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BORON DOPED TITANIUM DIOXIDE NANOTUBE ARRAYS:
PRODUCTION, CHARACTERIZATION AND PHOTOCATALYTIC
PROPERTIES

SUMMARY

Photocatalytic degradation and complete mineralization of toxic organic compounds
in water, soil, and air in the presence of semiconductor materials have received much
attention over the last decades. Electronic structure of semiconductors is
characterized by a filled valence band and an empty conduction band. When the
semiconductor is irradiated with light of sufficient energy corresponding to or
exceeding its band gap, an electron is promoted into the conduction band, leaving a
hole in the valence band. The electrons and holes are good reductants and powerful
oxidants, respectively, and they can initiate redox reactions on the semiconductor
surface. Titanium dioxide (TiO,) as a semiconductor is considered the most
promising photocatalyst due to its high efficiency, chemical stability and non-
toxicity. Due to the fact that in this study, titanium dioxide nanotube arrays
fabricated by potentiostatic anodization of titanium that offers a large internal surface
area. TiO, nanotube arrays have been found to possess outstanding charge transport
and carrier lifetime properties enabling a variety of advanced applications, including
their usage as sensors, dye sensitized solar cells, hydrogen generators, photocatalysts,
and super capacitors. However, the use of TiO; is restricted by its wide band gap
(3.2-3.6 eV), which requires ultraviolet irradiation for photocatalytic activation (1
<387 nm). In addition, UV light include accounts for only about 5 % of solar energy;
visible light, 45 %. The shift of the optical response of TiO, from UV to the visible
spectral range will have a profound positive effect on the efficient use of solar energy
in photocatalytic reactions. Thus, much effort has been directed toward the
development of visible light-active photocatalysts. With this manner aim of this
study is to reduce the band gap energy of TiO, nanotubes through boron (B) doping.
Both pure and doped TiO, nanotube arrays (TNTAs) were fabricated on pure
titanium substrates and stable nanotube production was performed by anodization
process. Electrochemical anodization process was followed by a heat treatment
which led the transformation of amorphous structure in to crystalline anatase phase.
Samples were characterized by X-ray diffraction (XRD), diffuse reflectance
absorption spectroscopy (DRS), atomic force microscopy (AFM) and scanning
electron microscopy/energy-dispersive X-ray spectroscopy (SEM/EDS). Finally,
photocatalytic efficiencies were tested under UV light and photocatalytical
degradation and Kkinetics were evaluated by UV-Visible spectrophotometer.
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BOR KATKILI TiTANYUM DIiOKSIT NANOTUP YAPILAR: URETIM
KARAKTERIZASYON VE FOTOKATALITIK OZELLIKLER

OZET

Yasam kaynagi olan su, toprak ve havanin igerigine karisan zehirli organic
bilesiklerin yariiletken malzemeler varliginda fotokatalitik pargalanmast ve
mineralizasyonu son yillarda ¢ok ilgi gérmiistiir ve gormeye devam etmektedir. Yari
iletkenlerin elektronik yapisi elektron bant yapisi ile yani elektronca dolu valans bant
ve bos iletim bant ile tanimlanir. Bir yar1 iletken yeterli 1s1ga maruz birakildiginda
valans bantta bulunan elektron enerji kazanir ve valans bandinda bosluk olusarak
elektron iletim bandina uyarilir. Bu elektron ve bosluklar yari iletken yilizeyinde
redoks reaksiyonlarini baslatabilir derecede iyi indirgeyici ve gii¢lii oksitleyici gorevi
goriirler. Yiksek verim, kimyasal kararlilik ve toksik olmayan ozelliklere sahip
titanyum dioksit bir yari iletken olarak en umut vaat edici fotokatalizérdiir. Bu
nedenle bu ¢alismada, genis yiizey alani olusturma imkani saglayan anotlama
yontemi ile titanyum dioksit nanotiip yiizeyler iretilmistir. Titanyum dioksit (TiO5)
genis bir bant araligina sahiptir (3.2-3.6 eV) ve bu bant aralig1 titanyum dioksidin
ultra-viole (UV) 151k altinda fotokatalitik etkinlik gostermesine olanak saglamaktadir.
Glines enerjisi sadece % 5 oraninda UV 151k ve % 45 oraninda goriiniir 151k
icermektedir. Buna bagli olarak, titanyum dioksidin UV bélgedeki etkinliginin
goriiniir spektral araliga kaydirilmasinin fotokatalitik reaksiyonlarda giines
enerjisinin verimli kullanim1 konusunda olumlu etkisi olacaktir. Goriiniir 1g1kta aktif
fotokatalizor gelistirilmesine yonelik bir ¢ok g¢alisma mevcuttur. Bu g¢aligmanin
amact titanyum dioksidin bant araligini diistirmek icin bor (B) katkilandirmasi
yapmaktir. Katkisiz ve bor katkili titanyum dioksit nanotiip ylizeyler saf titanyum
tizerinde retilmistir ve kararli nanotlip Uretimi anotlama prosesiyle
gergeklestirilmistir. Elektrokimyasal anotlama igslemi sonrasi olusan amorf yapidan
kararli anataz kristal fazina doniisiimii saglamak i¢in 1s1l iglem uygulanmistir.
Numunelerin karakterizasyonu X-isin1 kirinimi (XRD),dagilan yansima absorbsiyon
spektroskopi (DRS), atomic kuvvet mikroskobu (AFM) ve taramali elektron
mikroskobu/enerji dagilimli X-1gin1 spektroskopisi (SEM/EDS) analiz cihazlari ile
yapilmistir. Son olarak fotokatalitik etkinlik UV 151k altinda test edilip, fotokatalitik
parcalanma  UV-goriinlir bolge sprectrofotometre cihaziyla  saptanmstir.

XXV






1. INTRODUCTION

The world’s most crucial natural resource, water, is under threat of various
contaminants, causing water crisis. The disposal of toxic contaminants, such as dyes
and phenolic compounds which are harmful for environment, hazardous to humans,
and difficult to degrade, are pervasively associated with industrial development and
these contaminants are frequently found in the industrial effluents [1]. Chemical
precipitation, filtration, electro-deposition, ion-exchange adsorption, and membrane
systems are some of the conventional methods for water treatment. However,
sometimes these methods may not be very effective, because they are either slow or
non-destructive enough to some or most persistent organic pollutants. In addition to
previously mentioned techniques, advanced oxidation processes (AOPsS) has been
utilized so as to treat waste water for a while. AOPs are the common name of several
chemical oxidation methods used to remediate substances that are highly resistant to
biological degradation. On the other hand; semiconductor photocatalysis (light
assisted oxidation process) is a popular technigue that has the great potential to
control the organic contaminants in water. Semiconductor photocatalysis has
attracted a great deal of attention as a useful technique of water splitting and
decontamination treatment in polluted water [2]. Photocatalysts speed up chemical
oxidation reactions by utilization of photons and photocatalysis is an excellent way
to perform many reduction and oxidation reactions at room temperature. It is found
to be an economical and sustainable method for the removal of various pollutants
from gas and liquid streams by oxidation of such aromatics, as colorants, carbon
monoxide (CO) etc. The development of photocatalysis has been the worthy of
attention in recent decades due to its application in a broad range of research areas,
including especially environmental and energy-related fields [3-5]. Photolysis of
water was firstly reported by Fujishima and Honda in 1972 [6]. The photocatalytic
properties of some materials have been used to convert solar energy into chemical
energy to oxidize or reduce materials to obtain useful materials including hydrogen

[7] and hydrocarbons [8], and to remove pollutants and bacteria [9-14] on wall



surfaces, in air and water [1]. Among the photocatalysts, TiO, has been the one
which is widely studied and used in applications because of its remarkable oxidizing
abilities [15-18] for the decomposition of organic pollutants [15,16],
superhydrophilicity, chemical stability, long durability, non-toxicity, low cost, and
transparency to visible light. The photocatalytic activity of various forms of TiOg,
such as powders [8, 10-12], film [7, 14], nanotubes [18-44] and doped TiO, [20, 32,
38-44, 46-57] have been evaluated. Among the cited forms, nanotube structures have
higher specific surface areas which are important for photocatalysis. TiO, nanotube
arrays (TNTASs) have been produced by a number of methods. These include: using a
nanoporous alumina as a template [19-22], sol-gel transcription processes using
organo-gelator templates [23, 24], seeded growth mechanisms [25], hydrothermal
techniques [26-28], and anodization process [29-36]. If compared; anodization can
be located one step ahead due to such advantages as; superior control over the
nanotube dimensions, cost effectiveness and ease in production [29-36].

