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Zusammenfassung

Die vorliegende Arbeit handelt von der Herstellung von hochgeordneten nanotubu-

laren TiO2 Schichten und ihren photokatalytischen Eigenschaften. Die Bildung dieser

selbstorganisierten TiO2 Nanoröhrenschichten erfolgt durch elektrochemische Anod-

isation von metallischen Ti Substraten unter bestimmten Versuchsbedingungen (pH-

Wert, Spannung, Elektrolytzusammensetzung). Dieser Prozess kann nicht nur auf

Ti angewendet werden, sondern ist auch auf andere Metalle und Legierungen über-

tragbar. Die hergestellten, eindimensionalen Oxidstrukturen werden erfolgreich in

elektrochromen Anwendungen, Farbstoffsolarzellen (DSSC’s), Durchflußmembranen

oder als Photokatalysatoren eingesetzt. Sie kombinieren eine große Oberfläche und

geordnete Ausrichtung mit der Möglichkeit zur Anpassung der elektronischen Ei-

genschaften.

Die vorliegende Arbeit untersucht hauptsächlich die Nutzung von TiO2 basierten

Nanoröhren für konventionelle wie auch neuartige photokatalytische Anwendungen.

Die Arbeit beschäftigt sich zuerst mit dem Einfluss der Nanoröhrenmorphologie sowie

geometrischen Faktoren wie Röhrenlänge, Durchmesser und Kristallstruktur auf die

photokatalytische Aktivität. Es wird gezeigt, dass Anatas oder Anatas-Rutil Struk-

turen benötigt werden um höchste Effizienzen zu erzielen. Während die Photostrom-

Eigenschaften maßgeblich durch die Kristallstruktur und Länge beienflußt werden,

spielt der Durchmesser der Röhren eine untergeordnete Rolle. Zusammenfasssend zei-

gen die Ergebnisse, dass selbstorganisierte Nanoröhren in vielen photokatalytischen

Anwendungen (Nanopartikeln) überlegen sein können. Ihr Hauptvorteil ist ihre hohe

spezifische Oberfläche in Verbindung mit einer definierten Geometrie.

Im zweite Teil der Arbeit werden Ansätze zur Veränderung der Nanoröhreneigensc-

haften zur Steigerung der photokatalytischen Aktivität erforscht. Desweiteren wer-

den verschiedene Mittel und Wege diskutiert um die elektronischen und ionischen

Eigenschaften der Nanoröhren zu beeinflussen. Diese Strategien beinhalten die Schaf-

fung von elektronischen Übergängen mit anderen Halbleitern oder durch Beladen mit

metallischen Nanopartikeln. Eine Beladung der Strukturen mit Ag, Au, WO3 oder
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NiO Partikeln wurde durch verschiedene Methoden wie Photoreduktion, Kathoden-

zerstäubung oder mit nasschemischer Abscheidung erreicht. Die Ergebnisse zeigen,

dass ein Beladen mit Ag oder Au die größten Effekte zeigen und somit Ag/TiO2 und

Au/TiO2 Systeme am geeignetsten für viele Anwendungen sind. Ebenso führen auch

WO3 Partikel zu einer Beschleunigung des photokatalytischen Prozesses - dieser Ef-

fekt wird der erfolgreichen Ausbildung eines Heteroübergangs, der die Trennung der

Elektronen-Lochpaare unterstützt, zugeschrieben.

Ein interessanter Effekt konnte bei der Beladung mit NiO beobachtet werden:

Zwar trat hierbei nur ein zu vernachlässigendes Ergebnis in der UV-induzierten Pho-

tokatalyse ein, aber es konnte zusätzlich eine erhebliche Aktivität im sichtbaren

Bereich erreicht werden. Als mögliche Erklärung für dieses Phänomen wird eine Gren-

zflächenanregung von NiOvb Elektronen in das Leitungsband von TiO2 vorgeschlagen.

Eine Dotierungsmöglichkeit, welche einzigartig für das anodische Nanoröhren-

wachstum ist, ist die Verwendung von geeigneten Legierungen (Ti-X) zum Anod-

isieren, wobei X das gewünschte Legierungselement ist. In dieser Arbeit wurden

verschiedene TiW und TiMo Mischoxid-Nanoröhrenschichten auf ihren Legierungen

aufgewachsen. Die durchgeführten photokatalytischen Experimente zeigten einen

vorteilhaften Effekt für TiW und etwas weniger ausgeprägt für TiMo. Diese Aus-

wirkung kann durch das Vorhandensein von Oberflächenzuständen durch das Dotier-

ungselement und der damit einhergehenden Beschleunigung der Ladungsübergangs-

raten erklärt werden.

Abschließend wird in der Arbeit die Möglichkeit untersucht eine höhere Selekt-

ivität in TiO2 basierenden, photokatalytischen Reaktionen zu erzielen. Hierzu wurden

TiO2 Nanoröhrenschichten mit Zeolithen gefüllt. Zeolithe sind hervoragende Mater-

ialien zum Einfangen von Molekülen, da sie spezifische Adsorption von bestimmten

Verbindungen ermöglichen. In unserem Fall wurde ZSM-5, ein MFI Zeolithe-Typ,

direkt in den Nanoröhrenschichten durch einen hydrothermalen Prozess synthetis-

iert. Die resultierende Struktur zeigte eine einzigartige Kombination aus selektiver

Einfangmöglichkeit und einem nanoskaligen, photokatalytischen Reaktor. Das Wirk-

prinzip wurde durch die selektive Adsorption und anschließender photokatalytische

Zersetzung von Acetophenon (ein Modellmolekül für einen organischen, aromatischen

Schadstoff) bestätigt.

Desweiteren vergleicht die vorliegende Arbeit zwei verschiedene Degradierung-

sansätze für organische Moleküle durch TiO2: (i) klassische Photokatalyse und (ii)

anodic-breakdown (AB) Katalyse. Es konnte gezeigt werden, das in der AB Katalyse
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und in der Photokatalyse als Mechanismus der Ausstoß von Löchern aus dem Valen-

zband (nach Fowler-Nordheim) wirkt. Allgemein beleuchtet die Dissertationsschrift

eine Bandbreite an Techniken zur Verbesserung und Optimierung der photokatalyt-

ischen Eigenschaften von TiO2 Nanoröhrenschichten in Bezug auf eine beachtliche

Anzahl an Anwendungen und gibt eine Perspektive auf den zukünftigen Einsatz von

TiO2 Nanoröhren in der Photokatalyse.
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Abstract

The present work deals with the fabrication of highly ordered nanotubular TiO2 arrays

and their photocatalytic properties. The formation of self-organized TiO2 nanotube

layers is achieved by electrochemical anodization of metallic Ti substrates under a

specific set of environmental conditions (pH, voltage, electrolyte composition). The

process can be applied not only to Ti, but also to other metals and alloys. The formed

oxide one-dimensional structures have been used effectively in applications such as

dye-sensitized solar cells (DSSCs), electrochromic devices, flow-through membranes,

and photocatalysts. They combine a high surface area and directionality with the

potential for electronic property changes.

The present work investigated the use of mainly TiO2-based nanotubes for con-

ventional and exploratory photocatalytic applications. The study first addressed the

influence of the nanotube morphology and geometric factors, such as tube length, dia-

meter and nanotube crystal structure, on the photocatalytic activity. It is shown that

anatase or anatase−rutile structures are needed to achieve the highest efficiencies.

The tube crystal structure and length significantly affect the photocurrent properties

but the diameter plays a less important role. Overall, the results show that self-

organized nanotubes can be advantageous (over nanoparticles) for many photocata-

lytic applications. A major advantage is their high specific surface area combined

with a defined geometry.

The second part of the work explored approaches to modify the properties of

nanotubes to increase their photocatalytic efficiency. Various means of influencing the

tubes electronic and ionic properties are discussed. The strategies include junction

formation with other semiconductors and metal nanoparticle decoration. Particle

decoration with Ag, Au, WO3 and NiO was achieved by different methods such as

photoreduction, sputter deposition, and wet chemical precipitation. These layers were

then tested for photocatalytic activity and compared with non-decorated nanotubes.

The results show clearly that Ag and Au can have a very significant effect, making the

Ag/TiO2, Au/TiO2 systems suitable for many applications. Similarly, WO3 particles
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lead to accelerated photocatalytic processes. These effects are ascribed to successful

heterojunction formation, which facilitates electron−hole separation.

An interesting effect is obtained with NiO decoration: only a negligible effect

on UV-induced photocatalysis is observed, but considerable activation in the visible

region is obtained. To explain this phenomenon, an interface excitation of NiOvb

electrons to the TiO conduction band is postulated.

A doping method that is unique to anodic nanotube growth is to use a suitable

alloy, TiX, for anodization, where X is a desired doping element. In the present

work, various TiW- and TiMo-oxide mixed oxide tubes were grown on their alloys.

In photocatalytic experiments a strong beneficial effect was observed for TiW and

to a lesser extent for TiMo. This effect is explained in terms of the surface state

contribution introduced by the doping elements that facilitates the charge-transfer

rate.

Finally, the possibility of achieving a higher selectivity and harvesting proper-

ties in TiO2-based photocatalytic reactions was investigated. For this purpose, TiO2

nanotube layers were filled with zeolites. Zeolites are excellent molecules capturing

materials that, for example, can specifically adsorb certain compounds. In our case,

ZSM-5, an MFI-type zeolite, was synthesized by in situ hydrothermal synthesis in

the TiO2 nanotubular layer. The resulting structure showed a unique combination

of selective capturing ability and of a nanoscale photocatalytic reactor. The use was

demonstrated by selective adsorption and photocatalytic decomposition of acetophen-

one (used as a model of an aromatic organic pollutant).

Moreover, two different degradation approaches for obtaining organic molecules

on TiO2 by (i) classical photocatalysis and (ii) anodic-breakdown (AB) catalysis were

also compared. It was deduced that a valence band hole ejection mechanism is op-

erative for AB catalysis and photocatalysis (in terms of a Fowler-Nordheim type of

junction breakdown model). Overall, the study showed a broad range of techniques

for improving and optimizing the photocatalytic performance of TiO2 nanotubes in a

considerable number of applications and, finally, the thesis gives an outlook on future

perspectives for the use of TiO2 nanotubes in photocatalysis.
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CHAPTER 1

Introduction

Photocatalytic reactions on TiO2 have over the last 30 years attracted tremendous

scientific and technological interest [1–18]. The origin of the vast majority of these

efforts is that the material has an almost unique set of properties that allow for the

effective direct transfer of light into highly reactive chemical species. These features

can be exploited to tackle several contemporary global challenges involving pollutant

degradation, photo organic synthesis, and the direct splitting of water into H2 and O2

− the latter to generate the potential fuel of the future, hydrogen. While the primary

efforts are focused on these energy and environmental uses, numerous other and novel

concepts are also being explored, including biomedical (antibacterial, drug release)

devices, controllable wetting and self-cleaning surfaces, and other uses as functional

coatings.

The main reaction steps in a photocatalytic reaction are outlined in Figure 1.1. If

light with an energy higher than the band-gap (Eg) hits a semiconductor such as TiO2,

an electron is promoted from the valence band to the conduction band [thus creating

a hole (h+) in the valence band]. The hole and electron diffuse or migrate on their

respective band to the semiconductor surface and react with a suitable redox species

in the environment. In the case of TiO2, the ’exit energy’ of the electron and hole

allow, in an aqueous environment, not only water splitting (H2 and O2 generation)

but also the direct formation of OH• radicals. These radicals are able to oxidize a

wide range of inorganic and organic compounds. In fact, most organic compounds

can be oxidized by OH• radicals fully to CO2 and H2O; in other words, such reactions

can be exploited, e.g., for the oxidative destruction of virtually any organic pollutant.

In order to achieve a maximum turnover rate for the reactions, a high surface area

is desired. This is usually created by using nanoparticles that are either suspended in

the reaction environment or compacted to a photoelectrode. Over the past decades,
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various 1D and highly defined TiO2 morphologies (such as nanotubes or -wires) have

been explored for their photocatalytic performance and were found in many cases to be

superior to nanoparticles [19]. A major drawback of any powder form (nanoparticles

or loose assemblies of nanotubes, etc.) is that either the process has to be conducted

in a suspension (which requires post-reaction separation of the loose material from

the solvent), or the photocatalyst has to be immobilized on a carrier by compacting

or sintering to allow ’flow−through’ reactions.

Figure 1.1: Scheme of photo-induced processes at a TiO2 semiconductor/electrolyte interface.
Light (hν) excites the valence band electron to the conduction band. The electron and hole react
with an environment acceptor (A) and/or donor (D). The acceptor and donor species are reduced
and oxidized (= photocatalytic reactions). Competing with reaction are recombination and trap-
ping of electrons and holes (= reducing photocatalytic efficiency). Gray boxes give typical reactants
and reaction products in photocatalytic reactions on TiO2.

Classic oxide nanotubes are grown by hydrothermal or template methods that lead

to a nanotube or nanowire ”powder” [20–23]. However, several advanced morphologies

can directly be grown aligned on a conductive substrate such as wires [24], templated

rods [25–29], or self-organized anodic structures [30–35] (see, for example, Fig. 2.1,

2.2) that can be obtained as an oxide layer firmly attached to the Ti−(metal) sub-

strate. Therefore, the latter structures can directly be used, as formed, not only

in static reactors but more importantly also as photo-anodes in electrochemically

assisted photocatalytic processes.

Over the past decades, in order to enhance further the photocatalytic performance

of TiO2, various strategies have been explored, including the use of optimized crystal

structures [36–38] and faces [37, 39], or the decoration of TiO2 with other species
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(acting as light absorbers, heterojunctions, or materials catalyzing the charge-transfer

reactions).

Considerable research has been directed at overcoming a fundamental drawback

of TiO2: the wide band gap of ∼3 eV (which means that only UV light is efficiently

absorbed and therefore, in view of solar light-driven processes, only ∼7% of the entire

solar spectrum can be exploited). Many efforts have therefore been made to reduce

the TiO2 band gap by doping or band-gap engineering. Several excellent reviews on

the properties of TiO2 and its photocatalytic behavior have been compiled [8, 40–45].

