The surface morphologies of the uncoated metallic support stick was investigated
by analysing optic microscope images. An example of these optical microscope images
Is given in Figure 4.3. Although due to the relatively large diameter of the wire the picture
is partially out of focus, a clean metallic surface with large scratches due to mechanical
polishing was detected. The surfaces were free from any debri or titania films prior to the

coating proces.

Figure 4.3. Bare titanium stick.

The presence of colourful islands under the microscope was observed to indicate
the presene of a thin oxide surface coating on the metallic support wire. These supports
were used several times after the film removal by using sand paper and ultrasonic cleaning
of the metallic surfaces. The optical microscope photograph of one of the coted surfaces
given in Figure 4.4 indicated the presence of a cracked top surface of the films. These
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cracks are expected during the relatively fast solvent removal stage of the film formation
and subsequent densification/shrinkage occurring in the films. As a result of this
observation the film formation process was repeated 4-5 times after the drying of each
layer in order to obtain a continous film on the metallic surface with no exposure of the

mellic surface to the electrolyte during the successive Cylic voltammetry experiments.

Figure 4.4. Ce doped TiO2 coated titanium stick.

The SEM micrographs of the uncoated and coated titanium wires are presented in Figures
4.5 and 4.6 respectively. The bare metallic surface has almost no features other than some
pits resulting from metallic forming and mechanical polishing. The presence of titania
coating on the metallic surface is clearly visible in the four micrographs (100X, 1kX,5
kX and 10 kX similar magnifications with uncoted metallic surface SEM’s). The presence
of an almost coherent film can be seen especially in the 1 kX micrograph. There are
relatively large cracked film pieces about 10 microns in thickness on the films. This
cracked nature of the top layers partially can be due to the sample preparation for the
SEM analysis.
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Figure 4.6. SEM images of Nb doped TiO. film coated titanium sticks.




4.3. CV Measurements

Titanium electrodes have been used since 1950s for electrochemical reactions (By
P. C. S. Hayfield Bickenhill. West Midlands. England. 1998). ITO glasses are also used
in various experiments about photocatalyses. Transparency, for this kind of a reaction
gains a huge popularity (Daniel G.Nocera. 2011). However, the color change of the titania
coated glasses, made titanium sticks useful. Thus, the method was formed on the Titanium
wires generally and all parameters of electrochemical measurements have ever been

employed can be found in Table 4.1 for both ITO and titanium wire electrodes.

Table 4.1. Experimental conditions.

) Doping Purged
Sample Scan rate | Potential range Electrolyte
amount gas
100mV/s 0.1%
Bare ITO -1.8.1.8 (v)
o ) 400mV/s 0.25 % NaOH
Bare titanium stick -1.8.1.2 (v)
500mV/s 0.5% KCI
Nd doped -1.8.0 (v) CO2
600mV/s 1% KOH
Er doped -1.8.-0.5 (v) ] N2
700mV/s 4 % LiClO4
Ce doped -1.2.1.2 (v)
800mV/s 5% NaClO4
La doped -1.6. -1.6 (v)
900mV/s 10 %
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These parameters were totally tried, results were compared in a this section below.

Current /A
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The cyclic voltammetry curves were recorded in Figure 4.7 for pristine titanium
wire which was immersed into KCI aqueous solution (N purged). A potential difference
was applied between 1V and -1V. There would not be any redox reaction.

Because of the usage of bare sample, oxidation and reduction reactions haven’t
expected. As expected, a stable behaviour contiuned at the middles and shrinked at about
-0.7 V. The net increase started at the positive side at nearly 0.7 V before reverse potential
applied. This type of a graph is named as “clean” due to its simple configuration. For
instance, titanium stick could be interacted with the O, molecules made TiO2 compound

which may form redox reactions. Moreover other dusts may contribute and cause the lack

Figure 4.7. CV voltagram of bare titanium stick.

of control within the analyses.
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Figure 4.8. CV voltagram of 0.25% Nd doped TiO2 coated titanium wire.

The Cyclic Voltammetry curves were recorded in Figure 4.8 for 0.25%-Nd doped
TiO2. This doped material was applied on ITO glass by the method of doctor blade. The
scan rate was 50mV/s and the applied potential differences were between 1.2V and -1.3V.
There were both oxidation-reduction reactions at points -0.9V and -1.1V.

Although the doping per cent was small, distinct curves have formed, meaning
interactions, electrochemically. The potentials that have applied was not too large or
small.