TiO, is activated under UV light irradiation (A<387 nm) because of its larger band
gap of 3,15-3.6 eV [37]. As known, UV light accounts for only a small fraction (5%)
of the solar spectrum. With this manner extending TiO,s’ spectral response into the
visible region and improving its photocatalytic efficiency has been an important issue
[38]. Incorporating some elements or structures in to TiO, structure, such as N [39],
C [40], P [41], Mo-Sb-S [42], CdSe [43], CdS [44,45], RuO [46], CdO [47], Cr [48],
Mo-N [49], N-V [50], W-N [38], Ag [51], C-V [52], Cu [53], Ti**-C [54]and B [55,
57] and B-F [58] were found to be efficient way of band gap engineering to excite its
photocatalytic activity under visible light. Recently, boron-doping begins to attract
attention in electrochemical and functional materials applications because it is
prompting the creation of electron acceptor level [55]. Actually, boron atoms can
substitute oxygen atoms in the TiO; lattice and the p orbital of B is mixed with 2p
orbital of O, which causes the band gap narrowing and as a result, shifts the optical
response to the visible range. Therefore, it is also a promising path towards
photocatalysis under visible light [55].The preparation of B-doped TiO, powders by
sol-gel method has been reported [56, 57]. Another study has been reported on boron
incorporation by chemical vapor deposition on anodized TNTAs [58]. Another
researcher formed boron doped TNTAs (B-TNTAS) by electrochemical oxidation of
titanium sheet in the electrolyte containing boron [59].
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The main propose of this thesis is to produce catalysts by anodic oxidation which can
be active under the solar light for purification of industrial waste water. Thus, B-
TNTAs will be fabricated by anodic oxidation and they will be elaborately
investigated by means of structure, morphology, optical, elemental and
photocatalytical analysis. If the similar studies in literature considered it will be
observed that they interested in different mediums to degrade instead of methylene
blue and they are lack of detailed characterization. For example, Yaling Su et al
carried out F—B-co-doping successfully by annealing the anodized TNTAs through
chemical vapor deposition (CVD) in order to degrade methylene orange [58]. Na Lu
et al, fabricated the boron-doped TNTAS by potentiostatic anodization of titanium in
an aqueous electrolyte containing fluoride ion and sodium fluoroborate (NaBF,) for
the removal of atrazine [59], Yaling Su et al, applied CVD to doped boron into TiO,
nanotubes anodized Ti in C,H,042H,O0+NH4F electrolyte so as to degrade
methylene orange [55]. However, to the best of our knowledge, anodization
parameters, kinetics and relationship between structure and photocatalytic activity on

methylene blue has not been investigated in details yet.

In this study, TNTAs on the titanium substrates were be fabricated by
electrochemical anodization at different anodization parameters (voltage, time and
hydroflouric acid concentration of electrolyte). Subsequent to the anodic oxidation,
the anodized substrates were annealed to improve the crystallinity and phase
transformation. Optimum TNTAs production parameters were evaluated by prior
characterization steps to enlighten further boron doping processes. After optimum
parameters were determined, TNTAs doped with B were generated in an agueous
solution containing hydrofluoric acid (HF), oxalic acid (H,C,04.2H,0) and sodium
fluoro borate (NaBF,) at room temperature. As-prepared B doped TNT structure was
characterized by field emission scanning electron microscopy (SEM), energy
dispersive x-ray analysis (EDS), x-ray diffraction (XRD), diffuse reflectance
spectroscopy (DRS). The photocatalytic activity and kinetics of B doped TNTAs for

the degradation of methylene blue (MB) under UV light irradiation was determined.






2. THEORITICAL BACKGROUND

2.1. Semiconductivity and Photocatalysis

A semiconductor is a material, usually a solid chemical element or compound that
can conduct electricity under some conditions, making it a good medium for the
control of electrical current [60]. Its conductance varies depending on
the current or voltage applied to a control electrode, or on the intensity of irradiation

by infrared (IR), visible light, ultraviolet (UV), or X rays.

The electrical conductivity of the semiconducting materials is not as high as that of
the metals; nevertheless, they have some unique electrical characteristics that render
them especially useful [60]. The electrical properties of these materials are extremely
sensitive to the presence of even minute concentrations of impurities. Semiconductor
is a solid with a full band and a small band gap. Intrinsic semiconductivity: Small
conductivity created by the thermal/photo excitations electrons from valence to
conduction band [60].

Almost every commercial semiconductor materials are extrinsic. Extrinsic
semiconductivity: Small conductivity created by a doping through loss/gain of
electrons from valence/conduction bands, respectively [60]. P-type semiconductor:
Positive holes created in the insulator by an electron poor dopant. N-type

semiconductor: Electron holes created in the insulator by an electron rich dopant.

The specific properties of a semiconductor depend on the impurities, or dopants,
added to it. An n-type semiconductor carries current mainly in the form of
negatively-charged electrons, in a manner similar to the conduction of current in a
wire. A p-type semiconductor carries current predominantly as electron deficiencies

called holes. A hole has a positive electric charge, equal and opposite to the charge



on an electron. In a semiconductor material, the flow of holes occurs in a direction

opposite to the flow of electrons [60].

Elemental semiconductors include antimony, arsenic, boron, carbon, germanium,
selenium, silicon, sulfur, and tellurium. Silicon is the best-known of these, forming
the basis of most integrated circuits. Common semiconductor compounds include
gallium arsenide (GaAs), indium antimonide (InSb), and the oxides of most metals.
Of these, GaAs is widely used in low-noise, high-gain, weak signal amplifying
devices. Wide band gap semiconductors such as SnO,, TiO,, and ZnO etc. have been
paying a great deal of attention due to their potential applications for next-generation
electronic and optoelectronic devices [61-63].

However, TiO, electrodes have been extensively investigated for their superior
semiconducting material properties [3], and among the TiO, photoelectrodes with
various morphologies and architectures, the anodic TiO, nanotube array exhibits
more promising photochemical and photocatalytic properties, because of its
nanotube-array architecture, which enhances the electron percolation pathway for
vectorial charge transfer, promotes ion diffusion in the semiconductor /electrolyte
interface [64-66], and restrains photogenerated electron—hole pairs from
recombination [67].The highly ordered architecture of vertically aligned nanotubes
creates a large surface-to-area ratio that is ideally suited for optical and catalytic
performance. As a semiconductor material TiO, catalysts were considerably used for

degradation of polluter organic compounds by photocatalysis in literature.

The word photocatalysis is a composite word which is composed of two parts,
“photo” and “catalysis”. Catalysis is the process by which a substance speeds up a
chemical reaction without being consumed or altered in the end of process [68]. This
substance is known as the catalyst which increases the rate of a reaction by reducing

the activation energy.

Generally speaking, photocatalysis is a reaction which uses light to activate a
substance which modifies the rate of a chemical reaction without being involved
itself. And the photocatalyst is the substance which can modify the rate of chemical

reaction using light irradiation.



Chlorophyll of plants is a typical natural photocatalyst. The difference between
chlorophyll photocatalyst to man-made nano TiO, photocatalyst is, usually
chlorophyll captures sunlight to turn water and carbon dioxide into oxygen and
glucose, but on the contrary photocatalyst TiO, gives rise to strong oxidation agent
and electronic holes to breakdown the organic matter to carbon dioxide and water.
This difference is illustrated in Figure2.1.

Harmless
co: - WH:0p
Harmful
/' Light Light
o CO2
rgamic Pollutant
+ J
+

+

Phot chlorophyl
Fr'-‘iatﬂl!ﬂ phy

Radical

im. ﬂ7+ == /' st:rE’IH-Dz

& Electron H:0 Organic compound

Figure 2.1: Schematic illustration of the formation of photocatalytic reaction belonging to
both man-made nano TiO2 catalysts and natural chlorophyll catalysts [69].

2.1.1. Photocatalytical degradation mechanisms

The basic principle of photocatalytical degradation mechanisms is that UV light
upgrades electrons from the valance band to the conduction band, and holes and
electrons will be separated. The holes and electrons reach the semiconductor-
environment interface, and react with appropriate redox species in the environment.
In that time, reactive species are arisen from the surrounding water by charge
exchange at the valance band and at the conduction band as represented in Figure
2.2. These radicals and peroxide ions are able to virtually oxidize all organic
materials to CO, and H,O. Furthermore, at the valence band, direct h* transfer to
adsorbed species to initiate decomposition may also be considered [70]. The
reactions that are promoted with the absorption of photon (hv) and photocatalytical

degradation mechanism are given below.
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Figure 2.2: Schematic illustration of the semiconductor materials when used for degradation
contaminants in water under the sunlight.