In chapter 2 of this thesis, an insight is provided into the theoretical background

and properties of TiO2 nanostructured materials, accompanied by photocatalytic

mechanisms, modification of their properties, and their applications in photocata-

lysis. The preparation and characterization of highly active metal and metal oxide

photocatalysts based on self-organized TiO2 nanotubular arrays are dealt in chapter

3. The most interesting aspects and new findings on key features that affect the pho-

tocatalytic efficiency of self-organized TiO2 nanotubes, such as annealing, tube length,

tube diameter, tube type (morphology), intensity, and excitation wavelength, are dis-

cussed in chapter 4. Approaches to the modification of TiO2 nanotubes, such as dop-

ing, surface effects (particle decoration, charge-transfer catalysis), and selectivity that

enhances the photodegradation of organic dyes (decomposition of model compounds

such as AO7 and RhB) are dealt with in chapter 4. Section 4.2.1 is accompanied

by discussions on the kinetics of such new photocatalytically active semiconducting

materials. Finally, some conclusions based on evidence obtained in this thesis work

are summarized in chapter 5.
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CHAPTER 2

Theoretical Background

2.1 Synthesis of TiO2 nanostructures

2.1.1 Synthesis of different morphologies

The majority of early TiO2 photocatalytic work (and exclusive efforts on fundamental

mechanistic understanding) was focused on single-crystal samples [46, 47], most work

being carried out on easily available rutile crystals and only little on (the practic-

ally often more relevant) anatase phase. After the importance of using a nanoscale

morphology was recognized (surface area, carrier diffusion length), not only for pho-

tocatalytic effects but also in view of TiO2-based dye-sensitized solar cells [14], a vast

amount of work was dedicated to the synthesis of different powders (with variable size,

crystallinity, and orientation) using approaches such as hydrothermal synthesis (in-

cluding microwave and ultasonication) [48], using hydrolysis of e.g. TiCl4 or alkoxides

[49], gel combustion, and pyrolysis processes [50, 51].

From this work on powder of TiO2 it became, for example, clear that in view of

crystal structure, anatase is often more efficient than rutile, as it has higher charge

carrier mobility than rutile [52, 53]. However, in many cases of photocatalysis, com-

binations of anatase and rutile seem superior to pure anatase (this can be ascribed

either to junction formation due to the slight band-gap mismatch of the two phases

[54] and/or to the smaller band-gap energy of rutile (Eg = ∼3.0 eV vs. 3.2 eV for

anatase) that leads to greater absorption of visible light. The crystal face-dependent

photocatalytic reactivities of rutile and anatase titania particles were studied, for

example by Matsumura et al. [39]. They found that the (011) face provides the ox-

idation site for rutile particles, whereas for anatase particles the (001) face is more

oxidative than the (011) face. Morris Hotsenpiller et al. observed higher photochem-

ical reaction rates and quantum yields for (101), (111) and (001) surfaces than for the
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(100) and (110) surfaces [55]. Reactivity of anatase TiO2 nanoparticles also revealed

that the minority (001) [37, 56, 57] surface is favorable for methanol dissociation [37].

Powders are mainly used as suspensions or photoelectrodes and a number of reviews

are available [41–43, 58] dealing with the large body of work done in this field.

Over the last two decades, a number of more defined nanostructures were synthes-

ized, such as nanotubes, nanorods, and nanowires. The first hydrothermal and sol−gel

routes were reported around 1979 [59] to form nanotubes and nanorod powders. Hoyer

et al. [60] were probably the first to demonstrate titania nanotubes by electrochemical

deposition into an ordered alumina template. Other methods were later developed,

such as photo-etching [61, 62] and template-assisted methods including atomic layer

deposition (ALD) into templates [63, 64], sol−gel techniques, hydrothermal methods

[20, 60] with or without templates [20–22], and etching into Ti through ordered alu-

mina structures [65, 66]. Template-free methods lead either to loose agglomerates of

tubes or bundles that are dispersed in solution and typically have a considerably wide

distribution of tube geometries. When arbitrarily oriented nanotubes are compacted

to layers on an electrode surface for electrically contacted devices, several advantages

of the tubular geometry (for example, providing a 1D electron path to the electrode)

may be eliminated.

Figure 2.1: Schematic illustration of growth of TiO2 nanotubular arrays from a Ti metallic
substrate by anodization in the presence of fluoride ions and SEM image showing a typical highly
ordered nanotubular TiO2 array (Thanks to Mr. S. P. Albu for providing SEM image).

Therefore, the discovery of the anodic formation of self-organized TiO2 structures

in the last decade again strongly stimulated TiO2-based materials research. Fig. 2.1

shows an example of a TiO2 nanotube array grown directly highly size defined on

(or better into) a metallic Ti substrate. As the oxide tubes are grown on the metal

substrate (back contact), they can be used directly as photo-anodes in photocatalytic

processes. The present chapter focuses on the properties and uses of these nanotubes

for conventional and exploratory photocatalytic applications. The following sections

5



Figure 2.2: Other highly ordered mesoscale TiO2 morphologies formed by anodization of Ti in
hot glycerol electrolytes (sponges, nanochannels, and fishbone structure) (taken from Refs. [67, 68]

give a brief overview of the growth of the structures (for more details on growth

reactions and mechanisms, readers are referred to recent reviews [31, 32, 34, 69]).

Most recently, another form of anodic self-organized structure (grown in hot glycerol

electrolytes) has been reported that leads to highly ordered oxide nanoporous or

nanochannel morphologies [67, 68]. Examples of such structures are shown in Fig.

2.2; the use of these structures will also be considered in the following sections.

2.1.2 Anodic TiO2 nanotubes and other advanced TiO2 morphologies

Anodization of Ti to form oxide layers has been investigated for many decades. Un-

der almost all electrolyte conditions (most acids, salt solutions, organic solvents), a

compact oxide layer is obtained with a linearly increasing thickness with applied po-

tential [70, 71] this is the classic ’high-field’ anodization behavior. The other extreme

is conditions that lead to a very high solubility of Ti4+ (perchloric acid, high fluoride
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concentration electrolytes). Here the ’oxide is soluble’, and electropolishing (uniform

metal removal) is established [34]. However, in 1999, Zwilling et al. reported that

anodization of Ti in a fluoride-containing electrolyte resulted in the formation of self-

organized TiO2 nanotubes on the metal surface [72]. They called the structure porous

(in analogy with porous aluminum), but their SEM images show the first generation

of tubular structures.

In the light of today’s knowledge, the distinction between porous and tubular

oxide layers (or structures) is only semantic, as a significant amount of recent work

shows that the transition from pores (connected oxide body around a pore) to tubes

(separated oxide body around a pore) is of a gradual nature [34, 35, 42]. Experiment-

ally, the key to growing such structures is to establish a situation where high-field

oxide formation and partial dissolution of the oxide occur-a fully theoretical model

and reasoning were only given recently [73].

The first generation of these nanotube layers (an example is shown in Fig.2.3a) was

grown in acidic aqueous electrolytes. The tubes were ∼100 nm in diameter but were

limited in length to ∼500 nm. The tubes showed strong irregularities along their walls

and the layers showed considerable long-range disorder. Significant achievements in

obtaining better defined structures were made by optimizing the pH of the electro-

lyte [74, 75] and by introducing non-aqueous electrolytes [76]. Today, almost ideal

hexagonally ordered [77] TiO2 nanotube arrays (see an example in Fig. 2.3b,c) of

several hundred µm in length can be grown with tube diameters ranging from 10 nm

to >200 nm (the diameter depends linearly on the applied voltage) [78].

Further improvements in geometry can sometimes be obtained by growing under

ultrasonication of the anodization bath [79]. The as-formed tubes consist of amorph-

ous TiO2 with considerable fluoride uptake, and for most organic electrolytes with

significant carbon uptake [71]. The structures are commonly annealed to crystallize

the material (see section 3.3) and in this process large amounts of fluorides and carbon

are also lost [71].

The formation of these self-ordered structures in fluoride-containing electrolytes

is not limited to Ti, but has also been successfully demonstrated for other transition

metals, i.e., Zr [80–83], Hf [84, 85], W [86, 87], Fe [88–91], Nb [92–94], Ta [95–97], and

V [98, 99], and a wide range of alloys, e.g., TiNb [100], TiTa [96, 101], TiZr [102, 103],

TiV [104], TiW [105], TiMo [106], and TiAl [107] (for other systems, such as TiCu,

reports exist but turned out to be premature [108, 109]. Under specific conditions,

even self-ordering at two length scales can be obtained [110]. Recent reviews on the
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Figure 2.3: SEM images of (a) first-generation TiO2 nanotube layers (short and side wall ripples)
and (b) the latest generation of TiO2 nanotubular layers (high aspect ratio, highly ordered, smooth
walls) showing side view and top and bottom views (taken with permission from Ref. [77])

growth of these different systems are available [30, 31, 33, 34, 69].

The anodization process allows for many variations in the tube geometry and

several approaches have been reported that allow the formation of more sophisticated

nanotube geometries and morphologies. In general, these approaches are based on

changing the electrochemical conditions during anodization [111–113]. By two-step

anodization, compact layers underneath the tubes [111], stacked tube layers [102,

114], and branched tubes [111, 113] can be fabricated on Ti (some examples are

shown in Fig. 2.4) and various other metals [102, 113–115]. Owing to the correlation

between the applied potential and the tube diameter, by changing the potential during

the anodization process tube stacks with different diameters can be grown [102, 115].

In this context, it was also observed that the underneath tubes can either be initiated

at the bottom of the first tubes [114, 115], or in the spaces between the tubes [102]

[103]. Similar results were obtained for other valve metals and also for various alloys.

If an optimized (step-width and step-time) alternating potential stepping is used

during anodization, a bamboo morphology can be created [113, 116] (Fig. 2.4a). The
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distance between the distinct bamboo rings can be altered by adjusting the holding

times at the respective anodization potential. These bamboo type nanotubes show

a higher surface area together with a higher mechanical integrity [113]. Such nano-

structures are promising for various applications such as solar cells [116]. Using a

subsequent etching treatment, the bamboo structure can be transformed into a TiO2

nanolace [113] (Fig. 2.4a). Other post-anodization morphology modifications (refine-

ment) can be achieved by a specific heat treatment, e.g. for tubes grown in ethylene

glycol that reveal a double-walled morphology [71, 117]. Membrane morphologies can

be obtained by selective dissolution of the metal and bottom opening (as shown in

Fig. 2.5); more details on such photocatalytic membranes are given in section 2.4.6

[118].

Figure 2.4: SEM and STEM images showing advanced morphologies of TiO2 nanotube-based
tube stacks and branching of tubes, bamboo type of nanotubes and nanolace (taken with permission
from Ref. [113]).

Figure 2.5: SEM image showing TiO2 membrane open on top and bottom, optical image of
lift−off membrane being held by tweezers and a scheme of TiO2 nanotubular flow through pho-
tocatalytic membrane produced by lift−off and bottom opening procedure (taken with permission
from Refs. [71, 119])

For several applications, it is advantageous to use thin-film metallic substrates to

create the nanotube layer on a support such as conductive glass or silicon wafers.

In such cases, careful anodization of the total metal layer is needed, in particular

stopping of the anodization process at the optimum moment [120]. Additionally, some
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approaches to lift off nanotube layers and transfer them onto other substrates have

also been reported [121]. The use of some specific or tailored substrate materials

enables an even higher level of sophistication in the nanostructures. Most recently,

multilayer metal stacks were converted to a superlattice oxide nanotube structure (as

shown in Fig. 2.6) [122]. Such superlattice nanotube arrays composed of modulated

TiO2/Ta2O5 heterojunctions showed phonon confinement and paved the way to wide-

ranging possibilities of applications. A frequently appearing practical problem is that

the tube tops are not well defined (either remnants of an initiation layer may be

present or over-etching in fluoride leading to ’grass’ may occur). To overcome this

problem and to obtain defined tube tops, various approaches have been explored and,

depending on the exact experiment, were variably successful [123–126]. Very useful

is also the finding that, in analogy with porous alumina [127], predefined initiation

sites can be used to obtain a higher degree of self-ordering [128–131]. It should be

noted that typically the specific surface area of TiO2 nanotubes is in the range of

(BET) ∼ 30-60 m2/g [116, 132, 133] reported values as high as 170-285 m2/g seem

highly unrealistic [134–136]. More recently, a new generation of anodic self-aligned

structures have been reported [67, 137] that are based on anodization processes in

hot glycerol electrolytes. This follows early work by Melody et al. [138], who showed

that on Ta, a so called non-thickness limited oxide can be grown. The approach was

then used by Habazaki et al., for example, to grow oxide layer on TiSi alloys [139].

Recently, Schmuki et al. showed that under optimized conditions this approach

can be used to grow a whole range of TiO2 self-ordered oxide structures [67, 68, 137,

140] (examples are shown in Fig. 2.2). This new generation of layers have several

advantages over nanotubes. Not only are these nanoporous or nanochannel oxide

structures anchored much more strongly to the substrate than nanotubes [137], but

also they allow for the direct formation of material with considerable photocatalytic

activity [67, 137]. The latter is due to the comparably high anodization temperat-

ure (∼180◦C), which leads to a material that is already after formation partially

crystalline.

In the section 2.2, not only are more details provided on the properties of TiO2

but it also focuses on aspects relevant to photocatalytic processes, the special role of

the tubular shape, and some strategies for improved properties, and the use of TiO2

nanotubes and nanochannels in various photocatalytic applications is described.
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Figure 2.6: ’Superlattice’ structures of a TiO2/Ta2O5 nanotube arrays from a Ti/Ta multilayer
substrate (taken from Ref. [122])

2.2 Properties of TiO2 and photocatalytic mechanisms

The key reasons for the success of TiO2 in photocatalysis, in comparison with other

semiconductor materials, are its extremely high photocorrosion stability and its spe-

cific electronic properties (see also Fig. 2.7 and 2.8). Regarding the electronic prop-

erties, the positions of the valence and the conduction bands at the semiconductor

surface in comparison with the level of the redox potentials of H2O (Fig. 2.8) allow

for a successful charge carrier transfer from the semiconductor to the electrolyte. As

illustrated in Fig. 1.1, i.e., for an electron transfer from the semiconductor to the

solution to occur, the oxidized state in the solution has to lie energetically lower than

the conduction band; for a hole transfer, the reduced state in the solution has to

lie energetically higher than the valence band edge of the semiconductor. Although

many transition metal oxides are of a semiconducting nature, many of them do not

have suitable electronic properties for useful electron transfer reactions (compare Fig.

2.7 and 2.8). From the diagram in Fig. 2.8, it is evident that TiO2 has band-edge

positions relative to H2O that, basically, allow H2O to decompose to H2 and O2 and

also to create OH• radicals.

However, the position of the band edges only provides information on the ther-

modynamics, i.e. the feasibility of the reaction, and not about its kinetics. Some key

11



aspects influencing the kinetics, such as the time scales of trapping and recombina-

tion of charge carriers, will be discussed in section 2.2.4.2. It should be mentioned,

however, that some other properties of TiO2, such as its comparably good electron

conduction properties (long electron lifetime in anatase TiO2 [132, 141]), represent

another intrinsic key advantage of TiO2 over other semiconductors. For example,

Fe2O3 would in many cases be a favorable oxide semiconductor but usually electron-

hole pairs have such a short lifetime that only highly nanoparticulate systems (a few

nm) may be useful for photo-induced reactions [142, 143].

Another point that becomes apparent when considering the band-edge positions

relative to redox potentials is that efforts to engineer the band edges of TiO2 (intended

to narrow the band gap in order to generate a visible response) may detrimentally

affect the photocatalytic performance. For example, nitrogen doping/alloying (details

will be given in section 2.3.1) may lead to TiOxNy material with a narrowed band gap,

by raising the valence band-edge position. However, if the valence band is lifted above

the corresponding redox potential that is required for OH• formation, the TiOxNy

structure may absorb visible light but lose part of its photocatalytic potential (OH•

formation by valence band holes may be suppressed). The same may hold for measures

resulting in a lowering of the conduction band (for example, lowering may shut down

the feasibility of H2 evolution from such a modified TiO2 surface). The main aspects

of TiO2 modifications will be discussed in more detail in later sections. First, some

key properties of TiO2 that are significant for its photocatalytic performance are

addressed.