This voltammogram shows a symmetrical shape indicating that the process is highly
reversible so its electrode sample has a capacitance behaviour based on the electrical
double layer behaviour principle. The CV shape was not distorted means that TiO2 layer
was strongly adhered on Ti surface. There is no oxide layer breakdown occured of the
specific scan rates especially at that scan rate which is 50mV/s for this sample. Even
though anodic and cathodic currents have similar shapes, rectangularity was absence.
This causes a irreversibility due to the porosity density of the surface because the larger
pores increased the current density due to the increased specific surface area for electrical

double layer behaviour.
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Figure 4.9. CV voltagram of 0.5% Nd doped TiO: coated titanium wire.

The Cyclic Voltammetry curves recorded for 0.5% Nd doped TiO: in Figure 4.9.

As a based material, a six cm height titanium wire was used which immersed into NaOH

aqueous solution (CO2 purged). A potential difference was applied between 0.8V and -
1.2V when the scan rate was 50mV/s.

The cathodic peak is seen at -0.2 V where cathodic is realized at -0.8 V. Especially

reduction curve seems not sharp because of the technical set of the Palm Sense. Even
though scan rate was at the medium levels, potential range is small that means observing

distinct wells and hills is almost impossible. As expected, for a little comparison with the

Figure 4.3. it is much more definite by the help of interspace.
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Figure 4.10. CV voltagram of 1% Nd doped TiO> coated titanium wire.

The Cyclic Voltammetry curves recorded for 1% Nd doped TiO: in Figure 4.10.
As a based material, a six cm height titanium wire was used which immersed into NaOH

aqueous solution (COz purged). A potential difference was applied between -0.2V and

-1.2V when the scan rate was 30mV/s.

A cathodic peak could be observed at -0.35V and an anodic one was seen at

-0.75V.

In Figure 4.11. especially reduction seems very sharp and this is mainly caused by
Scan Rate. It was samall enough to obtain definite wells. However, at these small scan

rates, there could be differences between the first and second runs. It is caused by the

some radical ions that were formed during the slow scan.
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Figure 4.11. CV voltagram of 2% Nd doped TiO; coated titanium wire.

The Cyclic Voltammetry curves recorded for 2% Nd doped TiO in Figure 4.11.
As a based material, a six cm height titanium wire was used which immersed into NaOH
aqueous solution (CO2 purged). A potential difference was applied between -0.7V and
-0.8V when the scan rate was 30mV/s.

A cathodic peak could be observed at 0.45V and an anodic one was seen at
0.1V.

The normative rectangular voltammograms denote the typical electrical
double-layer capacitive behaviour. In general, the shape of the CV curve was not typical
for titania with two capacitive currents an cathodic region in the case of presence of
dopant atoms. Electrochemical reactions occasionally change electronic structure of the
titania takes place. This change caused additional energy levels in terms of band gaps
which extremely influences the electrical conductivity. The anodic and cathodic peaks as
a pair were observed indicating that the origin of the charge storage is reversible faradaic

process. These peaks can be matched to the insertion or exertion of alkali cations.
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Figure 4.12. CV voltagram of 2% Er doped TiO coated titanium wire.

The Cyclic Voltammetry curves recorded for 2 % Er doped TiO: in Figure 4.12. As a
based material, a six cm height titanium wire was used which immersed into NaOH
aqueous solution (CO2 purged). A potential difference was applied between -0.7 V and
-0.5 V when the scan rate was 60 mV/s.

A cathodic peak could be observed at -0.5 V and an anodic one was seen at
-0.7 V.

At this graph, a rectangular shape and reversibility has not been seen. Moreover,
unsymmetrical shapes, meaning irreversibility, where stays on the anodic region
distorted. It is stated that, the scan rates higher than 30mV/s, due to the oxide surface
breakdown and dissolution may lead that peak seperation between first and second runs
shown in Figure 4.12 with blue and red lines. It may also caused that, at elevated
temperatures, phase transformation or crystallization of titania might take place through

grain growth.
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Figure 4.13. CV voltagram of 5% Er doped TiO> coated titanium wire

The Cyclic Voltammetry curves recorded for 5 % Er doped TiO: in Figure 4.13. As a
based material, a six cm height titanium wire was used which immersed into KCI aqueous
solution (N purged). A potential difference was applied between -1.2 V and 0.9 VV when
the scan rate was 40 mV/s.

A cathodic peak could be observed at -0.35V and an anodic one was seen at
-0.55 V.