Semiconductor (SC) + hv — SC (¢” + h") (2.1)
SCe-+0,— SC+ 03 (2.2)
Oz +H,0O — SC + -OH (2.3)
SC (h") + OH™— SC + -OH (2.4)

As a result of consecutive reaction highly reactive peroxide (O; ) and hydroxyl
radical ("OH) attack the organic contaminants (OCs) on the surface leading to

degradation.
OCs + ‘OH — CO;, + H,0 (2.5)

Thus optically illuminated photocatalyst semiconductor can degrade and mineralize

organic compounds through a series of oxidation reactions.

2.1.2. Titanium dioxide

The element Titanium was discovered in 1791 by William Gregor, in England.
Martin H. Klaproth was not able to make the pure element of titanium however he
was only able to produce titanium dioxide (TiOy). TiO, is a multifaceted compound.
It's the stuff that makes toothpaste white and paint opaque. TiO, is also a potent
photocatalyst that can break down almost any organic compound when exposed to
sunlight, and a number of companies are seeking to capitalize on TiO;'s reactivity by
developing a wide range of environmentally beneficial products, including self-
cleaning fabrics, auto body finishes, and ceramic tiles. TiO, as a photocatalyst for

purification of waste water have grown significantly since the discovery of
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photocatalytic water splitting on TiO, by Fujishima and Honda in 1972 [6]. Titanium
dioxide has long been regarded as an attractive photocatalyst, however, the use of
titanium dioxide is impaired by its wide band gap (3.2-3.6 eV) [37],which requires
ultraviolet (UV) irradiation for photocatalytic activation (A <387 nm). As known, UV
light accounts for only about 5 % of solar energy while visible light does 45 % [38].
The shift of the optical response of titanium dioxide from UV to the visible spectral
range will have a profound positive effect on the efficient use of solar energy in
photocatalytic reactions. Therefore, considerable efforts have focused on band-gap
engineering of TiO; by incorporating several atoms in to structure.Titanium dioxide
is a well-known photocatalyst for water and air treatment as well as for catalytic
production of gases. The general scheme for the photocatalytic destruction of
organics begins with its excitation by supra bandgap photons, and continues through
redox reactions where OH radicals, formed on the photocatalyst surface, play a major
role. Titanium dioxide is non-toxic and therefore is used in cosmetic products
(sunscreens, lipsticks, body powder, soap, pearl essence pigments, tooth pastes) and
also in special pharmaceutics. Titanium dioxide is even used in food stuffs, for
instance in the wrapping of salami. Small amounts added to cigar tobacco are the
cause of the white ash cigar smokers so cherish.

Titanium dioxide has three different main crystal structures; rutile (tetragonal,
a=b=4.584 A, ¢=2.953A), anatase (tetragonal, a=b=3.782 A, ¢=9.502 A) and
brookite (orthorhombic, a=9.166 A, b=5.436 A, c=5.135 A) [71]. The two commonly
available stable phases of TiO, are rutile and anatase. These phases transitions begins
to appear at 280-480°C, 480-880°C for anatase phases and rutile phases, respectively
[72]. Rutile structure is more stable about 1.2-2.8 kcal/mol than anatase structure.
Rutile is preferred to anatase for optical and dielectric applications because of its
high refractive index and dielectricity. Whereas, anatase is preferred for all
applications related to photocatalytic activity due to its higher charge carrier
mobility. The anatase phase is like pyramid structure and, it is stable at low
temperatures. The crystals of rutile phase are needle-shaped structure and, this phase
is formed at elevated temperatures. Both of rutile and anatase phases are used mostly
as compared with brookite phase. The crystal lattice structures of rutile, anatase and

brookite phases are showed in Figure 2.3.



a b c

Figure 2.3: Representation of the crystal lattice structures of TiO, phases; a) rutile, b)
anatase, c) brookite [71].

Titanium dioxide is an n-type semiconductor having a band gap of 3.2 and 3.6 eV,
respectively, for anatase and rutile phases. Electronic structure of TiO, has been
determined experimentally by various groups [73]. The valence bands of TiO, can be
split into three main regions: the ¢ bonding in the lower energy region mainly due to
O-p o bonds; the m bonding in the middle energy region; and O-p = states in the
higher energy region due to O-p © nonbonding states where the hybridization with d
states of titanium is almost negligible. The conduction band is split into titanium eg
(>5 eV) and t2g bands (<5 eV). The dyy states of t2g are dominantly located at the
bottom of the conduction band. The rest of the t2g bands are anti-bonding with p
states of oxygen. The main peaks of the t2g bands are identified to be constituted by
mostly dy, and d, states. The lowest empty energy levels are titanium dy, and thus
they are representative of the conduction band (CB) edge, whereas full O p states
define the valence band (VB). The conductivity of TiO, is mainly dependent upon
the presence of oxygen vacancies and Ti®* cations, which makes TiO, an n-type
semiconductor. Key point of the optical and electrical properties is the presence of
defects that provide additional states in the bandgap near the CB or VB. When the
semiconductor TiO, absorbs photons with energy equal to or greater than its Eg, the
electrons in VB will be excited to CB, leaving the holes in VB. This electron—hole

pair generation process in TiO, can be expressed as follows:

TiO, + hv — e (TiO,) + h* (TiOy) (2.6)

In literature, there are various works about doping in titanium dioxide as listed in

Table 2.1. Macak et al reported nitrogen (N) doping of self-organized titanium

dioxide nano-tubular layers in 2006 [39]. After year, Li et al doped copper (Cu) in

titanium dioxide nanotube array [53], Yang et al studied at co-doping with carbon

(C) and vanadium (V) of titanium dioxide nanotube arrays [52], and Chen et al tried
10



to make carbon (C) and nitrogen (N) co-doped titanium dioxide and reported N
atoms could incorporate into the lattice of anatase through substituting the sites of
oxygen atoms, while most C atoms could form complex carbonate species at the
surface of titanium dioxide nanoparticles [74]. In 2008, Su et al doped boron in
titanium dioxide nanotube array and Zhang et al demonstrated the synthesis of P-
doped TiO, NTs with uniform [41, 55]. In recent years, tungsten (W) and nitrogen
(N) co-doped titanium dioxide nanotube arrays, molybdenum (Mo) and nitrogen co-
doped titanium dioxide nanotube arrays, silver (Ag) doped titanium dioxide nano-
materials, and in addition to these, molybdenum, antimon (Sb) and sulphide (S)
tridoped titanium dioxide nano-particles were fabricated by researchers [38, 42, 49,
51].
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Table 2.1: Some studies in literature based on doped titanium dioxide.
Dopant Materials’ Form Method Referance
W-N Film on titanium Anodization/ Min Zhang, et al.
sheets Hydrothermal 2013 [38]
N Film on titanium Anodization/Heat J.M. Macak, et
foil treatment al. 2006 [39]
Film on titanium N Yanyan Zhang,
P foil Anodization et al. 2008 [41]
Deliang Li, et al.
Mo-Sb-S Powder Sol-gel 2014 [42]
Mo-N Film on titanium Anodization/ Min Zhang, et al.
sheets Hydrothermal 2013 [49]
N2V Film on titanium Anodization/ Jiasong Zhong,
foil Hydrothermal etal. 2014 [50]
X.F. Lei, et al.
Ag Powder Sol-gel 2014 [51]
i i Xiangxin Yang,
C-v Powder Sol-gel et al. 2007 [52]
Haibin Li, et
Cu Powder Sol-gel al. 2007 [53]
Film on titanium o Yaling Su, et al.
B sheets Anodization/CVD 2008 [55]

al. 2007 [74]




2.2. Electrochemical Anodization

2.2.1. Basics of anodization

Anodization is an electrochemical passivation process, which is applied to some
metallic materials (Ti, Zn, Al and etc.) having their own natural oxide layers. As in
all electrochemical interactions, reduction and oxidation (redox) reactions also occur
in anodization processes. Redox reaction is a type of chemical interaction that
involves a transfer of electrons between two species. Since all types of chemical
bonding are related to electrons’ motion, all of chemical reactions are fundamentally
electrical interactions. In addition to that, electrochemical studies provide to
understand and make systematic to redox reactions. A schematic anodization cell in

which these reactions take place is illustrated in Figure 3.1.