2.2.1 Structural properties

Essentially, TiO2 is known in three main crystalline forms, anatase, rutile, and brook-

ite, but it should be noted that in many sol−gel or electrochemical formation (anod-

ization) processes, TiO2 is mainly formed as an amorphous material [144, 145]. Other

than that, there are additionally a synthetic layered phase, so-called TiO2 (B) [144],

and some high-pressure polymorphs [145, 146]. Except for stoichiometric TiO2, vari-

ous suboxide phases exist such as Ti4O7, Ti5O9, Ti6O11, Ti7O13, Ti8O15, and Ti9O17.

These so-called Magneli phases [147, 148] are highly conductive (almost like graphite)

and can be formed under reductive high-temperature treatment of TiO2 in H2 [147],

or to some extent in C2H2 [149, 150].

For bulk TiO2, rutile has the lowest free energy compared with the other crystalline

forms, hence given the necessary activation energy, any form will finally transform
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Figure 2.8: Relative positions of various redox couples and work functions of various metals
relative to the band edges of TiO2.

into the rutile phase [151–153]. However, for nanoscale materials, a large number of

experimental and theoretical investigations [152] concluded that at crystallite sizes

smaller than ∼10-30 nm, anatase becomes the most stable phase. Indeed, for many

nanomaterials at moderate annealing temperatures, a transition from an amorphous

phase to anatase has been reported experimentally. For sufficiently large systems

(larger than a few nm), anatase to rutile transformation takes place at temperatures

of 500◦C−700◦C. The exact conversion temperature depends upon several factors,

including impurities, primary particle size, texture and strain in the structure [132,

141, 152]. It is also noteworthy that oxide layers formed on metallic Ti by a thermal

oxidation process in any O2-containing environment typically show a rutile structure

[71, 153–156].

For TiO2 nanotubes, the anodization process yields an amorphous oxide. How-

ever, for many functional applications crystalline material is desired−this can easily

be achieved by using an adequate annealing treatment [71, 153–156]. Fig. 2.9 shows

a comparison of XRD patterns of nanotube layers after their formation (amorphous)
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Figure 2.9: X-ray diffraction patterns for TiO2 nanotubular arrays grown on Ti metal (15 µm
long) at room temperature and annealed at different temperatures, 350, 500, 700, and 900◦C (taken
from Ref. [157]).

and after annealing at 350, 500, 700, and 900◦C − this illustrates the various crys-

tallization stages achievable. For TiO2 nanotubes, at temperatures above 280◦C the

onset of anatase formation is observed and with increasing temperature the formation

is accelerated [132]. At temperatures higher than 500◦C the rutile phase appears, and

at even higher temperatures increasingly rutile formation is observed (rutile forma-

tion also alters the shape of the tubes, as shown in Fig. 2.10). It should also be noted

that if annealing of the tubes is carried out on the metallic Ti at temperatures above

500◦C in O2-containing atmospheres, substantial thermal oxidation of the substrate

occurs; this leads to compact rutile layers underneath the nanotubes (Fig. 2.11).

Substrate-free tubes or tubes on glass can be annealed to temperatures up to

∼750◦C before conversion to rutile intrinsically within the tube walls occurs. Another

effect that has been pointed out in the literature is that on annealing tubes at above

450◦C, some cracks in the tube walls (mostly in the outer shell of the tube) can occur,

which were considered to slow electron transport [33]. Since anatase is the favored

phase for numerous applications, frequently annealing in air at ∼450◦C is used. It

should be pointed out that not only does the transition from anatase to rutile depend

on whether annealing is performed on the Ti substrate or with the substrate-free

tubes [157], but also it is noteworthy that some remarkable tube diameter effects on
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Figure 2.10: SEM images of top and cross-sectional view of self-ordered nanotubes grown on
0.05 at% Ru alloy after annealing at 650◦C (taken with permission from Ref. [158]).

Figure 2.11: SEM image of oxide rutile layer formed underneath the nanotubes after annealing
at temperatures higher than 500◦C in O2−containing atmospheres (Thanks to Dr. Ning Liu for
providing SEM image)

crystal phase stabilization have been reported [152].

For annealing at temperatures higher than 700−800◦C, the structural integrity

of the tubes is lost [71, 156]. Crucial for many applications is that the specific elec-

tronic and ionic properties of TiO2 [43, 159] depend strongly on the crystal structure

(anatase, rutile, and brookite). For many uses, the most desired crystal structure is

anatase (e.g. solar cells or other electron-conducting arrangements), as this structure

shows the highest electron mobility [19, 141, 160, 161]. In view of photocatalysis,
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typically anatase or anatase/rutile mixtures are considered most efficient when used

in powder form. It should be noted that photocatalysis are often used under ’open-

circuit conditions’, i.e. no long charge carrier transport to an electrode back contact

(such as in photoelectrochemical arrangements) is needed. Therefore, the poorer

electron conductivity of rutile matters less.

Most recently, so-called water annealing has been reported [162], which, in line

with early reports [153], shows that nanotubes exposed to water for several days

exhibit some degree of crystallization. Nevertheless, follow-up work showed that this

effect is of such a minor nature [163] that this room temperature process is not really

beneficial in virtually any application and is far inferior to any conventional thermal

treatment.

The optical and electrical properties of TiO2 and also its ’reactivity’ depend

strongly on bulk or surface structural defects, and in particular on the formation

or presence (bulk or surface) of Ti3+ states or O2- vacancies [159]. On the surface

of TiO2, unsaturated Ti cations, such as Ti3+, Ti2+, and Ti+, may, for example, be

generated during vacuum or inert gas annealing (TiO2 surfaces at low oxygen partial

pressure tend to split off O2 or H2O from terminal oxide or hydroxide groups and

form bridged oxide and Ti3+ states).

2.2.2 Electronic properties

The electronic structure of TiO2 has been explored using a variety of theoretical

approaches and experimental techniques [141, 164–170]. TiO2 is typically found to

behave as an n-type semiconductor. It has a conduction band formed of vacant Tidxy

bands and a valence band formed of the filled O2p bands. The lowest empty energy

levels are Tidxy and therefore they are representative of the conduction band edge,

whereas full O2p states (in particular, non-bonding pπ states) define the valence

band. Both anatase and rutile show this general distribution of states [164, 170]. The

band-gap energy for an indirect electron transition is 3.0 eV for rutile and 3.2 eV for

anatase [141, 170–172].

Most crucial for the electronic properties are Ti3+ states that are typically situated

∼0.2−0.8 eV below the conduction band [40, 173] and act as donors. The Ti3+ content

determines in many cases the conductivity of TiO2 crystals or films. The conductivity

of undoped anatase and rutile is more or less similar (in the range 104 to 107 Ω cm),

but upon reduction (formation of Ti3+), the conductivity increases for anatase and

rutile to 10-1Ω cm for anatase and 102 Ω cm for rutile, respectively [141, 160].
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Figure 2.12: Two point conductivity measurements for TiO2 nanotubes annealed in various
gas atmospheres and at various temperatures for 150 min (unpublished results from Mr. A.
Tighineanu).

In nanotubular geometries, the electronic properties of TiO2 are even more im-

portant, because they determine the efficiency by which electrons can be transferred

along the long path. Also here the electronic properties in TiO2 are mainly determ-

ined by the crystal structure and the presence of Ti3+ species (and oxygen vacancies)

or introduced doping species. In view of electrical conductivity, the behavior shown

in Fig. 2.12 is very characteristic for all TiO2 nanotube layers. For low temperatures

(<200◦C), the resistivity increases with temperature, due to evaporation of surface

water. At ∼300◦C, conversion of the amorphous material to anatase occurs and a sig-

nificantly higher conductivity is obtained. At temperatures higher than 500◦C, more

resistive rutile is formed, which leads to a considerably lower overall conductivity.

This transition, however, depends strongly on whether the annealing is carried out

on the substrate of a Ti foil, or not − in the latter case rutile formation is initiated

at the metal nanotube interface. Using reducing annealing conditions, the conduct-

ivity increases strongly due to Ti3+ formation [155]. If a reductive treatment forms

Magneli-type oxides, the conductivity can be increased even further [149]. The results
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shown in Fig. 2.12 were obtained from two point measurements and an approximate

evaluation of the data results in a similar behavior for the tubes as for bulk anatase or

rutile layers [71, 155]. More recently, some four point measurements on the conductiv-

ity of a single TiO2 nanotube have been reported [174], and indicated for the tubes a

strongly enhanced conductivity (specific resistivity values of 104-105 Ω cm); the origin

of this discrepancy has not yet been clarified. The energy of the band gap can be ob-

tained by measuring photocurrent spectra of photo-anodes [175] or using reflectivity

measurements with a Kubelka−Munk approach [176]. Photocurrent measurements

are clearly more reliable, as true electronic coupling in a mixture is needed to induce

photocurrent; in reflectivity measurements this is far from certain. Additionally, ca-

pacitance measurements in a Mott-Schottky type of approach can be used to estimate

doping concentration and flat-band potential [177] (with the usual uncertainties that

go along with Mott-Schottky measurements of non ideal semiconductors).

For TiO2 nanotubes, as-anodized (amorphous) and heat-treated (anatase) samples

show a similar band gap of 3.2 eV [153, 177]. However, a very different magnitude

and recombination kinetics are observed in photocurrent measurements [178, 179].

Typically, the amorphous material contains such a high density of recombination

centers that there is only very limited photoconductivity in the tube walls. Also, it

is noteworthy that even for tubes annealed to a crystalline material, typically the

doping level (compared with nanoparticles) is very high (1018 to 1019/cm3 [180]).

2.2.3 Electrochemical properties

TiO2 behaves in electrochemical I/V curves mostly as a typical n-type semiconductor

with current-blocking characteristics in the anodic direction and a current-passing be-

havior in the cathodic direction [11]. For many approaches used to modify photocata-

lytic effects, it is important to consider some basic semiconductor electrochemistry

concepts. Most important is the junction formed at a semiconductor/electrolyte in-

terface, as this determines to a large extent the electron−hole separation kinetics. In

brief, as illustrated in Fig. 2.13a,b, if a semiconductor is in contact with a secondary

phase with a different Fermi level or redox potential (the latter represents the Fermi

level in solution), band bending and Schottky junction formation will occur [181].

The amount of band bending in this Schottky junction will depend on the difference

in the intrinsic Fermi levels (i.e. work functions or redox potentials, respectively) of

the contact material (or electrolyte). For most metal or electrolyte contacts (compare

Fig. 2.8) for TiO2, the energetic situation will lower the equilibrium Fermi level to
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approximately the level of the contact metal or electrolyte (Fig. 2.13b) (due to the

higher density of states present in the electrolyte).

Alternatively, the Fermi level and thus the band bending can be regulated by an

applied potential. Applying an anodic potential will increase the band bending in

TiO2 (Fig. 2.13c); applying a cathodic potential will decrease it−one may apply a

cathodic potential that leads to so-called flat band conditions (U = Ufb as shown in

Fig. 2.13d; Ufb is an important characteristic of a semiconductor-electrolyte junction

as it reflects a field-free situation in the semiconductor).

Crucial for photocatalysis is that the steeper the band bending (i.e., the higher

the field in the junction), the faster the electron−hole separation occurs, and thus

the direct e−−h+ recombination probability is reduced (i.e., a higher efficiency can be

expected). In some cases, charge carriers may be generated (and reach the surface)

faster than they can be transferred to the surrounding redox system (e.g. the transfer

of h+ to H2O to form O2 is comparably sluggish and h+ accumulation at the surface

may occur). In such cases, a suitable surface catalyst may be useful to enhance

the transfer rate, or a more efficient redox species (with a suitable energy level and

kinetics) may be added to the electrolyte (this is provided, for example, by so-called

hole-capture agents).

In principle, for a maximum transfer rate with the electrolyte, a maximum over-

lap of the band-edge positions with the state distribution of redox species (Marcus-

Gerischer approach [182]) has to be established. These Gaussian-type distributions

in the electrolyte are typically ∼1 eV wide and therefore an efficient transfer can be

expected if the target redox state lies favorably and reasonable overlap of states is

still provided.

It should also be considered that shining light on a semiconductor mainly enhances

the minority carrier density (for n-type this is the h+ concentration)− this leads under

open-circuit conditions (OCP) to a photopotential, i.e. a shift of the OCP in the

negative direction (thus the band bending is altered and this leads − self-induced −
to a change in the reaction rate). Some special effects may be encountered for nanosize

materials. When applying an anodic potential to an n-type semiconductor, the width

of the space-charge layer (W) increases as W ∝ U0.5 [183] (Fig. 2.13c). However,

in nanoscale materials, W cannot extend infinitely and charge carrier depletion of

the entire structure may occur (as illustrated in Fig. 2.13e for a nanotube wall). For

typical TiO2 nanotube wall thicknesses, already at a relatively moderate bias (∼0.3 V

anodic to the flat band potential), total carrier depletion of the walls is reached [178],
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i.e. at higher voltages the depletion layer cannot extend any further, as illustrated in

Fig. 2.13e. In other words, the space-charge layer follows the wall contours only up

to this threshold voltage (and may most effectively aid charge separation only up to

this threshold voltage).

For photoeffects in 3D materials, the light absorption characteristics (profile)

for different wavelengths should also be considered, as the light absorption coef-

ficient, α, is much higher for deep UV than for lower light energies close to the

gap [α ∝ (hν − Eg)n /hν] [184]. This leads in nanotubes to very different penetration

depths for different wavelengths, as illustrated in Fig. 2.13f. For TiO2 nanotubes,

deep UV light is absorbed in the outermost few hundred nm of a tube layer whereas

visible or near band gap light penetrates much deeper. As a result, UV-generated

electrons have to travel much further to the back contact than electrons generated

by longer wavelengths (holes usually become surface trapped and react with the elec-

trolyte or ’wait’ to recombine with a passing electron [178]) (see also Fig. 2.13f,

left).

Charge carrier transport in TiO2 nanotubes can be very different from that in

comparable nanoparticulate systems, as bulk states present in anodic nanotube struc-

tures are found to affect strongly the trapping/detrapping-dominated majority carrier

transport [178, 185]. The electron diffusion length under UV illumination is for nan-

otubes up to 20−30 µm, much higher than for comparable nanoparticle layers due to

lower surface recombination [178]. The overall photocurrent in tubes and particles is

to a large extent determined by surface recombination effects. For tubes, the electron

diffusion length depends closely on the type of tubes used − whereas rough tube walls

(first-generation tubes formed in aqueous electrolytes) lead to a diffusion length of

Ln ∼ 1−2 µm, for later-generation (organic electrolytes) tubes Ln ∼ 25 µm can be

obtained [71, 77].