This CV is a typical example of rectangular and symmetrical shape concept. It is
emphasized because of its meaning that refers a highly reversible process. Redox peaks
were observed so electrode’s capacitance behaviour is based on the electrical double layer
principle. The voltammogram’s shape was not distorded indicating that the oxide layer
which might be formed due to oxygen molecules was strictly adhered to Ti surface and
no oxide layer breakdown occured at that specific scan rate. It can be expressed that the
same reversible characteristic was observed as shown but with higher current density
which might indicate the influence of porosity of the surface when a comparison is needed
with the Figure 4.12.
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Figure 4.14. CV voltagram of 5% Ce doped TiO2 coated titanium wire.

The Cyclic Voltammetry curves recorded for 5 % Ce doped TiO: in Figure 4.14.
As a based material, a six cm height titanium wire was used which immersed into KCI
aqueous solution (N purged). A potential difference was applied between -1.5 V and 1.1
V when the scan rate was 50 mV/s.

A cathodic peak could be observed at -0.2V and an anodic one was seen at
-0.9 V.

The graph shows the excess current density due to the addition of Ce atoms into
the titania based sol. The cathodic peak, within a normal scan rate level, shifted towards
slightly less positive potentials as a bump compared to 5 % Er doped in Figure 4.13. The
current associated with that peak became more negative with a closer look at the
behaviour of this peak. In addition, it is assumed that the charge involved during the
oxidation-reduction reactions were mainly due to the titania molecules in which formed
as a layer on the wire. Since, there is no significant response corresponding to titania
oxidation-reduction where could be observed within the potential scan range. It is noted
that, during the cathodic potential scan, the onset of oxidation shifted toward more

positive potential as the amount of coated titania density.
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Figure 4.15. CV voltagram of 5% La doped TiO> coated titanium wire.

The Cyclic Voltammetry curves recorded for 5 % La doped TiO2 in Figure 4.15.
As a based material, a six cm height titanium wire was used which immersed into KCI
aqueous solution (N purged). A potential difference was applied between -1.5 V and 1.1
V when the scan rate was 50 mV/s.

A cathodic peak could not be observed. From the voltammograms, no redox
peaks were observed at that scan rate meaning therefore the electrode shows double layer
capacitance behaviour. In the literature, it is noted that the CVs at scan rates higher than
30mV/s was due to a oxide surface breakdown and dissolution which had been caused. It
is also added that if a CV measurement with an increase in the current density at oxidation
expected regions shows no peaks due to the pitting corrision.

Finally, direct and reverse potentials, in other words, anodic and cathodic
currents was not shown which can be perturbed by OH™ anions explained by the pH

change.
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Figure 4.16. CV voltagram of 5% Ce doped TiO> coated titanium wire.

The Cyclic Voltammetry curves recorded for 10 % Ce doped TiO; in Figure 4.16.
As a based material, a six cm height titanium wire was used which immersed into KCI
aqueous solution (N purged). A potential difference was applied between -1.5 V and
1.1 V when the scan rate was 100 mV/s.

A cathodic peak could not be observed.

In figure 4.17, the CV measurements were tried to plot different scan rates of a
same pristine TiO2 sample is performed and overlapping voltammograms are drawn
within the illustration program called “Origin”. Colours; black, red, blue and green refer
to the scan rates as 0.03, 0.05, 0.07 and 0.09 V/s respectively. 0.1M KCI aqueous solution
was used N2 is purged sufficiently.

The working electrode was polarized from rest potential in the anodic direction
up to 1.5V and back up -1.3V. In academic literature the shapes of CV curves are typical
for titanium dioxide materials with a marginal capacitive anodic current.

Furthermore, the area surrounded by the CV curves for the pristine sample is
determining. It is apparently seen that the black voltammogram occupys the larger area
with 30mV/s. However, in the CV papers, it is depicted and defined the faster the rate,
the larger the surrounded area. It may be occurred due to the effects of the crystal defects

caused by the impurities which is mainly meaned resistance of the electrode. It can also
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noted that with an increase in scan rate especially with blue and green lines, a negative
shift of reduction peaks were observed.

—0.03
50 — ——0.05
| —0.07
04 ——0.09

-50 -
-100

-150 +

Current (pA)

-200
-250

-300

-350 — 1 T - T - T T T T T T 1
-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5 2.0

Potential (V)

Figure 4.17 Voltammograms of Pristine TiO, with various scan rates.