Conductive
Holder B —
_Electrolyte
Ti Pt
(anode) (cathode)

Figure 2.4 : Schematic illustration of anodization process

Basically, an electrochemical process is indicated by anode and cathode reactions as

follows;
Anode: 2H,0—0yg+4H"+ 4e (3.1)
Cathode:2e+2H,0—Hyg+20H (3.2)

However, anode reaction of the anodization process forms metal oxide on the metal

surface through electrolysis. When metal are exposed to a adequately anodic voltage

in an electrolytic cell (as in Figure 3.1.a), an oxidation reaction M — M*" + xe will
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be started. On the basis of electrolyte and specific anodization parameters,
constitutively three possibility states: ) The M*" ions are solvated in the electrolyte;
1) the M*" ions react with oxygen ions (O%*) which provided by H,O in the
electrolyte and form an ordered oxide (MO) layer if MO is not solvable in the
electrolyte; I11) under some electrochemical conditions, both solvation and oxide
formation get into competition leading to porous MO [75]. Under determined
experimental conditions, growth of porous oxide can take place [76]. Furthermore,
under some specific conditions, growth of TiO, nanotube arrays or formation of thick

self-organized mesoporous layers can be observed [33-36, 77].

2.2.2. Anodization of titanium

Anodization of titanium is an electrolytic process that creates a protective or
decorative oxide film over a metallic titanium surface. Anodization typically
increases both the thickness and density of the oxide layer that forms on metal
surface exposed to ambient conditions. In order that, the metallic titanium is
connected to the positive terminal of a direct current power supply and placed in an
electrolytic bath where it serves as the anode (as in Figure 2.1). The cathode is
commonly a plate or rod of platinum, although materials such as carbon are
sometimes used. In the process, migration of electrons occurs, but is also necessary
for oxygen ions (O%) and M?" ions to be combined. Basically, at the interface;
oxygen atoms add two electrons to become oxide ions, at the surface of the metal;
metal atoms are oxidized to metal ion by losing electrons. When power (electrical
potential) is applied, electrons are forced from the electrolyte to the positive anode. It
provides to leaved surface metal atoms exposed to oxygen ions (O*) within the
electrolyte. The atoms react and become an in situ integral part of the oxide layer.
The electrons travel through the power source and return to the cathode where, if an
appropriate electrolyte pH is present, they react with hydrogen ions and the
combination bubbles off as hydrogen gas. Since the metal oxide partially dissolves in
any electrolyte, it is necessary to use only those electrolytes for which the oxide
forms more rapidly than it dissolves. The electrolyte composition is important for the
production of either porous oxide surface or flat barrier oxide surface. Oxide barrier
layers grow in those neutral or slightly alkaline solutions in which titanium dioxide is

generally insoluble. Porous oxide layers grow in acidic electrolytes with fluoride [76]
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in which oxide forms rapidly dissolves without current supplying. The acid cations
also affect the resulting nanotube array structures. Fabrication of TNTAs via anodic
oxidation of Ti was first reported in 2001, and later studies focused on accurate
control and extension of the nanotube morphology, length and pore size, and wall
thickness [78].

TiO, nanotube arrays synthesis can be made by using aqueous, buffered, polar
organic or non-fluorid based electrolytes [78]. In literature, used aqueous
electrolytes; these are HF (hydrofluoric acid), HNO3z/HF (nitric acid/hydrofluoric
acid mix), H,SO4/HF (sulfuric acid/hydrofluoric acid mix), H,Cr,O;/HF (dichromic
acid/hydrofluoric acid mix), CH;COOH/NH4F (acetic acid/ammonium fluoride mix),
H.SO4/NH4F  (sulfuric acid/ammonium flouride mix), H3PO4/HF (phosphoric
acid/hydrofluoric acid mix), HsPO4/NH4F (phosphoric acid/hydrofluoric acid mix)
containing electrolytes. As an example of buffered electrolytes are KF (potassium
fluoride) or NaF (sodium fluoride) / NaOH (sodium hydroxide) / H,SO4, NaHSO,4
(sulfuric acid, sodium hydrogen sulphate) or CgHgO; (citric acid) containing
solutions. Species of electrolytes; these are formamide (CH3NO), dimethly
formamide (C3H;NO), dimethly sulfoxide (C,HsOS;DMSO), ethylene glycol
(CoHeO,),  diethylene  glycol  (C4H1003),  methanol/water/hyrogenfluoride
(CH4/H,O/HF) electrolytes used to produce formation of longer nanotubes [60]. In
addition to these, non-fluoride based electrolytes are used for TNTAs. By using
titanium foil as anode and copper as cathode in HCI (hydrogen chloride) electrolyte
solutions, TNTAs were formed [61]. Another electrolyte is consist of H,0,

(hydrogen peroxide) aqueous or HCI/ H,O, solution [79].

Mechanism of TNTAs formation by anodization is clarified by key points of the
process that are: (1) oxide growth at the metal surface due to interaction of the metal
with O* or OH'ions. After formation of an initial oxide layer, these anions migrate
through the oxide layer reaching the metal/oxide interface where they react with the
metal. (2) Metal ion (Ti**) migration from the metal at the metal/oxide interface; Ti**
cations will be discharged from the metal/oxide interface under application of an
electric field that move toward the oxide/electrolyte interface. (3) Due to the applied
electric field the Ti—O bond undergoes polarization and is weakened dissolution of
the metal cations. Ti** cations dissolve into the electrolyte, and the free O®" anions
move to the metal/oxide interface, process (1), to interact with the metal.
15



(4) Chemical dissolution of the metal, or oxide, by the acidic electrolyte. Chemical
dissolution of TiO; in the HF electrolyte and applying voltage play a critical role in

the formation of nanotubes rather than simple nanoporous structures [79].

In the HF based aqueous electrolyte, reactions become as below;

AHF eq— 4H' () + 4F (ag) (3.3)
4H,0(q— 4H" (2 + 40H () (3.4)
4F (ag) + 40H (ag) — 40% (ag) + 4HFeg) (3.9)
Ti + 4H ) + 4F @g— Ti' ) + 4F (ag) + 2Ha(q) (3.6)

By the anodization started, the initial oxide layer formed due to interaction of the
surface Ti*" ions with oxygen ions (O%) in the electrolyte [79]. Reaction of oxide

layer formation at the anode is as follows;

Ti*ag) + O (ag) — TiOxsc) (3.7)
At the cathode, hydrogen gases occur as below reaction;

8H+(aq) +8e” — 4Hy() (3.8)

However, fluorine ions can attack the oxide layer if intensity of HF in the electrolyte
is unnecessary, or the ions being mobile in the anodic layer under the applied electric

field react with Ti*" as follows;
TiOp(sc)+6F +4H"—(TiFg)* (ag+2H20 (3.9)
Ti* (aq)+6F — (TiFs)* (ag) (3.10)

As a result of that, tetra fluoro titanate complex anions can be formed in electrolyte

and it can be an obstacle to formation of nanotube arrays.

2.2.3. Doping into titanium dioxide nanotube layer by anodization

Semiconducting doping, namely band-gap engineering, is creating a secondary
electronically active species into the lattice. The most typical methods to prepare
doped TiO, nanostructures are: 1) treating growed TiO, nanomaterials in a solution
or melt of the doping species; 2) thermal treatments in dopant rich gas atmospheres;
3) production of nanomaterials by sputtering in an atmosphere of dopant; 4) high-
energy ion implantation; and 5) anodization in an electrolyte containing dopant
solution [70].
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In recent years, anodization processes have been used greatly to produce doped TiO;
nanotube arrays. To accomplish it, different dopants as B (boron)[59], Nb (niobium)
[80] added in fluoride based electrolyte.

In this study, B-doped TiO2 nanotube arrays were fabricated by anodization process

according to below mechanism created by predicted possible electrochemical

reactions;

HF o) = H'@g) + Faa) (3.11)
C204H2.2H,04 + H20@g— C204” (e + 5H'ag) + 30H (ag) (3.12)
NaBF 4 (ag) + H20(q)— Na'(ag) + BF4 ag) + H'(ag) + OH (ag) (3.13)

H20(q)>H @) + OH aq) (3.14)

These reactions explain to components of electrolyte before apply current to

anodization system. After apply current;
Anode reaction as follows,

F (aq*BF 4(aq)+C204” (agy* OH (agy > BF3(aq)+ C2Fg(ag)+ O +O” (agy*H @y *F ag)  (3.15)

Ti4+(aq) T 027(aq)—’ TiO2(s.c.) (3.16)
Ti*"(ag) + BF4 (s + O (ag— TiBF4Oys ) (3.17)
Ti*ag) + B*agt 0% (ag— Ti-B-O (3.18)
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3. EXPERIMENTAL SECTION

3.1. Materials

Titanium (Grade 2, TIMET Metal & Medical Co.) cylinders with 15mm diameter
and 10 mm thickness were used as substrates to form TNTAs.Hydrogen floride (HF,
40,0%, Sigma-Aldrich), oxalic acid dihydrate (C,04H,.2H,0, >99,0% Sigma-
Aldrich), nitric acid (HNOj;, >65% Sigma-Aldrich) sodium tetra-fluoro-borate
(NaBF4, 97,0+% Sigma-Aldrich), acetone (C3HgO, Sigma-Aldrich) and ethyl alcohol
(C2HgO, Sigma-Aldrich) were used in production process of TNTAs. Methylene blue
(C16H18CIN3S, Sigma-Aldrich) was used for photocatalytic degradation tests. All of
the chemicals were analytical grade and all experiments were carried out at room

temperature using distilled water.