Another important electrochemical feature of TiO2 in the context of doping and

applications is that upon sufficient cathodic polarization, Ti3+ (and thus doping) in

the TiO2 lattice can be produced electrochemically according to equation (2.1):

TiO2 + e−
Y +

−−→ TiIIIYO2 (2.1)

In this case, reduction is accompanied by insertion (intercalation) of small cations

from the electrolyte typically (H+, Li+, etc.) into the lattice (to maintain charge

22



neutrality). Owing to the change in electronic properties upon Ti3+ formation and

ion insertion, a visible color change occurs [186–190]. This color change (usually dark

blue−brown) can be exploited for switchable electrochromic devices, as the electro-

chemical reduction and oxidation are reversible (the switching time for nanoscale

dimensions is fractions of a second). Reduction-induced self-doping of TiO2 can also

be exploited to increase the conductivity in TiO2, for example for electrodeposition

reactions [191]. The semiconducting nature dominates redox reactions on TiO2 [192]

and, of course, provides the basis for any photoelectrochemical reactions and, partic-

ularly, photocatalysis.

2.2.4 Photocatalytic mechanisms

In a general scheme of a photocatalytic reaction (as shown in Fig. 1.1), TiO2 absorbs

light with an energy larger than the band gap and, as a result, electrons and holes

are generated in the conduction and valence band, respectively. Mechanistically, the

generated electrons and holes can have different fates:

• They may be separated, travel (diffuse, migrate) on their respective bands, and

finally be transferred to react with suitable redox species in the surroundings.

This would be the a priori desired photocatalytic reaction. However, as often

several competing redox species are present in the surroundings, the reaction

may not always lead to only one distinct product but mixtures or several dif-

ferent product species.

• In competition with the transfer to the solution (and reaction), electrons and

holes may recombine by a direct band-to-band transition or via trap (localized)

states in the gap, either in the bulk or at the surface.

• In principle, if the holes arrive at the surface they constitute an oxidized state

of the semiconductor which can be detrimental (for many semiconductors such

as CdS, Si, etc., hole accumulation can lead to full oxidation, e.g. Si0 −→ Si4+,

and thus finally to semiconductor dissolution [photocorrosion]). However, in

the case of TiO2 (due to a favorable electronic structure), true photocorrosion

is hardly ever encountered.

As for any chemical process, there are energetic (thermodynamic) and kinetic as-

pects that determine the preferred reaction or dominant reaction path. If we consider
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an aqueous environment, then for example conduction band electrons may be trans-

ferred to H2O or H+ and finally lead to the production of H2. However, if O2 is present

in the electrolyte, the conduction band electrons ’prefer’ to react with O2 (compare

redox potentials in Fig. 2.8) to form superoxide, hydrogen peroxide, or water. For

many cases of practical photocatalytic reactions, for instance for suspended powders

under open-circuit conditions in water, the O2 reduction reaction is dominant and is

also the rate-determining step.

For the valence band holes, except for a reaction with H2O to form O2, OH•

formation may also occur and is often the desired reaction (in pollution degradation).

In any case, maximum efficiency for the photocatalytic reaction (looking at it from the

semiconductor side) is established if the charge carriers all react with the environment

rather than recombine via recombination centers.

2.2.4.1 Thermodynamic considerations

Most crucial for a successful charge carrier transfer from the semiconductor to the

electrolyte are the respective energy levels, as discussed in Figs. 1.1, 2.7 and 2.8. It

should be noted that in aqueous environments, the situation is also pH dependent.

For example, for water splitting, the conduction band has to be more negative than

the reduction potential of H+/H2 (0 V vs. NHE at pH 0), whereas the valence band

has to be more positive than the oxidation potential of O2/H2O (1.23 V vs. NHE at

pH 0), i.e., several pathways of these photocatalytic reactions on TiO2 may be favored

depending on the pH. A good overview of the energetic situation can be obtained from

potential-pH diagrams, as shown in Fig. 2.14.

From the diagram it can be deduced, for example, that thermodynamically anatase

should be much better suited than rutile to allow H2 generation (and O2 reduction),

owing to the slightly more negative position of the conduction band. In view of the

valence band, anatase and rutile provide a sufficiently low-lying valence band, not

only to create O2 from H2O but also to create OH• radicals from water or OH−

species. It should be noted that OH• radicals can finally also react to give O2 (via an

H2O2 intermediate) [193, 194].

In many photocatalytic reactions, the goal is to exploit the holes (h+) to oxidize

an organic species. Such h+ − induced oxidation reactions of the surrounding species

(e.g. organics) are considered to take place either via the generated radicals OH• or

via a direct h+ transfer from the valence band [195]. A crucial point that determines if

a direct hole transfer or oxidation via OH• radicals is preferred is whether a species will
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Figure 2.14: Energy bands on TiO2 relative to redox potentials of water as a function of pH
(taken with permission from Ref. [42])

be specifically adsorbed on the TiO2 surface. For example, many organic compounds

containing carboxylate groups will adsorb (at sufficiently low pH) strongly on the

TiO2 surface and thus have a higher probability of being oxidized directly via h+

transfer [41]. This also means that for the reaction pathways it matters if, for a

specific ion, anionic or cationic surface coordination (adsorption) occurs and if the

species is ionized (pKs; pKb) at a specific pH. From the TiO2 side, the adsorption

characteristics are influenced by whether the pH value is positive or negative to the

pzc (point-of-zero-charge) of the TiO2 surface (compare Fig. 2.15).

In many cases, the environment (mostly liquid or gas phase) may contain sev-

eral redox species, and it often remains a challenge to establish reaction conditions

where the charge carriers are transferred with maximum selectivity to the desired

target molecule. Energy level/pH diagram considerations only indicate if in principle

a reaction is thermodynamically possible on the substrate. For the kinetics (e.g. hy-

drogen production rate), many other factors such as charge separation, mobility, and

lifetime of photogenerated electrons and holes are very important. These factors are

strongly affected by the bulk properties of the material such as crystallinity (bulk
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Figure 2.15: Degree of dissociation of TiO2 surface as a function of pH.

recombination states) or surface states (surface chemical groups), as outlined below.

2.2.4.2 Time scales (kinetics) in photocatalysis

Critical time scales in photocatalytic reactions involve charge carrier generation,

transport, and transfer to the environment (electrolyte or gas) versus carrier losses

due to recombination processes (band to band or via bulk or surface states). For

TiO2, extensive investigations have reported on time-scale measurements on various

particles and nanostructures. An overview of the most important and typical time

constants for TiO2 is shown in Fig. 2.16.

Electron excitation with UV light occurs within a few femtoseconds [196, 197].

’Hot’ electrons (and holes) that are generated by super-band gap irradiation typically

relax back to the band edges very rapidly (∼ 10−14 s). The carriers then move along

in the corresponding band and may either (i) reach the semiconductor surface and

directly react with the surroundings (direct photocatalytic reaction), (ii) recombine

via bulk states (bulk recombination; lost for photocatalysis), (iii) be trapped in surface

states, and then (iiia) react with the surroundings (photocatalytic reaction via surface

states), or (iiib) recombine (surface recombination; lost for photocatalysis). Which

pathway is dominant depends on the time scale of the different processes. Surface

states are thus not a priori ’bad’, as suitable surface states may be desired to mediate
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the charge transfer to the electrolyte (if the charge carrier has a considerable lifetime

on the surface state, it may ’wait’ until a reactant in the electrolyte is available).

In nanoparticles, charge carriers usually are surface trapped efficiently because (of

comparably small volume) many surface states are available. For these systems,

numerous studies have described initial trapping times of free electrons and free holes

[198, 199]. Charge carrier migration towards the surface of the semiconductor has

transient times (τ) in the range of a few picoseconds. This time scale is, of course,

particle size dependent and can be expressed as given in equation (2.2):

τ = R2/πD (2.2)

where R is the radius of a particle and D (5 x 10-3 cm2 s-1) is the diffusion coefficient

of the excited charge carriers, e.g., for 20 nm particles [200, 201] the transient time

is around 10 ps (if no trapping/detrapping with bulk states occurs).

Tamaki et al. studied the trapping dynamics of electrons and holes in nanoporous

TiO2 films [202, 203] and concluded that shallow and deep trapping sites exist. The

carriers in shallow trapping sites can further relax into deep trapping sites or be re-

excited [204, 205]. Shallowly trapped electrons and holes were found to be generated

at a time constant of <150 fs, deeply trapped electrons at ∼150 fs, and deeply trapped

holes at ∼200 fs. Electrons may drop from shallowly trapped sites to the deep traps

at ∼500 ps. After trapping, carriers have a comparably long lifetime and, therefore,

if trapping occurs at the surface, carriers can effectively react with various molecules

at the surface. The deeply trapped holes are more or less localized at deep traps and

exhibit (as expected) a lower oxidizing potential [206, 207]. Trapped charge carriers

exhibit strong optical absorption. Trapped holes absorb at a wavelength of 430 nm or

even shorter, and trapped electrons at a few hundred nm. This allows their lifetime

to be determined by transient spectroscopy [208, 209].

The chemical nature of surface-trapped electrons and holes has not yet been com-

pletely clarified. Generally, TiIV cations at the surface of TiO2 are reduced by the

light-induced electrons, forming TiIII cations which represent a localized state about

0.1 eV below the conduction band edge [210]. Generally, it is assumed that TiIII states

represent the main bulk defect species. TiIII-OH constitutes the main surface trap (a

shallow surface trap). In chemical terms, surface Ti-OH can act as electron and hole

traps as represented in equations (2.3) and (2.4):
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TiOH
h+−→ Ti4+ − •OH (2.3)

TiOH
e−−→ Ti3+ −OH (2.4)

i.e., surface-trapped holes become chemically equivalent to surface-bound hydroxyl

radicals. These weakly trapped holes posses an electrochemical potential close to that

of free holes and can therefore be considered to be chemically similar to the latter [206].

The picture has been more refined in other studies, e.g., Howe and Grätzel deduced

from electron paramagnetic resonance spectroscopy (EPR or ESR) investigations that

the hole is trapped in a subsurface oxygen anion, whereas other groups have assumed

the trapped hole to be an oxygen radical.

Hoffmann et al. estimated that trapped electrons lie in the range 25-50 meV below

the conduction band edge of TiO2 Degussa P25, whereas holes are often trapped in

deeper states [196, 207, 211]. From the different trap sites, electrons and holes can

react with acceptor or donor molecules, respectively, or recombine. Recombination

takes place at ∼1 µs with the release of heat in ∼25 µs (as TiO2 is an indirect

band-gap semiconductor, heat release is the main recombination side effect). Usually

the reaction time of electrons to react with donors is in the ns−µs range, or for

acceptors reaction with reactive holes occurs in a few µs. Hence it is apparent that

recombination and charge transfer to the electrolyte are in the same time range (i.e.,

the processes are directly competing). The time scale for charge transfer to a donor

or acceptor molecule depends very much on its specific nature; in particular on its

redox potential and chemical adsorption to the surface, and therefore the efficiency

of a photocatalytic reaction depends very much on this charge-transfer time.

Regarding TiO2 nanotubes, somewhat conflicting reports exist. Investigations by

Richter et al. indicated that TiO2 nanotubes and nanoparticle films have equally

low electron transport rates. This is in the case for TiO2 nanotubes ascribed to the

presence of exciton-like trap states arising from a single sharp resonance (at ∼7.5

meV) that leads to lower electron mobility. According to these authors, low mobility

in TiO2 nanotubes is not due to scattering from grain boundaries or disorder-induced

localization, as in case of other nanomaterials. It is concluded that if the native

amount of Ti3+ states is reduced in TiO2 nanotubes, then they may have superior

electron transport properties, which in turn would result in a high dye sensitized solar

cell (DSSC) efficiency [212]. Nevertheless, reports by Jennings et al. [133] and Lynch
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et al. [178] proposed some beneficial effects in nanotubes due to reduced surface

recombination rates and a resulting high diffusion length. Unfortunately, the work

of Richter et al. focused only on one type of TiO2 nanotubes. This is unfortunate

considering how strongly properties can be altered by different preparation techniques

[71, 157, 178].

’Reaction range’ into the surroundings:

For photocatalysis, some ’remote effects’ have been reported [213]. This is based on

O•–
2 or OH• radicals that can be formed at the surface and travel into the surroundings

as illustrated in Fig. 2.16. As the lifetime of trapped charge carriers is in the range

of µs, even comparably slow charge-transfer processes (e.g. to molecular oxygen

hundreds of ns−µs [O2 −→ O•–
2 ]) [210, 213–216] and release of this species into the

surroundings become feasible. However, typical reaction rates via this remote path

are 1−2 orders of magnitude lower than direct contact paths. The typical range for

h+generated OH•– radical emission from the TiO2 surface is ∼ 10-1000 nm (depending

on the reactant concentration, say 10-3-10-6 M). This means for TiO2 nanotubes with

diameters of around 100 nm that the inside of the tubes represents almost the ideal

range for a reaction vessel, in terms of the range of OH• radicals.

Chemical reaction kinetics

Langmuir Hinshelwood−kinetic model

Photocatalytic reaction kinetics can, of course, also be characterized in terms of

classical chemical rate models which, rather than considering elemental mechanistic

steps such as in Fig. 2.16, describe the rate of product generation as a function of

experimental parameters such as light intensity, temperature, reaction concentrations,

etc. Specific to photocatalytic reactions is that there are generally two regimes: (i)

light-limited conditions at low light intensities and (ii) light saturation conditions

at higher illumination intensities. In comparison with solution environments, the

better investigated case is the decomposition kinetics of gaseous pollutants. Given a

sufficient supply of O2 and UV illumination, virtually any gaseous organic substance

can be completely degraded into CO2, H2O, and mineral acids. The rate of reaction

is in general described as influenced by two parameters: (i) the light intensity and

(ii) the reactant concentration (including the O2 partial pressure or humidity, etc).

Under a wide range of experimental conditions, the photocatalytic reactions on TiO2
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follow reasonably well first−order kinetics in the adsorbed concentration of the organic

compound and the light intensity [41], as given by equation (2.5):

r = kΓIα (2.5)

where r is the reaction rate, k is the first-order rate constant, Γ is the reactant

concentration per unit real surface area, and I is the light intensity. At low light

intensities, the photon flux is rate determining and usually the highest quantum

yields are attained for the lowest intensity. Under these light intensity-controlled

conditions the α value is around 1 and decreases with increase in intensity [217]; for

light saturation conditions α = 0.

For many organic compounds in the gas phase and inorganics such as H2S and

NH3, the surface concentration follows a Langmuir adsorption behavior according to

equation (2.6):

Γ−1 = Γ−1
0 + (KeqC)−1 (2.6)

where Γ0 is the surface concentration at full coverage, Keq is the adsorption equi-

librium constant, and C is the gas-phase or liquid-phase concentration; see Langmuir-

Hinshelwood kinetics [41, 218, 219].

For low electron capture agent (mostly oxygen) concentrations, the adsorption of

this species may be rate limiting. The influence of molecular oxygen on the photocata-

lytic oxidation of organic pollutants is covered by the Gerischer−Heller approach

[220]. In practice, in the gas phase, ∼5% oxygen is sufficient to maintain capture

of photogenerated electrons [221] and thus availability is usually not rate limiting.