In the illustrations, differences due to the scan rates could be observed and the
relation between the integrated area and the speed of scans were realized consistently.

Results of the pristine sample was encourager so they were tried again. However,
this time a doped sample was used for 6 different scan rates. In Figure 4.18, these scan
rates were run and results were drawn. The integrated area of the curves change due to
the speed of the scans which differ from 20mV/s to 80mV/s. The reason why % 0.5 Nd
doped sample was used during this measurement was to compare with pristine sample
and doped one. Doping seems might cause extra crystal defects effecting the resistance
somehow. In this figure the voltammogram at a scan rate 50 mV/s with the red line seems
the exception of the estimation that claims the faster the scan, the larger the surrounded
area. As it is mentioned before, doping might lead this kind of diversity by already having

crystal defects.
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Figure 4.18 Voltammograms of 0.5 Nd doped TiO with various scan rates.

To understand how doping atoms influences the measurement another concept was
planned within controlled experiments. In Figure 4.19, three different voltammograms
were drawn to find out difference between doping elements in same conditions which are
in 0.1M aqueous solution, applied same potential difference. In order to evaluate the
electrochemical properties of the electrode materials and those CV tests are employed at
50mV/s to characterize the capacitance of performances. The normative rectangular CV
curves denote the typical electrical double-layer capacitive behavior.

In addition, comparison of the areas surrounded by the CV curve of %1Nd doped
one apperantly larger than the other at the same scan rate which indicates much more
improved specific capacitance. La doped is negligibly smaller than Ce doped which
means probably resulting from the higher surface area and the enhanced accesibility by

electrolyte ions.
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Figure 4.19 Voltammograms of % 1 Ce, La and Nd doped TiO, samples

Working with electrodes needs new ideas and methods to control the whole
experiment. Measurement technique might directly influences the analysis. During the
analysis a confusion leaded the methods about how surface area influences the
measurements. Whether a difference was occurred due to the amount of dipped wire or
not was one of the main question. In order to evaluate this problem, measurements were
renewed by using the wires as pairs. These two wires were kept by the crocodile and the
whole method was applied on them. In Figure 4.20, pair wires and single ones were both
dipped into the solution and results were different eachother as expected. The difference
of the plots could easily be isolated because reached minimum current density was
completely different although the the difference between the runs as 50mV and 70mV.
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Figure 4.20 Voltammograms of pure TiO2 samples with 50mV/s and 70mV/s to compare
surface areas of single and pair wires
Double wire plots which were represented by the red and black lines reached
approximately -1100 pA whereas the single ones were at -200 pA. This might show that
improved accessibility by electrolyte ions could be controlled by surface area of the
electrodes.
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CHAPTER 5

CONCLUSION

The graphs mainly showed that lots of results can be seen from the partial
behaviours of electrochemical interactions. Dark environment was accepted essential for
the measurements to not influence them. Sample characterization could be done like with
the methods that had been tried, responses of them could be plotted and compared.
Ensurance of each level of this experiment system could be possible with the views of the
microscobic data and figures. Some eleminations were realized randomly, nevertheless,
other fundemental issues were became real as expected before experimental initiation.
The redox reactions of selected doped TiO. samples were examined under various
conditions. The results obtained indicate that their electrochemical features were affected
by the kind and nature of the working electrode used, as well as the doping type under
investigation. After the misuse of doctor-blade method and disadventagous results,
separate oxidation and reduction peaks were observed. Multiple oxidation peaks were
detected on the titania electrodes for especially Nd doped ones. Furthermore in
comparison graphs it was proved that Nd atoms were much more active than the other
dopants those were used during other intents. Based on these findings, this could be seen
that associating the oxidation-reduction peaks of these electrodes to a single potential
could not be definitely depict the situation. It depended on the type of working electrode
being prepared.

The basic aim was to show the relation between the electrochemical activity and
the doping style and Cyclic Voltammetry working styles were studied, tried and
compared. Installation and its principles were tested on a number of occasions. Other
important goals were also reached as oxidation reduction results which will be used in the
future for redox potentials and the band gap calculation. Moreover scan rate comparisons
were done to compare electron transfer speed of electrolyte ions. In another multiple
graph, doping type was explicated and Nd was the winner when the topic was activity.
To understand how surface area affects the electron transfer, all system was prepared
again for the double wire experiment. Results were not unexpected. The whole work was
finished to be used in the future as guide to whom it may benefit during artificial

photosynthesis and band gap researches on the way of CV.
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