3.2. Method

3.2.1. Preparation of titanium substrates

The purchased 15mm diameter titanium rod was cut into cylinders as substrates with
10mm-height via sample cutting device (Struers, Lobotom 5). Subsequent to cutting
process, substrates were sequentially grinded by 80-2000 grit emery papers. Grinded
substrates were cleaned in acetone, ethyl alcohol and pure water containing solutions
by an ultrasonic bath. Finally, the substrates with enhanced surfaces were obtained as
seen in Figure 3. 1.

Figure 3.1: As grinded substrates
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3.2.2. Fabrication and optimization of titanium dioxide nanotube arrays

In this study, fabrication of TNTAs were provided via electrochemical anodization in
two different electrolytes defined as EH and EHOXx. Electrolyte EH and EHOx
included HF/H,O and C,H,04-2H,0/HF/H,0 respectively. Effects of anodization
parameters (working voltages; V, processing times; t and HF concentrations; C) on
surface morphologies of anodized structures were evaluated to determine optimum
conditions for boron incorporation. The production flowchart for these processes is
represented in Figure 3.2. According to the flowchart sample and code designation
for anodization in EH and EHOXx electrolytes were listed in table 3.1 and table 3.2
respectively. Herein, temperature for heat treatment was chosen according to
literature [72].

Substrates

l

Anodization
(25°C)
EH EHOx
Vi/C VA/IC

\/

Heat Treatment
450° C for 2h

k.

Characterization

Optimum Parameters
Determination for Doping Process

Figure 3.2: Flowchart of production and characterization of TNTAs.
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Table 3.1: Samples anodized in EH.

Sample Code Voltage Time (min.) HF (wt%o)
V10t30C50 10V 30 0.50
V20t30C50 20V 30 0.50
V30t30C50 30V 30 0.50
V40t30C50 40V 30 0.50
V20t15C50 20V 15 0.50
V20t60C50 20V 60 0.50
V20t120C50 20V 120 0.50
V20t30C25 20V 30 0.25
V20t30C100 20V 30 0.10

Table 3.2: Samples anodized in EHOX.

Sample Code Voltage Time (min.) HF (wt%o)
Ox-V10t30C50 10V 30 0.50
Ox-V20t30C50 20V 30 0.50
Ox-V30t30C50 30V 30 0.50
Ox-V40t30C50 40V 30 0.50
Ox-V20t15C50 20V 15 0.50
Ox-V20t60C50 20V 60 0,50
Ox-V20t120C50 20V 120 0.50
Ox-V20t30C25 20V 30 0.25
Ox-V20t30C100 20V 30 0.10

The optimum anodization parameters were determined via SEM observations by
determining the homogenous, smooth and uniform morphologies (see: 4.2.1. TiO;

nanotube arrays) regarding to processing conditions.
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3.2.3. Fabrication of boron doped titanium dioxide nanotube arrays

Based on the obtained results in prior anodization experiments, electrolytes EH and
EHOXx with optimized HF content were modified with sodium tetra fluoro borate as a
chemical agent to provide boron incorporation. Hence the designations of the new
electrolytes were defined as EHB and EHOXB to cite modified electrolytes EH and
EHOXx respectively. The contents of EHB and EHOxB consisted of HF/H,O/NaBF,
and C,H,0,4-2H,0O/HF/H,0O/NaBF, respectively. Furthermore anodization processes
were conducted with various concentrations of sodium tetra fluoro borate (0.015 and
0.030 wt% for EHB and 0.2, 0.5 and 1.0 wt % for EHOxB) for both electrolytes.
Code-designations and processing parameters of the boron incorporated samples
which were anodized in electrolytes EHB and EHOXB as listed in table 3.3 and table
3.4 respectively. Finally the samples were annealed at 450°C for 2 hours in order to
obtain crystalline anatase structure. Annealed samples were characterized with phase
analysis (XRD), micro structural analysis (SEM/EDS/AFM), optical analysis (DRS)

and photocatalytic test as outlined the flowchart in Figure 3.3.
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Anodization
(25°C)

N

EHB

0.015wt % NaBF,
0.030 wt % NaBF,

EHOxB
0.2 wt % NaBF,
0.5 wt % NaBF,
1.0 wt % NaBEF,

\/

Heat Treatment
450° C for 2h

I

Characterization

XRD
SEM/EDS/AFM
DRS
Photocatalytic Test

Figure 3.3: Flowchart of production and characterization of doped TNTAs.

Table 3.3: Samples anodized in EHB.

NaBF; Time HF
Sample Code Concentration (min.) Voltage (Wt %)
(Wt%o)
B015-V20t120C50 0.015 120 20V 0.5
B030-V20t120C50 0.030 120 20V 0.5
Table 3.4: Samples anodized in EHOXB.
Dopant Time HF
Sample Code Concentration (min.) Voltage (Wt %)
(wt %)
B2-Ox-V20t120C50 0.2 120 20V 0.5
B5-0Ox-V20t120C50 0.5 120 20V 0.5
B10-Ox-V20t120C50 1.0 120 20V 0.5
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3.2.4. Structural Characterization

X-ray diffraction (XRD) is one of the primary techniques to analyze all kinds of
materials such as powders and crystals. XRD can provide information about

crystalline structure and structural phases.

Measurements were performed by means of XRD with a grazing angle attachment
and an incident angle of 1° (Rigaku, D/Max-2200/PC). X-Ray radiation of CuKa
was set at 40 kV and 36 mA with a scanning speed of 4° 26/min, from 3° to 90°.

3.2.5. Morphological and Nanostructural Characterization

The Scanning Electron Microscope (SEM) is a versatile electron microscope that
images a sample by scanning it with a high-energy beam of electrons in a raster scan
pattern. In Typical SEM configuration, electrons are thermo ionic emitted from a
tungsten or LaB6 cathode filament towards an anode. The electron beam, with a
typical energy ranging from a few KeV to 30 KeV, is focused by successive lenses in
a beam with a very fine spot size. When the beam introduces with the surface,
different kind of electrons can be detected. The types of signals produced by an SEM
include secondary electrons (SE), back-scattered electrons (BSE) and characteristic

X-rays.

In this study, the surfaces of TiO,/doped TiO, were examined by using JEOL JSM-
7600F instrument operating at an accelerating voltage of 5.0 kV with several

magnifications.

The atomic force microscope (AFM) is one kind of scanning probe microscopes
(SPM). SPMs are designed to measure local properties, such as height, friction,
magnetism, with a probe. To acquire an image, the SPM raster scans the probe over a
small area of the sample, measuring the local property simultaneously. Using an
atomic-force microscope (AFM), it is possible to measure a roughness of a sample
surface at a high resolution, to distinguish a sample based on its mechanical
properties (for example, hardness and roughness) and, in addition, to perform a micro
fabrication of a sample (for example, an atomic manipulation). Figure 3.4 illustrates

basically working princible of AFM.

In this study, 62,0x62,0 um region at surfaces of doped TNTAs were scanned by
using AFM  (NanoSurf Flex AFM  )operates with 256  lines.
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Figure 3.4: Typical configuration of AFM is illustrated [83].
3.2.6. Optical characterization

Optical characterization can be appointed by measuring of band gap energy. The
measurement of the band gap of materials is important in the semiconductor and
solar industries. The term “band gap” refers to the energy difference between the top
of the valence band to the bottom of the conduction band; electrons are able to jump
from one band to another. An electron is in need a specific minimum amount of
energy to jump from a valence band to a conduction band. Mentioned energy is
called the band gap energy. A diagram illustrating the bandgap is shown in Figure 3.
5.

Energy

ConductionBand

Electron

Band Gap

v

\
Valence Band H\ole

Figure 3.5: Schematic illustration of band [84].
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The band gap energy can be calculated by equation is E=hc/A. Example of this
calculation is given at table 3. 4. As a result of this calculations, equation is Eq. (3.1)
E = 1240/ find directly to band gap energy value [85, 86]. Value of A is cut off
wavelength value which can be determined by wavelength to absorbance diagram
from diffuse reflectance spectroscopy (DRS). Principle of DRS is schematized in

Figure 3.6.