Another way to look at it is that molecular oxygen captures the photogenerated

electrons and thus suppresses charge recombination (more holes remain trapped and

are available to react) [222]). Photocatalytic decomposition has been investigated

for many types of gaseous pollutants, such as volatile organic compounds (VOCs)

[223], formaldehyde [224, 225], acrylonitrile [226], p-xylene, styrene [227], and toluene

[228]. Nitrogen-doped titania has been reported to cleanse air from dimethyl disulfide

(DMDS) using visible light sources [229].
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kinetics in aqueous systems

In comparison with gaseous systems, some additional factors may contribute to

the reaction rate in solutions, such as adsorption of solvent, pH, and background

ions. Nevertheless, equation (2.6) or at least a first−order reaction is also com-

monly observed for liquid−solid photocatalytic reactions [18]. Also for TiO2 nan-

otubes Langmuir−Hinshelwood kinetics were found to apply, according to previous

studies [230–232].

2.2.5 ’Dark photocatalysis’−anodic radical generation

In the context of photocatalytic reactions, it should also be mentioned that a similar

reaction scheme can be triggered in the absence of light on anatase TiO2 and TiO2

nanotube surfaces [233, 234]. If a voltage is applied to the material that causes anodic

Schottky barrier breakdown [235, 236], valence band holes are created that react with

the environment in a similar manner as photogenerated holes (OH radical forma-

tion, destruction of organic and organic monolayers). This anodic radical generation

approach may be particularly useful in environments where the use of UV light is

hampered, for example, in MEMS devices or lab-on-a-chip that require a ’photocata-

lytic’ reaction or a self-cleaning step in the dark. For pure anodic radical generation,

usually electrodes such as boron-doped diamond (BDD), Pt, graphite, PbO2, and to a

lesser extent Ni, RuO2-TiO2, IrO2-Ta2O5, etc., are used. However, TiO2 provides the

possibility of operating simultaneously under photocatalytic and anodic conditions.

2.2.6 Other factors

Some further noteworthy aspects in the context of photocatalysis are as follows:

- Photocatalytic reactions can alter the surface pH over time; for example, conduction

band electron ejection leading to the reduction of O2 or H+ induces an alkalinization

of the environment. This not only affects the reaction rates but also shifts the

position of the band edges of TiO2 (compare Fig. 2.14).

- Some species are found to be very efficient ’charge carrier scavengers’ on TiO2,

i.e., transfer of electrons or holes to these redox species is much faster than to H2O.

The most prominent hole scavengers on TiO2 are alcohols (such as CH3OH); a most

effective electron scavenger is Ag+. The addition of charge carrier scavengers to an

electrolyte is usually intended to reduce the recombination kinetics (these species

are also occasionally termed ’sacrificial agents’).
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- An interesting side effect of adding a hole scavenger is that photogenerated elec-

trons have a lower recombination probability and therefore are more likely to cause

alterations of the TiO2, i.e., a reduction of Ti4+ to Ti3+. As a result, with time,

coloration of the sample and interstitial hydrogen may be observed [237].

- Another effect that may occur is called ’current doubling’. In this case, an agent that

captured a valence band hole, and thus is oxidized, may even be further oxidized

by transferring an electron into the conduction band (i.e., overall two electrons may

be transferred). This effect can lead to apparent current efficiencies of >100%. A

prominent example is CH3OH oxidation on WO3 [238], but this effect has also been

reported to occur for TiO2 [239–241].

- Another intriguing specific feature of TiO2 photocatalysis is the ability to induce

chain scission in attached organic monolayers. This can be used to create extremely

well-defined wettability on surfaces [242, 243], or to liberate terminal payload mo-

lecules from the surface upon UV illumination. Interesting and common to the

effect is that chain scission (photocatalytic or voltage induced) occurs after the an-

choring group (typically silane or phosphonate). This may imply that the reaction

is based mainly on a direct h+ transfer onto the carbon chain (for more on this

effect, see section 2.4.5).

2.2.7 Measuring photocatalytic rates

Photocatalytic activity can be characterized by measuring the decay kinetics of a

target compound directly, e.g. by GC or HPLC. However, for comparison of differ-

ent TiO2 structures, often model compounds are used that have either a comparably

well-established decay mechanism and/or a facile way of detection. In liquid envir-

onments, in early years Methylene Blue was frequently employed, but more recently

Acid Orange 7 (AO7) and Methyl Orange have become even more widely used. AO7

has an advantageous absorption spectrum, i.e., it is almost transparent in the UV

range and thus photofading (direct UV decomposition) is slow and the concentration

of the intact molecule can easily be measured by spectrophotometry.

In photocatalytic water splitting measurements, typically the generation rates of

H2 and O2 are measured over time, e.g., using GC detection. In photoelectrochemical

setups, mostly three-electrode configurations, with the photoactive n-type material as

working electrode (O2 generation), Pt foil as counter electrode (H2 generation), and a

standard reference electrode, are used. The catalysts are either operated under deep
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UV conditions using, e.g., mercury lamps, or tested under solar simulator conditions

(most widely AM 1.5 at 100 mW/cm2). In this type of photoelectrochemical setup,

the measured photocurrent often reflects directly the efficiency of water splitting (if

not, redox species other than H2O are present in the electrolyte) [244, 245].

2.3 Modification of TiO2 and nanotube properties

Modification of TiO2 photocatalysts and accordingly TiO2 nanotubes is mainly done

by (i) heat treatments, (ii) introducing other elements, or (iii) tube wall decoration.

2.3.1 Doping of TiO2 and visible light photocatalysis

In view of the electronic properties, the annealing of the amorphous tubes to a crystal-

line structure mainly changes the conductivity and lifetime of charge carriers, whereas

active doping or band-gap engineering by introducing other elements is more often

used to decrease the optical band gap and to allow a visible light photoresponse.

In any case, the electronic structure of TiO2 can be altered by introducing interme-

diate state(s) in the band gap and/or narrowing the gap itself. Fig. 2.17 summarizes

the relative positions [obtained by density of state (DOS) calculations] for various

’doping’ elements relative to the band edges of intrinsic TiO2. First, it should be

mentioned that depending on the approach used in the calculation, the value for the

TiO2 band gap usually reported from DOS calculations is much lower (∼ 2.0 eV [246,

247]) than the experimental value of 3.0 or 3.2 eV [169, 172]. Such a lower theoretical

value is attributed to the shortcomings of plane wave calculations for TiO2 using the

local density approximation (LDA) and generalized gradient approximation (GGA)

[246]. However, there are some recent optimized calculations with closer agreements

with the experimental values (3.05 eV for rutile and 3.26 eV for anatase [248, 249]).

Fig. 2.17 gives values, whenever possible, that are close to the experimental values

and calculations that are based on a higher number of atoms.

Preceding any theoretical work, considerable experimental efforts have been made

to alter the band structure of TiO2 by doping, and already early experiments have

indicated that doping can significantly enhance the photocatalytic properties of TiO2

[250–252]. Asahi et al. [253] reported nitrogen doping of TiO2 and corresponding DOS

calculations. On this basis, it was concluded that oxygen-substitutional nitrogen N(O,

sub.) doping causes narrowing the band gap by introducing N2p states just above

the TiO2 valence band [248, 254], as shown in Fig. 2.17. In addition, an intermediate
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Figure 2.17: Schematic illustration of energy level positions for various dopants in TiO2 relative
to band-edges.

state is formed almost in the middle of the band gap due to interstitial nitrogen

[N(int.)] [255]. Similarly, oxygen-substituted carbon, sulfur, and phosphorus form

states near the valence band edge [248, 249, 256] − on the other hand, substitutional

boron forms an intermediate state near the conduction band edge [257]. Moreover,

Ti-substituted (Ti, subs.) nonmetals, sulfur, and boron also affect the band structure

of TiO2, resulting in the formation of an intermediate state in the case of sulfur,

and lowering the CBM in the case of boron [256, 258]. Various transition metals,

such as vanadium-, chromium-, manganese-, iron-, and nickel-doped TiO2 (i.e. Ti-

substitutional doping), also show significant red shifts in their optical properties [246,

259–262]; DOS calculations indicated that these dopants form intermediate states

in the TiO2 band gap [246, 259–262]. Early reports on comparably small amounts

of Nb and Ta doping focused mainly on electrical properties [263–266]; later work

showed their beneficial effect for solar cells [245, 267, 268]. Replacing an oxygen atom

with fluorine in the lattice is considered to induce the formation of Ti3+ species at

the neighboring atoms, forming an intermediate state about 0.8 eV below the CBM

[269]. Similarly, W(VI) substitutional doping at Ti(IV) sites results in WO3 doping

in TiO2 by taking an extra oxygen for each tungsten [270], which reduces the band

gap by lowering the conduction band edge, as indicated in Fig. 2.17. So far the most

studied and successful approach is nitrogen doping. Carbon doping has frequently

been explored but there is some well-justified dispute over its effectiveness [271, 272].

These attempts have to be distinguished from graphitization of the tubes [273] or
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conversion to oxycarbides [149]. In the case of N doping, there has been discussion on

the mechanistic nature of the nitrogen in view of band-gap engineering. In a typical

non-metal doping process, ∼2% of nitrogen is present and it is problematic to assume

that this low concentration is sufficient to raise the valence band level by >0.5 eV.

Therefore, the situation for most N-doped materials may be best described as a high

density of localized states.

Figure 2.18: Two-dimensional energy band diagram of an n-type semiconductor with a metal
particle/dot.

However, it should be noted that, with respect to the methods used to achieve

nitrogen doping, very different states of nitrogen are observed and the active species

may be present in the bulk TiO2 or on the surface. Proper ion implantation of N

and annealing show an XPS peak at ∼396 eV [274], which is in accordance with the

peak position found when sputtering TiO2 in a nitrogen environment [253], and with

the position obtained for titanium nitride [275]. Wet treatments in amine-based solu-

tions lead typically to peaks at >400 eV, and are reported also to yield a visible light

response [221, 276, 277]. Such a peak in many cases can be interpreted as a surface

sensitization (e.g., with an N−C compound) [278]. Several groups have claimed suc-

cessful N doping or N−F doping in TiO2 referring to a peak at ∼400 eV. However,
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this peak position at 400 eV is also found for adsorbed molecular nitrogen on TiO2.

Most of these doping reports do not show either visible photocurrent or convincing

photocatalytic activity. In these cases, mainly absorption spectra were used as evid-

ence − showing, e.g., strong sub-band gap light absorption; however, a corresponding

photocurrent spectrum may not show any significant response, as absorption does

not imply electronic coupling through the structure, i.e., it may be due to a simple

mixing effect of two light-absorbing compounds.

Hydrothermal or sol-gel processes are essentially precipitation reactions, where

successful doping can be achieved by growing titanium oxide crystallites [221, 276,

279] in the presence of the doping species in the solvent. For bulk crystallites, usu-

ally carbon, nitrogen, boron, or sulfur doping is carried out by thermal treatment

(annealing) of the TiO2 in a suitable environment, i.e., for carbon in a carbonaceous

environment or ashing organic compounds, such as CO or acetylene, for nitrogen in

NH3, and for S in H2S [280–286]. Ion implantation is the most effective method for

doping nitrogen into the TiO2 lattice at lower to medium doping levels [274, 287]

(maximum ∼1018 ions/cm2). However, it suffers from limitations with respect to ion

penetration depth -a few µm -at MeV acceleration energies, and often an inhomogen-

eous dopant distribution is obtained.

Most unique to anodic TiO2 nanostructures (nanotubes and titania meso-sponges

(TMS)) is that they can be simply doped by anodization of a homogeneous alloy

of titanium with the dopant. Using this method, N−doped TiO2 nanotubes can

be obtained by anodizing TiN−containing Ti alloy substrates [288, 289], where the

substrate is prepared e.g. by arc melting of pure Ti and TiN powders. Similarly,

W−, Mo−, and Nb− doped TiO2 nanotubes can be obtained [100, 105, 290]. A very

effective increase in photocatalytic activity was reported for WO3 doping of TiO2

nanotubes [175, 291].

Additionally, doping of TiO2 is reported to take place by ion pickup from the

anodization electrolyte (e.g., for phosphorus anodization in a PO4 electrolyte [292]);

however, attempts targeting nitrogen or N−F co-doping [293] mostly lead to XPS

peaks at 400 eV (corresponds to adsorbed species; see, e.g., [34]) and/or do not show

convincingly electronic coupling of the doping species. For nanotubes prepared in

organic electrolytes, carbon contamination can take place, leading to an enhanced

visible absorption, due to the decomposition of the organic electrolyte under the

applied voltage [233, 294]. Additionally, there have been a number of reports of doping

of tubes with Cr [179], C [281], and V [99], with more or less beneficial effects on their
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properties.

Conversion of tubes (titanates, semi-metallic phases)

TiO2 nanotubes can be converted comparatively easily to their perovskite oxide by

hydrothermal treatments [295]. Perovskite materials, such as lead titanate (PbTiO3),

barium titanate (BaTiO3), strontium titanate (SrTiO3), and lead zirconium titanate

(PbZrTiO3), show a variety of interesting piezoelectric or ferroelectric properties [296–

298]. In particular, conversion to other photocatalytically active (semiconducting)

materials such as SrTiO3 [295] and bismuth titanate [299] can extend the range of

potential applications considerably [300, 301]. Hydrothermal treatments can also be

used to convert the ordered tube layers into other defined geometries [302]. A very

promising approach for altering the electronic properties of the materials is to convert

TiO2 nanotubes to suboxides (or oxycarbides) of the Magneli type that alter the

properties of the material to a semi-metallic behavior [149].

2.3.2 Accelerated photocatalysis by surface effects (particle decoration, heterojunc-

tions, charge-transfer catalysis)

Particle decoration of TiO2 surfaces with nanoparticles (metals, semiconductors, poly-

mers) is frequently used to increase the absorption efficiency (sensitization) and charge

transfer to the surroundings. Beneficial effects include the following: (i) hetero-

junction formation that changes the surface band bending (metal clusters or other

semiconductors), (ii) suitable surface states are created for enhanced charge exchange,

(iii) catalytic effects for chemical reactions (e.g., Pt for H2 evolution, RuO2, IrO2 for

O2 evolution), and (iv) surface plasmon effects that lead to field enhancement in the

vicinity of metal particles and thus allow more efficient charge harvesting.

A main motive for particle decoration is illustrated in Fig. 2.18. The concept is

to introduce locally on the electrode surface variations in the band bending, i.e., a

similar effect to that when applying an external potential (Fig. 2.13) can be reached

under ’open-circuit conditions’, for example, a metal particle pins the Fermi level

locally corresponding to its work function. The geometric range of the effect depends

mainly on the nature of the particle (work function; some examples are given in Fig.

2.8) and the doping concentration of the TiO2.