Table 3.5: Calculations of band gap energy [85, 86].

Band Gap Energy (E) = h*c/A

h= Planks constant = 6.626 x 10™* Joules sec

¢ = Speed of light = 3.0 x 108 meter/sec

A = Cut off wavelength = 410.57 x 10”° meters

h C A E eV

6.63E-34 3.00E+08 4.11E-07 4.84156E-19 3.025976

Where 1eV = 1.6 X 10™*° Joules (conversion factor)
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=
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At Baseline Compensation At Sample Measurerment

Measurement of Diffuse Reflection Including Specular Reflection
Using an Integrating Sphere

Figure 3.6: Illustration of DRS principle [87].

In this study, reflectance of undoped samples and doped samples were measured by
Evolution 600 UV-Vis Thermo Scientific DRS device. Values of reflectance were
converted by program driving to DRS device. The wavelength absorbance diagrams
of these samples were drawn and the cut off wavelength was determined for all
samples, therefore, the band gap energy was calculated accordingly mentioned
calculations.
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3.2.7. Photocatalytical Characterization

Aqueous methylene blue (MB) solutions are mostly employed artificial impurities in
literature so as to evaluate the photocatalytic activity of the catalysts [38, 42, 46, 74,
76, 81, 84]. MB was first prepared in 1876 by German chemist Heinrich Caro from
methyl-aniline. Methylene blue is an organic compound which is heterocyclic
aromatic with the chemical formula C1sH1gN3SCI. MB aqueous solution (MB™) is a
cationic dye with maximum absorption of light around 664 nm [88]. With this
manner, to determine the photocatalytic degradation performance and kinetics of the
TNTAs, Lambert-Beer correlation curve is plotted, and a linear relation between
absorbance (A) and concentration (C) is identified by this way [89].

Lambert-Beer correlation curve is derived by Lambert-Beer equation which is
expressed as; Eq. (3.2) A = Absorbance =1logl0 /1 = €.L.C. In the expression A,
lo, I, €, L and C denote absorbency, initial light intensity, light intensity, coefficient
of absorbency, light path and concentration respectively. This linear relationship
between A and C is valid under some conditions; monochromatic ray, homogenous
sample and < 0.01 molarity. In more concentrated solutions refractive index will
increase and interaction of molecules will be effective (A-C the linear relationship is
broken). As a result of these, the linear correlation curve was plotted through the

samples with concentration 0 to 1x10°M lower concentrated sample (Figure 3.7).

0.8 1 = Experimental Data
074 -~ Linear Fit

/"./

05 s
€05 " y=76077.84x
- ' R’=0,9987

004 &

0.0 2.0x10°  4.0x10° 6.0x10° 8.0x10°  1.0x10°
Concentration (mol/L)

Figure 3.7: Absorbance-Concentration (mol/L) correlation plot
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Subsequent to derivation of the absorbance and concentration relation of aqueous
MB solutions, the photocatalytical activity tests for both TNTA and B-TNTA
samples were conducted by immersing samples in to beakers containing 25ml of
0.25x10™°> M methylene blue solutions. In order to record catalyst-free degradation of
MB an arbitration solution was also prepared. The degradation reactions were
performed by exposing the samples to the UV irradiation with a light source (Osram
Uv Vitalux 300 W/m?) in a photocatalytic reactor depicted in Figure 3.8. To prevent
the evaporation of the MB solutions, a transparent glass cap was placed above the
beaker and water cooling system was used around the beakers (Figure 3.8). The
degradation efficiencies are calculated by using absorbance values at 664nm
obtained from UV-Vis spectrophotometer (UV mini-1240 UV-Vis/Shimadzu) in

different intervals.

¥
COOLING WATER

Figure 3.8: System of UV simulator and photocatalytic experiment setup illustrated
schematically.

Furthermore the recorded absorbencies of the samples were converted to
concentrations for different intervals. Using the concentrations, the degradation
efficiencies and the reaction kinetics of the samples were calculated, in order to point

out the effect of boron incorporation on the photocatalytical properties of the TNTA.
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4. RESULTS AND DISCUSSION

Production and characterization of titanium dioxide nanotube structures and boron
incorporation studies were sequentially performed in this research. Therefore, in this
section of the thesis; phase structure, nanostructure, surface morphology, band gap
measurements and photocatalytical properties of the samples will be presented in

accordance with literature.

4.1. Phase Analysis

Crystalline structure and phases of the samples were determined by examining the x-
ray diffraction patterns. The XRD patterns of the samples anodized in electrolyte
EHB (V20T120C50, B125-V20T120C50, B25-V20T120C50) and EHOxB (Ox-
V20T120C50, B2-Ox-V20T120C50, B5-Ox-V20T120C50, B10-Ox-V20T120C50)
were represented in Figure 4.1 and Figure 4.2, respectively. According to the results
it can be stated that all of the patterns are including two crystalline phases. These
phases are anatase TiO, (JCPDS 021-1272) and titanium (JCPDS 044-1294) which
belong to TNTAs and titanium substrates, respectively. Dominant diffraction peaks
at 20= 35° 40° correspond to metallic titanium substrate for all samples. Other
characteristic peaks at 20= 25.2°% 37° 37.9° and 38.5° were observed for both TNTA
and B-TNTA structure corresponding to anatase TiO,. It can be inferred that; as a
result of the sequental anodization and heat treatment, production of
photocatalytically active anatase phase was succesfuly obtained for all samples. In
addition, it can be expressed the intense peaks of titanium substrates were obtained
owing to low thicknesses of anodized layers. Since the diffraction characteristics are
similar for all samples, patterns for the samples anodized in EH and EHOXx (except
V20T120C50 and Ox-V20T120C50 ) was not presented in this title.
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Figure 4.1: XRD patterns of the samples anodized in electrolyte EHB.
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Figure 4.2: XRD patterns of the samples anodized in electrolyte EHOXB.
Obtained XRD patterns were found to be in a good agreement with the literature
which are focused on the production of TNTAs [92-96]. In addition, it can be
expressed that, obtained XRD results are similar with Na Lu [59] and Yaling Su [55,
58] who produced B-TNTA with different approaches. In addition any shift in the
diffraction patterns were not observed as result of boron incorporation. As expressed
by Na Lu [59] and Yaling Su [55, 58] the lower boron content make it hard to detect
by XRD. Regarding to this, the boron contents in the structures were determined by

energy-dispersive X-ray spectroscopy measurements in section 4.2.
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4.2. Nanostructure Analysis

4.2.1. Titanium dioxide nanotube arrays

Surface morphology and structure of a catalyst is important for further photocatalytic
tests. As mentioned elsewhere, the samples for the determination of optimum
anodization parameters were produced in electrolyte EH and EHOx. The SEM
images of these samples for various parameters were represented in Figure 4.3, 4.5,
4.7,and 4.4, 4.6, 4.8, for electrolyte EH and EHOX, respectively.

The SEM images of the samples anodized with anodization voltages 10V, 20V, 30V
and 40V in electrolyte EH and electrolyte EHOX including 0.5wt% HF at 30 min
were shown in Figure 4.3 and Figure 4.4. According to the figures, it can be
expressed that formation of uniform and homogenously distributed TNTAs were

occurred with sample anodized with 20V in electrolyte EH and EHOX.
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Figure 4.3: SEM images of samples produced in electrolyte EH including 0.5 wt% HF a, b)
10V, c,d) 20V, e, f) 30V, g, h) 40V.
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Figure 4.4: SEM images of samples produced in electrolyte EHOx including 0.5wt% HF. a,
b)10V, c,d)20V, ¢ f)30V,g,h)40V.
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In literature, Gong et al fabricated titanium dioxide nanotube arrays on titanium foil
with voltages of 3, 5, 10 and 20V with anodizing time from 15-45 min. They
observed that film morphology is nanoporous with pore sizes from 15 to 35 nm at
low voltages. Discrete and cylindrical tube began to appear at voltages higher than
10V [29]. However, Erol et al reported a study about the effect of anodization
parameters on the formation of nanoporous titanium dioxide layers. They worked to
anodize at 20 °C for 30 min. at different voltages; 20, 30, 40, 50V and their results
indicated that the formation of nanoporous structure was obtained by applying 20V

similar to our results [81].