For TiO2 nanotubes, several approaches for decoration or filling with different

foreign materials (metals or metal oxides) have been reported. Electrodeposition

reactions in TiO2 nanotubes essentially provide a very versatile tool for filling or
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decorating oxide nanotubes [191]. This first approach was used to electrodeposit Cu

in the tubes. One of the most followed-up schemes to establish p−n heterojunctions

(Cu2O−TiO2) for solid-state solar energy devices is, however, the direct deposition

of Cu2O [303].

Decoration of TiO2 nanotubes by noble metal nanoparticles (such as Au, Ag, Pt,

Pd, and AuPd) is very frequently carried out in order to enhance their photocatalytic

activity [304–309]. Ag nanoparticles can be deposited on the tube wall by photocata-

lytically reducing Ag+ on a TiO2 surface by UV illumination [304]. Other metal nan-

oparticles are preferably deposited by UHV evaporation or chemical reduction tech-

niques [304, 305, 310]. Ag/TiO2 or Au/TiO2 nanotubes show a significantly higher

photocatalytic activity than plain nanotubes [305] (see Fig. 4.23). Ag−decorated

tubes were also found to enhance the performance of DSSC’s significantly [311].

Oxide nanoparticle decoration of, e.g., WO3 [312] or tungstates [313], Cu2O [314],

Fe2O3 [315], CuInS2 [316], ZnO [317–319], Bi2O3 [320], ZnTe [321], and TiO2 [316,

322] can be achieved by slow hydrolysis of precursors electrochemically, or by CVD

or PVD deposition. However, it should be noted that for many applied compounds

long-term stability must be questioned, due not only to corrosion or photocorrosion,

but also to the instability of some co-catalysts under an applied voltage.

To increase the surface area, mainly hydrolysis of TiCl4 is used, resulting in 2−3

nm TiO2 nanoparticles that deposit both inside and outside the tube wall − this was

reported to improve the efficiency [322]. Whereas in the case of TiO2 nanoparticle

decoration the beneficial effect is an increase in surface area, with WO3 nanoparticles

additionally junction formation between TiO2 and the misaligned bands of WO3 can

be expected (similarly to Fig. 2.18)−in any case, WO3 decoration was found to be

very beneficial for enhancing the photocatalytic activity (Fig. 4.23).

More recently work has dealt with the decoration of C60 or graphene [323, 324]

or with Ag/AgCl or AgBr [325, 326] on TiO2 nanotubes to enhance their photocata-

lytic activity. Decoration with nickel oxide nanoparticles has recently been shown to

show significant photoelectrochemical activity under visible light (possibly by charge

injection from NiO states to the conduction band of TiO2) [327]. A very simple but

very successful approach for particle decoration is to fill the TiO2 nanotubes with a

suspension of magnetic (Fe3O4) nanoparticles [328].

TiO2 nanotubes can also be decorated by narrow band gap semiconductors, such

as CdS, CdSe, and PbS quantum dots [329–333]. These quantum dots can be depos-

ited on the nanotube wall electrochemically, by sequential chemical bath deposition
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methods, or by chemical treatment in the presence of Cd precursors. Such CdS/CdSe

quantum dots have band-gap values of 2−2.4 eV (i.e. they absorb visible light) and

can inject the excited electron into the TiO2 conduction band; i.e., they essentially

act as sensitizers. There are also reports on sensitizing TiO2 nanotubes with con-

ducting (semiconducting) polymers [334] for sunlight applications − however, it must

be expected that such structures will fail fairly quickly owing to the photocatalytic

degradation of the polymer.

2.3.3 Selectivity

A particularly interesting concept in the field of TiO2 nanotubular photocatalysis

is the combination of the TiO2 nanotube geometry with molecule-selective binding

units, for example, zeolites [335, 336] (Fig. 4.38). Considering that zeolite structures

can be tailored for the selective absorption of a considerable range of organic mo-

lecules, TiO2−zeolite combinations can be used, for example, to concentrate dilute

pollutants and then destroy them. Accumulation and decomposition can occur in

parallel (under permanent illumination) or in sequence (e.g., exploiting day−night

sequences). In both cases, the zeolite is regenerated by the photocatalytic action of

the TiO2 nanotube environment and a significantly enhanced specific photocatalytic

activity can be achieved (see Fig. 4.40). Selectivity is, of course, a key issue also in

using photocatalysis for synthetic approaches (see section 4.4).

2.4 Areas of applications of photocatalysis

The discussion in section 2.3 is mainly focused on TiO2, TiO2 nanotubes, and the

characterization of their photocatalytic activity using model reactions (mainly the

decomposition of an organic dye). Below some work using TiO2 in the main classical

photocatalytic areas (pollution degradation, water splitting, and organic synthesis)

is summarized and some examples of more exploratory fields of application are ad-

dressed.

2.4.1 Pollution degradation (including destruction of undesired biological entities)

Research on photocatalytic pollutant degradation is increasing continuously because

its practical use has attracted great attention in industry. The main purpose of the

photocatalyst is to degrade carcinogenic and noxious organics present in industrial

effluents and to remain stable during light illumination. Particularly due to its sta-
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bility, TiO2 is widely perceived as the best and often most suitable photocatalyst for

environmental applications.

Various toxic organic compounds, such as organochlorine compounds [337–341],

aromatic pesticides [342], PCBs, dioxins [343, 344], DDT [338], azo dyes [315, 345–

354], and others [232] can be degraded relatively rapidly by photocatalysis, leaving

small traces of intermediates. Several of these processes have also been explored using

TiO2 nanotubes [134, 231, 341, 355–357]. Similarly, TiO2 nanotube layers were used

for the destruction of gaseous pollutants as irritants [348, 358] or the photoreduction of

Cr6+ [359]. A considerable advantage of tubes over powders is their easy applicability

in static flow-through reactors, possibly including the application of an aiding voltage.

Nevertheless, this approach has hardly been explored up to now.

As most organic compounds are degraded on photoexcited TiO2, similarly bacteria

and cancer cells can be destroyed to some extent [360–363]. TiO2 photocatalysis is

considered to be effective in sterilization effects using bacteria such as Escherichia

coli, methicillin-resistant Staphylococcus aureus (MRSA 11D 1677) and Pseudomonas

aeruguinosa (IFO 13736). For these bacteria, TiO2 substrates have been reported to

have a strong antibacterial effect even under very weak UV light [364]. This type of

photocatalytic effect has also been investigated for the possibility of cancer treatment.

Cai et al. investigated this effect on the antitumor activity of photoexcited TiO2

particles. They found that cultured in vitro HeLa cells (50 µg/ml) were completely

killed in the presence of TiO2 particles [360]. Similarly, TiO2 nanotubes were also

reported to show an antibacterial behavior [365, 366] and to cause photo-induced

killing of HeLa G cancer cells [367].

2.4.2 Water splitting

Since the first reports on TiO2 photoelectrochemical decomposition of water in H2 and

O2 (water splitting) in 1972 [11], over the past 40 years, this approach has attracted

wide and currently strongly renewed transdisciplinary interest. Except for homogen-

eous catalysts [368, 369], a tremendous range of inorganic semiconducting compounds

(mainly transition metal oxides and nitrides) have been evaluated regarding their per-

formance as heterogeneous water splitting photocatalysts [11, 266, 271, 370–377]. In

this case, the h+ and e− can react with H2O to form finally H2 and O2, i.e., direct

splitting of water can be achieved. For TiO2, at the conduction band the situation is

such that the redox potentials for O2 → O−
2 and H+ → 1

2
H2 are very close. In other

words, H2 generation and O2
− formation are typically competing. At the valence
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band, O2 can be formed from water via various pathways including radicals that can

(if not otherwise used) react to give O2. The reaction rates of the photocatalytic

processes on pure TiO2 are typically limited by the charge-transfer process to a suit-

able redox species. Therefore, at the conduction band, often catalysts such as Pt are

used to promote H2 evolution and, at the valence band, O2 evolution catalysts such

as IrO2 and RuO2 and/or hole capture agents such as CH3OH are used to promote

the overall reaction rate.

Figure 2.19: Enhanced photocatalytic water splitting using Nb doped (Ti0.1Nb) tubes, shown
as dark/light I−V curves for TiNb and plain TiO2 nanotube layers (1M KOH) under AM1.5 (100
mW/cm2) conditions (taken with permission from Ref. [244]).

From a semiconductor view−point, an optimized catalyst has to provide a suit-

able band gap for maximized light absorption, suitable band-edge positions to allow

efficient charge-carrier exchange with the electrolyte, and should be photocorrosion

stable. TiO2 (and its modifications) was the first used and is still the most invest-

igated water splitting material, as it is stable against photocorrosion and compar-

ably inexpensive, and various nanopowders (pigments) are readily available [30, 362].

Other approaches proposed to increase the efficiency of water splitting include the

decoration of TiO2 nanoparticles with a photoactive dye (analogous to dye-sensitized

solar cells) and complementary decoration with Pt (to catalyze the H2 evolution reac-

tion) and RuO2 (to catalyze the O2 evolution reaction) [378–380]. For water splitting,

TiO2 is most efficient as a photo-anode in a photoelectrochemical arrangement [42].
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In these photoelectrochemical approaches, i.e., using TiO2 as a photo-anode, under

an applied voltage (coupled with a suitable cathode), the water splitting reaction can

reach much higher efficiencies than using TiO2 suspensions. This is because the slow

cathodic H2 evolution reaction can be performed on a separate ideal electrode (such

as Pt) and the reaction can be ’aided’ by an applied voltage. Additionally, the O2

evolution reaction can be accelerated by suitable catalysts such as RuO2 [378–380].

For a high turn−over rate, high surface area photo-anodes are used that typically

consist of TiO2 nanoparticles fused together on a conductive back-contact.

More recently, several investigations reported that anodic TiO2-nanotube layers

may be even more promising than particulate layers in view of a high photocatalytic

efficiency due to their well defined geometry [19, 68, 79, 244, 280, 291, 305, 381–386]

and the feasibility to easily incorporate catalysts and dopants [158, 179, 244, 245,

267, 291].

Particularly efficient is the doping of TiO2 nanotubes with RuO2 by in-situ doping

(i.e. growth from Ru-containing alloys) [158] or by Nb doping [244, 245, 267]. Already

very low concentrations can cause a significant increase in the photo electrochem-

ical water splitting efficiency. In this content it should be mentioned that an often

neglected key point in photoelectrochemical arrangements is that majority carriers

(electrons) have to travel through the TiO2 layer to the back contact of the photoan-

ode, i.e. electron life-time and in particular, conductivity within the TiO2 structure

becomes a very important factor for the overall efficiency. Therefore, doping nanotu-

bular layers with appropriate elements such as Nb (in low concentrations) was also

found very efficient to increase the water splitting efficiency in photo-electrochemical

arrangements [244, 245, 267] as illustrated in Fig. 2.19.

If water splitting is the goal, then obviously H2 evolution is desired and the usual

photocatalytic reactions occurring in aqueous environments (namely the reaction with

dissolved O2 or electron-capture agents such as Ag+) represent ’parasitic’ pathways.

For various nanotubular (or nanoparticulate) transition metal oxides, doping with

non-metals such as nitrogen is very efficient for activating a visible response, but

typically the effect is not very stable. Under illumination, arriving valence band

holes h+ seem to destroy the nitrogen doping effect (presumably due to destructive

oxidation of the N−species). In this context, it is noteworthy that also other tubular

or nanoporous Fe2O3, TaON, or Ta3N5 have been explored with various degrees of

success for water splitting (see, e.g., Refs. [90, 377, 387–391]). It is also interesting

that gas-phase photocatalytic oxidation reactions of organics may be used to produce
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H2 [392].

2.4.3 Synthesis of organics at illuminated TiO2

Already soon after its discovery, photocatalysis on TiO2 was extensively explored for

synthetic purposes, i.e., to use photoelectrons, holes, or formed radicals not for the

destruction of undesired molecules but to exploit them in (mostly organic) synthetic

reactions. A number of excellent reviews are available on this topic [44, 45] − for early

efforts, the reader is referred to Ref. [393], and a more recent update is given in Ref.

[44]. A major disadvantage of photocatalytic reactions is that they are considered to

be highly non-selective (at least in aqueous environments) which is typical of radical

reactions. The wide range of reaction products stems not only from the nature of

the reaction but also from the fact that mainly batch rather than continuous flow

processes are used.

In non-aqueous electrolytes, nevertheless, some remarkable achievements have

been made. In the following, only some examples are mentioned; more detail and

comprehensive overviews can be found elsewhere [44, 45]. In organic synthesis, OH•

plays an important role in many useful reactions, including aromatic substitution re-

actions such as hydroxylation. These hydroxyl radicals are highly reactive and have a

short life span. Conventionally, Fenton’s reagent [394, 395] has been used as a source

of hydroxyl radicals that can be used for organic synthesis and also for the degrad-

ation of organic pollutants. This reagent produces hydroxyl radicals from hydrogen

peroxide in the presence of iron, and is widely used for the hydroxylation of benzene

and its derivatives to give phenol and phenolic compounds [396]. The reactions are

summarized in equations (2.7) and (2.8):

Fe(II) + H2O2 −→ Fe(III)(OH−) + OH• (2.7)

C6H6 + OH• −→ C6H5OH (2.8)

Later, Boivin et al. [397] reported N-hydroxy-2-pyridinethione as a source of

hydroxyl radicals, where the compound was simply irradiated with visible light for a

few minutes.

As mentioned earlier, a light−illuminated TiO2 surface generates electron−hole

pairs (e−, h+) due to electron transition from the valence band to the conduction

band. The holes (h+) interact with water molecules in their vicinity and finally result
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in hydroxyl radicals (OH•). Fujihara et al. [398] used illuminated TiO2 to produce

H2O2 and carried out the photocatalytic oxidation of several aromatic compounds

(they called it photo-Fenton type reactions). They studied the transformation of

several aromatic compounds in different environments and also the effect of metal ion

additives, such as Cu2+ and Fe2+, on the reaction products. However, the yield of

the product was much lower than in the case of Fenton’s reagents. In this regard, it

was reported that the surface-modified TiO2, such as with Pt-deposited or fluorinated

surfaces, enhances the yield considerably (by up to 11%) and increases the selectivity

of the products [399].

NH3 photo-oxidation to N2 could take place using TiO2 in the presence of oxygen

under UV irradiation. Recently, ’amination’ of benzene was demonstrated in the

presence of aqueous ammonia using platinum-loaded TiO2 [400]. The reaction is highly

selective (>97%) towards the formation of aniline along with the formation of some

phenol and biphenyl. The process was also found to be effective for the amination

of substituted benzenes (with substituents such as CN, Br, Cl, and F). The reaction

can be written (equation (2.9))as follows:

C6H6 + NH3(aq) −→ C6H5−NH2 + H2 (2.9)

Amination reaction proceeds with formation of amide radical (•NH2) on photo-

irradiation at TiO2 surface (equation (2.10)) [401].

NH3(ads) + h+ −→ •NH2 + H+ (2.10)

Their results indicate that upon UV irradiation, an NH2 radical is generated from

the adsorbed NH3 on the TiO2 and is an active species for the photo-selective cata-

lytic oxidation. More recently, Lang et al. reported that amines can be selectively

transformed into imines in acetonitrile using air as oxidant by TiO2 photocatalysis

[402]. They discovered that oxygen atom transfer dominates the photocatalytic trans-

formation of alcohols to corresponding carbonyl compounds on TiO2 by a selective

oxygenation pathway. Although of essentially high potential, TiO2 nanotubes have

hardly been explored in this direction.
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2.4.4 CO2 reduction

Photocatalytic reaction on TiO2 is not limited to the cleavage of organic molecules

or oxidation of compounds, but is also potentially useful for the reduction of highly

stable molecules such as carbon dioxide (CO2). Photocatalytic reduction of CO2 in

the presence of H2O on semiconductor oxides leads to the formation of CH4, CH3OH,

HCHO, and other longer carbon chain molecules [403, 404]. Such a photocatalytic

conversion of CO2 is of interest in view of climate remediation by reducing green-

house gas stresses, in addition to producing useful chemicals as a product. Anpo

et al. [405–407] studied anchored CO2 and H2O on TiO2 using photoluminescence

and proposed a possible mechanism based on ESR analysis. The photocatalytic re-

actions both proceed with a photo-induced electron−hole pair. The photo-induced

electron transfers to the adsorbed CO2 molecule, splitting the molecule to CO and

O, followed by further cleavage of the C−O bonds on the TiO2 surface. Similarly, the

photo-induced holes at the valence band of TiO2 interact with an H2O molecule, gen-

erating H• and OH•. Finally, it is believed that these radicals produced in the system

interact with each other, forming mainly CH4 and CH3OH. Since CO2 reduction to a

C radical is a two-step process, incomplete reduction may result in intermediate CO

molecules in the product mixture [407, 408].

Furthermore, the photocatalytic reduction can be accelerated by metals: Pd, Rh,

Pt, Au, etc and metal oxides: Cu2O, etc., deposited on TiO2 catalysts strongly

enhance the photo-reduction to CH4 (in decreasing order) [409]. In addition, TiO2

immobilized in various matrices, such as zeolites or multi-walled carbon nanotubes,

exhibit higher photocatalytic activity and interestingly higher selectivity towards the

formation of CH3OH in the case of zeolites [410], and C2H5OH and HCOOH in the

case of carbon nanotubes [411], is achieved. In principle, Cu2O-decorated nanotubes

[303] may be promising for CO2 remediation but more detailed results on the advant-

ages of tubes and a detailed analysis are needed.

2.4.5 Drug delivery and payload release

As mentioned previously, another intriguing specific feature of TiO2 photocatalysis

is the ability to induce chain scission in attached organic monolayers. This can be

used to create extremely well-defined wettability on surfaces [242, 243] or to liberate

terminal payload molecules from the surface upon UV illumination (Fig. 2.20). This

was used, for example, to construct various drug release systems [114, 233, 412–414].
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Payload release systems may be based on photocatalytically cutting off an active

moiety from a TiO2 nanotube wall (in some examples the nanotubes may be filled

with magnetic nanoparticles to make magnetically guidable drug release systems). In

other cases one may block the nanotube mouth by a hydrophobic cap that is then

opened photocatalytically. Interesting and common to all approaches is that chain

scission (photocatalytic or voltage induced) occurs after the anchoring group (silane

or phosphonate). This may imply that the reaction is based mainly on a direct

h+−induced chain scission as the diffusion range (lifetime) of OH radicals is typically

comparably long (0.1−10 µm) [11].

Figure 2.20: Scheme showing the release principle of model drug (or other payload) from func-
tionalized TiO2 nanotubes upon UV light illumination. (taken with permission from Ref. [328]).

This hypothesis is further supported by the fact that for dyes covalently attached

to tubes and photocatalytically liberated, a release of intact active (e.g., dye) mo-

lecules from TiO2 nanotubes can be observed [112, 114, 328] after chain scission; if

diffusing OH• radicals were the main photocatalysis mechanism, the dye would be

decomposed before being able to leave the tubes (Fig. 2.20). With a view to bio-

medical uses (drug delivery, cancer killing), X-ray-induced photocatalysis was used

to liberate drugs from surfaces of TiO2 nanotubes [415] or to directly kill cancer cells

[367]. X-ray catalysis is crucial for any in vivo application as X-ray-induced reactions

would allow intervention-free therapy (stimulation can take place directly through

the human body; the energy of the X-rays then determines the penetration depth
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of the activating irradiation). Additionally, it may be noted that it was recently

demonstrated that electron beam-induced ’photocatalytic’ reactions can occur in the

vacuum of an SEM using ionic liquids as a (non-volatile) solvent [416, 417].

2.4.6 Membranes

For photocatalytic applications, one of the most promising structures is both−sides

open (free−standing) membranes. The fabrication of these structures involves the

growth of a nanotube layer, its removal from the substrate, and opening of the bottom

of the nanotube (as shown in Fig. 2.21). Since the first successful approach [118],

several different attempts have been made involving potential shock [418], varying

voltage/sonication [419, 420], two-step anodization [421, 422], or less reliable chemical

approaches [423, 424]. Overall, it appears that the most recently reported procedure

using photolithography and anodization through Ti into an underlying Al layer is the

most reliable and reproducible approach [119].

Figure 2.21: SEM images (left) and schematic image (right top) of latest generation TiO2

nanotubular membranes based on TiO2 nanotubes and meso sponge (right bottom) used for size
selective protein separation and photocatalytic declogging of membrane. (taken from Ref. [68,
119]).

Recently, new membrane fabrication approaches based on TMS [137, 140] were

used to convert Ti layers entirely and directly into ordered porous or defined channeled

TiO2 [68]. These layers were found to be suitable for size-selective protein separation.
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It was shown that their photocatalytic activity can be effectively used for declogging

of the membranes [68].

Another very promising possibility for the use of TiO2 nanotubes in photocata-

lytic applications is to produce free-standing flow-through membranes for defined

photocatalytic synthetic reactions as they allow for extremely defined photocatalytic

interactions (highly defined interaction times) combined with a filtration ability. How-

ever, this approach using tubes or membranes is still in its infancy and far from being

fully explored.
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CHAPTER 3

Experimental Methods

This chapter describes the various sample preparation methods, characterization by

various analytical techniques, and other optical measurement techniques that were

used for investigations. For the synthesis of self-organized TiO2 nanotubes and flat

layers by electrochemical anodization, various substrates (metals and alloys), electro-

chemical conditions such as electrolyte, applied potential, fluoride ions, duration of

anodization, annealing temperature, and water content, were used and are outlined

in Table 3.1.

3.1 Sample preparation

Titanium foils of 0.1 mm thickness and 99.6% purity from Advent (Oxford, UK)

were cut to quadratic dimensions of 15 x 15 mm. They were initially cleaned, in

an ultrasonic bath using acetone, isopropanol, and methanol or ethanol, for 2 min.

Finally, they were rinsed with deionized water and dried in an N2 stream. For TiW

and TiMo alloys, polishing was required (details are provided in section 3.4.2). The

cleaned Ti substrates were then used for electrochemical anodization of anodic TiO2

flat layers and TiO2 nanotubular layers.

3.2 Electrochemical Anodization

Self-organized nanotubular layers or nanoporous layers can be grown by electrochem-

ical anodization of a suitable metal under a sufficient applied anodic potential. The

oxidation reaction is initiated at the metal (M) surface according to equation (3.1) in

an electrochemical cell:
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M −→Mn+ + ne− (3.1)

An electrochemical cell consists conventionally of electrodes and electrolyte to-

gether with a container. A three-electrode configuration (Fig. 3.1) is commonly

employed, consisting of a working electrode (at which the reaction of interest oc-

curs, or in other words which defines the interface under study), a reference electrode

(which maintains a constant reference potential that does not vary during the exper-

iment), and a counter or secondary electrode (which supplies the current required by

the working electrode). A reference electrode is used in combination with a Luggin

capillary for minimizing the errors in the potential due to the uncompensated solu-

tion resistance, Ru (which is the resistance between the Luggin tip and the working

electrode surface: ViR = iRu). A good reference electrode usually maintains a con-

stant potential even if a few microamperes are passed through the surface. In some

cases, if the current demanded by the experiment is only a few microamperes, then

the reference electrode can also act as the counter electrode and measurements can

be made with a two-electrode configuration [425]. If a two-electrode system (working

and reference) were to be used, then the current flows via the reference electrode, thus

forcing instability in the reference potential. Moreover, in such systems, the iRu drop

could be substantial [426]. On the other hand, in a three-electrode configuration, the

current is forced to flow through the counter electrode, which minimizes problems

with the reference electrodes, isolating the working electrode under study.

Electrochemical current−potential (IV) curves were recorded using a Jaissle IMP

88PC-200V high-voltage potentiostat interfaced to a computer. The electrochemical

setup consisted of a three-electrode configuration with metal foil (M) (a list of all

metals used as working electrodes is given in Table 3.1) as working electrode, a plat-

inum sheet as counter electrode and a Haber−Luggin capillary (3 M KCl) [open-circuit

potential (OCP): +231 mV versus a normal H2 electrode (NHE)] with Ag/AgCl as

reference electrode (Metrohm, Herisau, Switzerland). A 1 cm2 area of the working

electrode was exposed to the electrolyte (defined by an O-ring seal) by pressing using

a copper block (as shown in Fig. 3.1). All three electrodes were then immersed in an

electrolyte (usually rich in conductive ions), forming a circuit.
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Figure 3.1: Electrochemical cells showing three− and two−electrode configurations

3.2.1 Anodic flat TiO2 layers

Compact oxide layers were synthesized electrochemically by anodization on a Ti sheet

of 99.9% purity and thickness 0.8 × 2 cm (Advent). They were first cleaned in

acetone, isopropanol, and ethanol for 2 min. Flat TiO2 layers were prepared by

simple anodization in 1 M H2SO4, stirring at constant speed of 250 rpm at 20 V for

5 min with a sweep rate of 100 mV/s. The as-formed flat TiO2 layers were then

annealed in a furnace at 450◦C for 1 h.

3.2.2 Self-organized TiO2 nanotube arrays

TiO2 nanotubular arrays are formed electrochemically under defined anodizing con-

ditions such as applied voltage, time, electrolyte composition, fluoride concentration,

etc. Based on the literature, self-organized nanotubular TiO2 was grown in various
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electrolytic media such as H2SO4−HF [427] (tubes of thickness ∼500 nm), viscous

electrolytes [74] (thickness ∼1.5 µm), neutral Na2SO4−NaF mixtures [154] (thick-

ness ∼2.2 µm) and more recently ethylene glycol electrolytes [77], as summarized in

Table 3.1. The length of the nanotubes was determined from SEM micrographs after

scratching the samples with a sharp metallic knife. Various transition metal oxides

were used in combination with TiO2, which can be grown electrochemically using

alloyed Ti substrates. WO3 [291] and MoO3 [290] were used as co-catalysts in anodic

TiO2 layers to form nanotubular and nanoporous morphologies and the conditions

are summarized in Table 3.1.

3.3 Thermal treatment

Thermal treatment is also known as an annealing or calcination process which was

carried out either in a rapid thermal annealer (RTA) (JetFirst 100, Jipelec, Montpel-

lier, France) or in a heating furnace. This is mainly done to convert the crystalline

structure from amorphous (as-formed) to anatase or a mixture of anatase and rutile

phase. Thermal annealing (in this thesis work) was carried out at 450◦C for 3 h or

1 h for TiO2 nanotubes (specified in the text), and for other substrates such as TiW

and TiMo alloys 350, 450 and 550◦C were used for 3 h, with heating and cooling rates

of 30◦C min-1 in the RTA. The Jipelec JetFirst 10 was interfaced with a computer,

which facilitated recording and optimization of input parameters such as heating and

cooling ramp rate, time, etc.

3.4 Photocatalyst modification

Modification of TiO2 nanotubes is mainly done by three approaches: (i) particle

decoration with noble metals such as Ag and Au and metal oxides such as WO3

and NiO, (ii) alloying with tungstates or molybdates, and (iii) introducing other

elements such as secondary nanoscale functional materials such as ZSM−5 zeolites.

The synthesis procedures in these approaches are detailed in this section.

3.4.1 Synthesis of nanoparticles and nanocrystals

3.4.1.1 Silver (Ag) and Gold (Au)

Nanoparticles of silver were deposited on the flat and nanotubular TiO2 layers by

photo-deposition approach [305]. First, annealed TiO2 nanotube (TiNT) samples were
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soaked in 1 M AgNO3 (99.8% purity) for 30 min, then mildly rinsed with deionized

water and dried in a mild air stream. The samples were then exposed to UV irradi-

ation of wavelength 325 nm, using an HeCd laser (Kimmon, Tokyo, Japan) defocused

to an intensity of ∼50 mW/cm2 for about 30 min to induce photocatalytic reduction

of Ag+ ions to metallic Ag0 in the form of nanoparticles. A schematic illustration of

the photodeposition procedure is presented step by step in Fig. 3.2.

Figure 3.2: Schematic illustration of the photodeposition approach to obtain an AgTiO2 nan-
otubular layer (UV, λ = 325 nm, intensity ∼50 mW/cm2)

Au nanoparticles were loaded onto nanotube layers by sputtering as shown in

Fig. 3.3. TiNT samples were placed on the sample holder for 30 seconds on an Au

sputtering system (Balzers, Brügg, Switzerland) (0.12 mbar and 120 V). The Au-

loaded samples were then post-annealed again at 450◦C for 3 h in order to improve

the adhesion of the nanoparticles to the tubular morphology.

Figure 3.3: Schematic illustration of Au nanoparticles synthesis by UHV evaporation.
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3.4.1.2 Nickel oxide (NiO) nanoparticles

Nickel oxide nanoparticles were synthesized in the nanotubes by soaking the tubes

in ethanol containing 0.2 M NiCl2·6H2O for 12 h followed by soaking in ethanol

containing 0.2 M NH4OH for 12 h. The samples then were washed in deionized

water and annealed for 1 h in air. Three different temperatures (450, 550 and 630◦C)

were investigated for studying the influence of the annealing temperature on NiO

conversion. For the reference, the same types of TiO2 nanotubes were N-doped using

an established procedure [428].

3.4.1.3 Tungsten trioxide (WO3) nanocrystals

WO3 nanocrystallite deposition: WCl6 (Aldrich, 99.9% purity) in powder form was

dissolved in ethanol (Sigma-Aldrich, 99.9% purity) to obtain a 0.1 M stock solution

and then further diluted to obtain a 0.001 M solution. In this solution tungsten is very

sensitive to moisture (hydrolysis) and oxygen present in the atmosphere. Therefore,

a fresh solution was used for each new experiment. In order to preserve the solutions

and minimize contact with air, vials with septa and a syringe were used for storage,

handling, and dilution of the solutions.

Annealed TiNT layers were placed in a beaker containing 10 ml of the fresh 0.001

M WCl6 solution. The color of the fresh solution was at that moment light green to

yellow. Five milliliters of a mixed solution of water and ethanol (50:50) were added

to the stirred 0.001 M WCl6 solution using a syringe and the color turned dark blue.