The SEM images of the samples anodized in electrolyte EH and EHOXx including
0.25, 0.50 and 1.0 wt% HF with 20V at 30 min were shown in Figure 4.5 and Figure
4.6, respectively. According to the figures, it can be stated that uniform TNTAS were
formed in both electrolyte EH and EHOXx including 0.25 and 0.50 wt% HF.
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Figure 4.5: SEM images of samples produced in electrolyte EH with various HF content
(wt%); a, b) 0.25; ¢, d) 0.5; e, f) 1,0 with 20V.
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Figure 4.6: SEM images of samples produced in electrolyte EHOx with various HF content
(wt%); a, b) 0.25; c, d) 0.5; e, ) 1,0 with 20V.

In literature, Dikici et al reported that they obtained titanium dioxide nano-pore by
anodization process using 1.0 wt% HF electrolyte with applying 20V at 30 min [90].
However, in this study, we could not observe these structure as seen at SEM images
(in Figure 4.5¢,f) of sample produced by the similar conditions, using electrolyte EH.
But the observation of the porous structures was provided with sample anodized in
electrolyte EHOX including 1.0wt% HF according to SEM images in Figure 4.6 e, f.
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The SEM images of sample produced in electrolyte EH and EHOXx including 0.5wt%
HF with 20V at 15, 30, 60, 120 min were shown in Figure 4.7 and Figure 4.8.
According to Figure 4.7, formation of uniform TNTAs (samples anodized in
electrolyte EH for 15, 30, 60 and 120 min) was obtained.

37



— y ) i " 100nm JEOL
5.0kv SEI 4 ; SEM

WD 8.9mm 2

N A e
100nm JEOL 8/26/201
SEM WD 8.3mm 2:12

Figure 4.7: SEM images of samples produced in electrolyte EH including 0.5 wt% HF a, b)
15 min, c, d) 30 min, e, f) 60 min, g, h) 120 min with 20V.
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Figure 4.8: SEM images of samples produced in electrolyte EHOXx including 0.5wt% HF at;
a, b) 15 min, c, d) 30 min, e, f) 60 min, g, h) 120 min with 20V.
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It was obtained that sample anodized in electrolyte EH at 120 min has more
homogenous TNTAs than the other samples. In contrast to our results, Erol et al
reported that uniform titanium dioxide nanoporous structures were formed on the
samples anodized in similar electrolyte at parameters 20V, 240 min, 20°C [82]. On
the other hand, formation of TNTAS was observed in samples anodized in electrolyte
EHOx at 15 and 30 min according to Figure 4.8b, d. Alteration of the tube structure
was determined sample anodized in electrolyte EHOx at 60 and 120 min as seen in
Figure 4.8f, h. However, Su et al reported that homogenous and smooth TNTASs were
produced with similar electrolyte (using NH4F instead of HF) with 20V at 60 min
[55].

As a result of all the morphological evaluations, it can be declared that the uniform
and homogenously distributed TNTAs were obtained with the following parameters
for electrolyte EH: anodization voltage, time and HF concentrations 20V, 120 min
and 0.5wt%, respectively. If the morphologies for the samples anodized in EHOXx
with various time were considered, it can be stated that intended structure were not
obtained with longer anodization times. However, these structures were obtained in
only 30 minutes. As mentioned before we have focused on the incorporation of
boron in the TNTA structure. With this manner 20 V, 120 min and 0.5 wt % HF
were chosen as the further anodization parameters for both electrolyte EH and EHOXx

so as to provide sufficient time for doping process and comparison of the results.

4.2.2. Boron doped titanium dioxide nanotube arrays

The SEM images of samples anodized with 20 V at 120 min in electrolyte EHB and
EHOxB which were defined in experimental studies were shown in Figure 4.9 and
4.10. According to the figures formation of uniform and homogenously distributed
TNTAs was observed for all doped samples. Therefore, it can be stated that the

doping agent did not cause any change on tube structure.
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Figure 4.9: SEM images of samples produced in electrolyte EHB with various NaBF,
content (wt%); a, b) 0.015; c, d) 0.030.
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Figure 4. 10: SEM images of samples produced in electrolyte EHOxXB with various NaBF,
content (wt%); a, b) 0.2; ¢, d) 0.5; ¢, f) 1.0.

In addition to SEM observations, amounts of wt% B doped in TiO, lattice were also
determined by energy-dispersive X-ray spectroscopy (EDS) with similar approach to
references [98, 99], as given in Table 4.1. According to the table it can be expressed
that the detected (also cannot be detected in some samples) amounts were not found
to be in sequence with the intended ratios given in Table 3.3 and Table 3.4 thanks to
light molecular weight and low ratio of boron in the structure and the electrolytes.
Although Lu et al reported that they could accomplish to incorporate boron into
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TNTAs by using an electrolyte similar to EHB, our results pointed out that this
electrolyte is not appropriate for the production of B-TNTAs [59].

In contrast to EHB electrolytes, the EDS results of the samples anodized in
electrolyte EHOXB showed that maximum boron content detection is provided with
sample B05-Ox-V20T120C50 and these electrolyte and process are more applicable
to dope boron into structure with oxalic acid based electrolytes.

Table 4.1: EDS elemental weight % analysis of all samples.

Electrolyte  Element (Wt%) — B @) Ti
Sample|
V20T120C50 0 29.73 69.44
EHB B015-V20T120C50 *ND 24.74 76.26
B030-V20T120C50 0.05 21.72 78.24
Ox-V20T120C50 0 30.145  69.85

B02-Ox-V20T120C50 *ND  20.71 79.29
B05-Ox-v20T120C50 1.35 15.80 81.39

B10-Ox-VV20T120C50 0.18 18.32 81.49
*ND: No detection

EHOxB

In addition to these, weight percentage of incorporated boron into the structure is
quite low account although atomic radius of boron is smaller than titanium and
oxygen. Boron cannot be incorporated into the structure more than the results
because to provide boron atom using dopant agent NaBF, is found as the form of
BF, in electrolyte.

In literature, Su et al performed CVD assisted boron doping into as anodized TNTA
through a two steps operation with oxalic acid based electrolyte [55, 58]. In
comparison, it can be declared that boron incorporation in to structure was
successfully performed by our approach through a one step process (anodization) in a

more convenient way (Table 4.2).

Figure 4.13 and 4.14 show AFM profiles, 2-D and 3-D scanning areas
(62.3x62.3mm?) of samples anodized in electrolyte EHB and EHOXB, respectively.
According to the images it can be stated that almost every sample had similar
surfaces and change in the boron ratio did not affect the morphologies which are in a

good agreement with the SEM images.
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Figure 4.11 : AFM analysis of samples produced in electrolyte EHB with various NaBF,
content (wt%); a) 0.015; b) 0.030.
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Figure 4.12: AFM analysis of samples produced in electrolyte EHOXB with various NaBF,
content (wt%); a) 0.2; b) 0.5; ¢) 1.0.
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4.3. Optical Analysis

As mentioned elsewhere the main objective of this research is to constitute B-TNTAS
with desired optical and enhanced photocatalytical properties. As known boron is an
important doping element for tailoring band gap of TiO, [55-59].With this
motivation, optical characterizations of TNTAs produced with optimum anodizing
parameters in electrolytes EH, EHOx, EHB and EHOxB were performed via diffuse
reflectance spectra (DRS). The DRS spectra of samples anodized in electrolyte EHB
and EHOxB (absorbance v.s wavelength) were given in Figure 4.13 and 4.14,
respectively. Therefore, band gap energy values were calculated by using equation
mentioned previously in experimental section and were listed in Table 4.2.

Table 4.2: Band gap values of samples anodized in EHB and EHOXB.

Electrolyte Sample Wavelength Eq
of intercept (eV)
(nm)
VV20T120C50 358.37 3.46
EHB B015-V20T120C50 378.64 3.27
B030-V20T120C50 372.67 3.32
Ox-V20T120C50 372.00 )

B02-Ox-V20T120C50 370.49 3.34
B05-Ox-v20T120C50 409.19 3.03
B10-Ox-V20T120C50 389.71 3.30

EHOxB

The band-gap energy of anatase TiO,is 3.2eV, as reported by Maruska and
Ghosh [103]. However, in the present study, the band-gap energies of TNTAs
without doping are 3.46 eV and 3.32 eV for samples anodized in EH and EHOX,
respectively which are slightly higher than Maruska and Ghosh's value of 3.2 eV, but
lower than reported value 3.6 eV by Tiginyanu [37]. Ren et al reported that band gap
energy of p-type NiO (nickel oxide) loaded porous titanium dioxide sheets prepared
via freeze tape-casting was evaluated to be 3.02 eV [99]. Reddy et al reported that
band gap energies all of these; bulk polycrystalline titanium dioxide in the form of a
commercial powder, as-prepared titanium dioxide by using titanium tetrachloride and
hydrazine hydrate and hydrogen annealed polycrystalline titanium dioxide were
estimated 3.2 eV, 3.36 eV and 3.32 eV, respectively [100]. In addition to these
studies, Lu et al reported that bandgap energy of TNTAs produced by anodization
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could be reduced from 3.33 eV to 3.10 eV (refer to pure titanium and doped TiO,
respectively) by doping boron [59]. The differences in the literature are thought to be
because of the materials’ form (film, powder, fiber and etc), measurement conditions,
instrumentation, formulation and etc. In spite of the inconsistency with literature, the
projected decrease for B doping significantly observed in the present study. The
decrease can be ascribed to the energy states that arise in the forbidden zone of
energy resulted from the presence of transition metals and oxygen vacancies in
TiO;, lattice.
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Figure 4.13: UV-Visible diffuse reflectance spectra of samples produced in electrolyte EHB
with various NaBF, content (wt%); a) 0.0; b) 0.015; ¢) 0.030.
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Figure 4.14: UV-Visible diffuse reflectance spectra of produced in electrolyte EHOxB with
various NaBF, content (wt%); a)0.0; b)0.2; c) 0.5; d) 1.0.



4.4. Photocatalytical Analysis

Initially photocatalytic degradation of aqueous MB solutions catalyzed with samples
anodized in electrolyte EHB and EHOxB on MB using the previously mentioned
system (Figure 3.8). The changes in colour (decreasing concentration) thanks to the
degradation reactions were monitored for different intervals by using UV-Vis
spectrophotometer to obtain absorbance spectrum. It is important to note that
measured maximum absorbance values at 664 nm wavelength between 0-360
minutes of irradiation were converted to molarities using the Lambert-Beer relation

given in experimental section.

As mentioned before, rate of a photochemical reaction is important for any industrial
reactor design and applications. Photocatalytical oxidation kinetics of many organic
compounds such as MB, referred to Langmuir—Hinshelwood kinetics model (L-H)
since the compound was adsorbed on the catalyst surface and the reaction is surface
controlled. With this manner; some important units C, Co, m and t must be defined as
the instant molarity, starting molarity, rate constant and time respectively [101]. The
results depicted in Figure 4.15 a, b indicate that the kinetics of photocatalytic
reaction fit the Langmuir—Hinshelwood kinetics model for samples anodized in
electrolyte EHB and EHOXB, respectively. Regarding to the kinetic data plotted in
Figure 4.15a,b, it can be inferred that the best photocatalytical performance was
obtained with sample B05-Ox-V20T120C50 with linear fitted functions according to
the Langmuir—Hinshelwood. According to the linear fitting process, the rate
constants and R® were calculated as in Table 4.3.

Table 4.3: Kinetic data of samples anodized in electrolyte EHB and EHOXB.

Electrolyte Sample Kinetic  R?
Constant, k
(h™)
V20T120C50 0.15 0.901
EHB B015-V20T120C50 0.114 0.8577
B030-V20T120C50 0.072 0.6259
Ox-V20T120C50 0.108 0.9878
EHOXB B02-Ox-V20T120C50 0.078 0.5927

B05-Ox-V20T120C50 0126  0.9496
B10-Ox-V20T120C50 0.09 0.8763
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Figure 4.15: Reaction kinetics’ comparison of samples anodized in electrolytes EHB and
EHOxB.

In the light of these result, it can be stated that the best photocatalytic kinetic was
observed with B05-Ox-V20T120C50. This kinetic datum show to us that the kinetics
of the samples anodized in EHB exhibited lower values than the samples anodized in
EHOxB. HF based electrolytes cause to obtain short nanotubes [81] since it could
affect current density, in contrast to this, C,H,04.H,O could provide nanotubes
breakdown arising from high current density [57] Therefore, it can be expressed that
photocatalytic efficiency depend on length of nanotubes. If the kinetics of the
samples anodized in EHB are compared with each other, it can be expressed that the
kinetic of V20T120C50 sample is better than B030-VV20T120C50 since this example
does not have a homogenous nanotube distribution (Figure 4.9 c). If the kinetics of
the samples anodized in EHOxB are compared with each other, it can be seen that
predicted results were obtained with these samples so kinetic of B5-Ox-
V20T120C50 sample was found to be better than Ox-V20T120C50. Furthermore,
our results cannot be compared with any studies in literature because there are a lot
of parameters effected photocatalytic properties as surface morphology, crystalline
structure, band configuration, grain size, sample size, light intensity, and etc which

are not exactly same or comparable with ours.
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5. CONCLUSION

In this study, fabrication of boron doped titanium dioxide nanotube arrays was
successfully performed through a one step electrochemical anodization process in
two different electrolytes including dopant agents. Experimental work was carried

out in two stages to produce TNTAs and B-TNTASs respectively.

In first stage, optimum anodization parameters (V, t, C) to obtain uniform nanotube
structure on titanium substrates surfaces were determined in both electrolytes EH
(HF/H,0) and EHOx (C,H,04-2H,0/HF/H,0). Titanium substrates were prepared
with 10 mm thickness and 15 mm diameter. The substrates were cleaned with
solution including acetone, ethanol and pure water in ultrasonic bath. Cleaned
substrates were made etching with solution including hydrogen floride, nitric acid
and pure water for 10-12 second. After that, the substrates were rinsed with pure
water. Then, they were anodized with different parameters. Firstly, anodization was
performed for different voltages; 10, 20, 30 and 40V in electrolytes including 0.5
Wt% HF at 30 min. Samples were annealed at 450°C for 2 h. Secondly, it was
performed at different times; 15, 60 and 120 minutes for 20V in electrolytes
including 0.5 wt% HF and samples were annealed at 450°C for 2 h. Finally, it was
performed in electrolytes including different concentration of HF for 20V at 30min
and samples were annealed at 450°C for 2 h. All samples and parameters were
evaluated according to SEM observations. Uniform and homogenous nanotube
structure was obtained with 20V, 120 minutes, 0.5wt % HF anodization parameters
for electrolyte EH. On the other hand, uniform nanotubes were obtained with 20V,
30 minutes, 0.5 wt% HF anodization parameters for electrolyte EHOX. The
determined optimum duration (30 minutes) was thought to be not enough for doping
process. Thus, final optimum parameters for second stage were chosen as 20V, 120

minutes, 0.5wt % HF for incorporation.

In second stage, B-TNTAs were fabricated with optimum anodization parameters in
both electrolytes EHB (HF/H,O/NaBF,) and EHOxB
(C2H,04-2H,0/HF/H,0/NaBF,) on the substrates prepared and cleaned with same
procedure in first stage. Then, the substrates were anodized in five different
electrolytes (EHB including 0.015, 0.030 wt% NaBF, and EHOxB including 0.2, 0.5,

1.0 wt% NaBF,) with previously determined optimum parameters. Anodized samples
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were heated up to 450°C for phase transformation from amorphous to anatase
structure. The samples were characterized by XRD, AFM, SEM, EDS, DRS to
express the effect of boron doping into TNTAs.

XRD results points to the fact that boron doping in to structure did not effect on
transformation of anatase phase. Each XRD pattern had weak anatase and dominant
titanium peaks regarding to the thicknesses of anodized layers. AFM images show
that almost every sample had similar surfaces and change in the boron ratio did not
affect the morphologies. Formation of nanotube structures were observed with
SEM images of almost every sample. EDS results represents that the best
incorporation of boron into the structure (1.35 wt %) was performed in electrolyte
EHOXB including 0.5 wt% NaBF,. It can be supported with DRS results. According
to the results, decreasing band gap energy value (as from 3.32 to 3.03 eV) was
obtained with the sample anodized in this electrolyte EHOxB including 0.5 wt%
NaBF,. Photocatalytic activity of TNTAs and B-TNTAs were tested under UV light.
According to the results, the best activity was recorded sample anodized in
electrolyte EHOXB including 0.5 wt% NaBF, due to it has kinetic constant as 0.126
h™.

In this study, the results lead us to the conclusion that boron incorporation into the
structure of sample anodized was efficiently performed in the electrolyte including
0.5wt % NaBF, without homogeneous nanotube distributions. Oxalic acid presence
in electrolyte can be investigated to produce more uniform and homogenously
distributed nanotube structures since it could prevent nanotubes breakdown caused
by high current density and it could provide boron incorporation into the structure
efficiently. Different amount of dopant between 0.5-1.0 weight percent NaBF, can be
studied in electrolyte EHOxB for further studies. So finally it can be inferred that the
investigated samples as catalyst can be used for photocatalytic reactors by

developing with new studies.
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