Finally, the closed beaker was placed in water bath. The temperature was raised

slowly from 20 to 70◦C and subsequently kept for 1 h at 70◦C. The color turned from

dark to light blue. The sample was rinsed in ethanol and dried in a nitrogen stream.

The WO3-decorated tubes were then re-annealed at 450◦C for 1 h in the rapid thermal

annealer.

3.4.1.4 Zeolite (ZSM-5) nanocrystals

ZSM-5 zeolite nanocrystals were grown on and into a TiO2 nanotubular skeleton

(TiNT/ZSM-5) by multi-step hydrothermal synthesis consisting of in situ seeding

and multiple in situ crystallization (MISC). Among the various types of zeolites avail-

able, MFI-type ZSM-5 aluminosilicate zeolite was chosen (for a database of zeolite

structures, see [429]) for filling in as secondary zeolitic material.

A precursor solution was prepared in the presence of alumina and a silica source.
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Figure 3.4: In situ crystallization of ZSM−5 zeolite nanocrystals on TiO2 nanotubes.

The self-organized TiO2 nanotubular support was placed in a Teflon-lined stainless-

steel autoclave (nominal volume 35 ml) and the volume was partially filled with a

reaction mixture/precursor solution (25 ml). The precursor solutions for the MFI-

type (ZSM-5) zeolite synthesis was based on aluminum nitrate [Al(NO3)3·9H2O, 95%,

Merck] as the alumina source and tetraethylorthosilicate (TEOS, 98%, Sigma-Aldrich)
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as the silica source. The synthesis solution with molar composition SiO2 : TPA2O :

Al2O3 : H2O = 1.0 : 0.160 : 0.010 : 29 was prepared by adding tetraethyl orthosilicate

(TEOS) to tetrapropylammonium hydroxide (TPAOH, 1 M, Sigma-Aldrich) as the

templating agent/structure-directing agent, with deionized water (∼12 g) and stirring

at 400 rpm at room temperature for 30 min. This was followed by adding aqueous

aluminum nitrate [Al(NO3)3·9H2O] (∼7 g of water) solution and stirring for 1.5 h.

The in situ crystallization (ISC) consisted of hydrothermal growth of ZSM-5 zeolite

nanocrystals on the TiO2 nanotube substrate. For this, 32 g of the above-mentioned

synthesis (precursor) solution was heated in an autoclave together with the TiO2

nanotube substrate (50 × 9 mm) at 174.85◦C and using a constant crystallization

time of 48 h. After ZSM-5 synthesis, the TiO2 substrate was removed from the

autoclave together with the loosely bound excess zeolite, repeatedly washed with

deionized water and ethanol, and then dried at 373 K. Calcination and removal of the

organic templating material was performed in air for 10 h at 680 K with a heating

rate of 1 K min-1 in an O2 stream in a tube furnace (as summarized in Fig. 3.4).

3.4.2 Mixed oxide composites

3.4.2.1 Mixed oxide of titanium tungstates (WO3/TiO2)

TiW alloy thick sheets of 2 mm thickness and with two different compositions, Ti:W

= 99.8:0.2 at% and 91.0:9.0 at%, were obtained from GKSS Forschungszentrum

(Geesthacht, Germany). Pretreatment of the alloy was carried out by polishing suc-

cessively with silicon carbide abrasive paper, 6 µm diamond abrasive, and colloidal

silica. The sample was then sonicated successively in acetone, isopropanol, and meth-

anol, followed by rinsing with deionized (DI) water and dried in a nitrogen stream.

Nanotube layers on TiW alloy samples were anodized in a solution of ethylene glycol

(EG, Riedel-de Haën) with 0.2 M HF (40 vol%, Merck).

A potential of 120 V was applied and held for the desired length of time. After

anodization, the samples were soaked in ethanol for 1 day and then washed with DI

water followed by drying in a nitrogen stream. To achieve a comparable thickness,

reference TiO2 nanotubes were grown by anodization of a Ti foil at 30 V for 3 h

[305, 335] in a mixture of glycerol (1,2,3-propanetriol), water (60:40 vol%) and 0.27

M NH4F electrolyte. For Ti9W, the anodization was carried out at 120 V for 45 and

60 min, respectively, in a solution of ethylene glycol with 0.2 M HF after aging the

solution for 24 h [105].
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3.4.2.2 Mixed oxide of titanium molybdates (MoO3/TiO2)

To grow binary oxide self-organized nanotube layers of MoO3/TiO2 nanotubes, three

different single-phase TiMo alloys with different Mo contents (7, 20, and 35 wt%)

were polished to a mirror finish. Initially, the electrolytes containing 0.05 M HF in

ethylene glycol was aged at 150 V for 20 h. The polished alloys were then anodized in

aged solution for different durations to obtain different thicknesses of the oxide layers.

Ti7Mo alloy was anodized for 35 min, 2.5 h, and 3 h to grow thicknesses of 0.8, 2,

and 3 µm, respectively [290]. Ti20Mo and Ti35Mo alloy were anodized for 2 and 3

h to grow a 0.8 µm layer. In the case of Ti20Mo and Ti35Mo, it was not feasible to

form greater thicknesses as their porous structures were limited to a certain thickness.

After anodization, these samples were soaked in ethanol for 30 min and then dried in

air for a few minutes. Annealing was performed at two different temperatures, 450

and 550◦C, for 1 h to convert the material to a crystalline structure. The crystallinity

of these oxide layers was characterized by X-ray diffraction.

3.5 Analytical Techniques

3.5.1 Scanning electron microscopy (SEM)

Scanning electron microscopy is a commonly used technique to study the surface to-

pography of specimens. The basic principle of SEM is briefly described. A finely

focused electron beam emerging from an electron gun passes through demagnifying

lenses, beam-defining apertures, and scanning coils which can be moved over the

surface of the specimen. This releases secondary electrons, characteristic X-rays,

backscattered electrons, and other types of radiation corresponding to the specimen.

A signal detector captures the intensity of these signals and is connected through a

video amplifier to the grid of a cathode-ray tube (CRT) (which is scanned in syn-

chronism with the beam on the specimen, which depends in some way on the shape,

chemical composition, and crystal orientation). The brightness on the screen corres-

ponds to the strength of the signal emerging from the specimen. Finally, an image of

the specimen surface is built on CRT screen point by point.

In this work, a field-emission scanning electron microscope (FE-SEM S4800, Hita-

chi, Japan) was used for morphological characterization that can resolve the surface

structures down to 25 Å and is sensitive to adsorption up to a fraction of a mono-

layer. It is equipped with a cold cathode field emission type of electron gun. The

accelerating voltages used for imaging were in the range 10−20 keV and the work-
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ing distance was kept in the range 7−12 mm. An energy-dispersive X-ray analyzer

(EDAX Genesis) fitted to the SEM chamber was used for chemical analyses of the

samples.

3.5.2 X-ray diffractometry (XRD)

A technique that allows us to determine the crystal structure using Roentgen rays also

known as X-rays, is X-ray diffractometry. Using radiation of a fixed wavelength of

X-rays and probing all the variable angles of incidence, it allows us to build a library

of responses as the measured intensity of the reflected radiation emerging from the

specimen at points where the Bragg conditions are satisfied (3.2). This is also helpful

for indexing a crystal.

2d · sinθ = n · λ (3.2)

In the present study, the structure of the samples was identified using an X-ray

diffractometer (Phillips Xpert-MPD PW3040) using graphite-monochromated Cu Kα

radiation of wavelength 1.54056 Å. A diffraction pattern usually records the X-ray

intensity in terms of counts per second as a function of the 2θ angle, and the X-ray

count at each step is saved to a computer file. The data are then smoothed with

a weighted moving average to obtain a diffractogram The spectrum is subsequently

compared with the database of the International Center for Diffraction Data (ICDD).

3.5.3 X-ray photoelectron spectroscopy (XPS)

Photoelectron spectroscopy (PES) is used to measure the ionization energies of elec-

trons. If a specimen is irradiated with radiation of high-energy photons, it will dis-

lodge an electron (it is free) and the electron is now ionized (this is called an ionization

event). When an incident photon collides with an electron, it transfer all of its energy

to the electron, and unlike an incident electron it loses some of its energy. When we

make an energy balance, the energy of the incident photon (Eincident: this is known, as

we set the energy of the incident photon beam) is given to the electron and it acquires

some kinetic energy (Ekinetic: this is measured at the detector) plus the binding energy

(Ebinding: i.e., the energy it took to pull it out of the atom) (equation (3.3)). This

is recorded by a detector, which ultimately gives the energy of scattered electrons or

dislodged electrons or the so-called photoelectrons (photoelectrons means an electron
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is ejected by a photon from the atom).

Eincidentphoton = Ekinetic + Ebinding (3.3)

For high photon energy, typically wavelengths in the order of ∼1 Å are used, called

X-rays, to bombard the electrons, hence the technique is called X-ray photoelectron

spectroscopy. Owing to the very high radiation intensity of X-rays, several electrons

are ejected (not just a single electron), which leads to a different set of binding energies

corresponding to a spectrum of energies. This spectrum then provides information

on intensity versus binding energies, which is the characteristic of the identity of the

species.

This sensitive technique is used to characterize the chemical compositions on the

surface, and in the present work a PHI 5600 XPS instrument (Physical Electronics,

Chanhassen, MN, USA) was used, applying Al Kα radiation (h =1486.6 eV; 300 W)

for excitation at a take-off angle of 45◦ with respect to the surface normal. The

binding energy of the target elements was determined at a pass energy of 23.5 eV,

with a resolution of 0.1 eV. All spectra were shifted with respect to the C1s signal.

3.5.4 Energy-dispersive X-ray spectroscopy (EDX)

Energy-dispersive X-ray spectroscopy (EDS or EDX) is a chemical analysis technique

that detects the emitted X-rays emerging from the sample during electron beam

bombardment. The EDX X-ray detector measures the relative abundance of emitted

X-rays versus their energy. Usually the detector is a lithium-drifted silicon solid-state

device. When X-rays strike the detector, a charge pulse (which remains proportional

to the X-ray energy) is created that is converted to a voltage pulse by a charge-

sensitive preamplifier. These signals are then sent to a multichannel analyzer where

they are sorted by voltage. The energy for each incident X-ray (as determined from

voltage measurement) is sent to a computer for display and further data evaluation.

Finally, the spectrum of X-ray energy versus counts is evaluated to determine the

elemental composition of the sample.

The EDX analyzer used for measurements was a Genesis EDAX. EDX spectra are

normally acquired for individual elements depending on the sample. Another feature

of this technique is that samples as small as 1 µm or less can be analyzed.
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3.6 Optical measurement techniques

3.6.1 UV-vis spectrophotometry

A spectrophotometer is an instrument that measures the amount of light absorbed

by a sample (to be analyzed), by shining light of a particular wavelength through a

sample held in a cuvette, and measuring how much of the light passes through the

sample. The amount of light absorbed (by sample solutions) is directly proportional to

the concentration of the sample and this relationship makes the spectrophotometer a

useful research tool. According to the Beer-Lambert law, absorbance is related to the

concentration (c), the pathlength (b) (of the light), and the incident light intensity (I)

(I = intensity of the sample beam, I0 = intensity of the reference beam) as expressed

by equations (3.4), (3.5) and (3.6).

−ln
(
I

I0

)
= k · b · c (3.4)

−log
(
I

I0

)
= 2.303 · k · b · c (3.5)

A = ε · b · c where A = −log
(
I

I0

)
and ε = 2.303 · k (3.6)

Therefore, absorbance was recorded as a measure of wavelength. In this work,

a LAMBDA XLS UV-Vis spectrophotometer (Perkin-Elmer, Germany) was used

to record the absorbance spectra of the sample solutions. It scans over the entire

wavelength regime (UV from 200 to 400 nm, visible from 400 to 800 nm). Finally,

absorbance spectra were recorded as a function of wavelength

3.6.2 Photocatalytic measurements

Degradation of organic dyes (mainly the dyes as effluents from the textile industry is

measured in terms of the decrease in concentration of the dye versus wavelength recor-

ded at different intervals of time using a UV-Vis spectrophotometer (LAMBDA XLS,

Perkin-Elmer). For decomposition of dyes, the catalyst substrate (TiNT) samples

were immersed in a quartz glass cuvette containing 2.5 ml of various dyes such as

Acid Orange 7 (AO7, C16H11N2O4SNa, C0 = 2.5 ∗ 10-5 mol l-1), Rhodamine B (C0 =
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Figure 3.5: Schematic illustration of a photocatalytic measurement apparatus.

20 µM in aqueous solution), and Crystal Violet (C0 = 1 mg/l). After 15−30 min (de-

pending on the substrate) of immersion to establish the dye adsorption/desorption

equilibrium on the samples, UV light (HeCd laser, Kimmon, Tokyo, Japan; λ =

325 nm, Ilight = 60 mW cm−2) was irradiated on the whole immersed surface of the

samples (∼2.7 cm2). All experiments were carried out at room temperature while

stirring the solutions at 300 rpm to ensure a uniform concentration in the cuvette.

A schematic representation of the photocatalytic measurement apparatus is shown in

Fig. 3.5. The decomposition rates of the dyes provide a direct measure of how much

the sample solution has absorbed the light at maximum absorbance and thereby the

decay in color is observed periodically at regular intervals of time.
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CHAPTER 4

Results and Discussion

4.1 Some key factors for the photocatalytic efficiency of TiO2 nanotubes

Some key parameters that influence photocatalytic efficiency are not only the crys-

tallinity, length, and diameter of nanotubes, (and more detailed geometric and com-

positional effects), but also reactant concentration, hydrodynamic conditions, light

intensity, wavelength distribution, etc. Some of these are discussed in the following

sections.

4.1.1 Annealing

As mentioned before, TiO2 nanotubes after anodic formation are amorphous but can

essentially be annealed to anatase or rutile [71, 153–156]. Fig. 4.1 shows a comparison

of the photocatalytic activity of TiO2 nanotubes annealed at different temperatures

and in different environments (the decomposition of AO7 was measured using a 325

nm He−Cd laser at 50 mW/cm2 [430]).

Clearly, with annealing above 300◦C the photocatalytic activity increased con-

siderably. This is in line with anatase formation at 300◦C. With increase in the

annealing temperature the crystallinity increased [132, 153], and above ∼500◦C ru-

tile phase started to appear. The highest photocatalytic activity was obtained for

tubes annealed at ∼650◦C (Fig. 4.3), i.e., where a mixed anatase/rutile structure

was present. These results, in this general form, are in agreement with several studies

[19, 382, 431–433]−however, for detailed consideration of the anatase/rutile effect,

one should note that it is crucial what light source is used for excitation [a broad

spectral UV−Vis lamp (e.g. solar simulator) or pure UV (e.g. laser)].

This because a solar simulator (e.g., AM 1.5) possesses a strong intensity in the

range 3.0 − 3.2 eV. In other words, the small difference in band gap between rutile
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Figure 4.1: Influence of annealing temperature on the photocatalytic degradation of AO7 using
TiO2 nanotubes of thickness ∼1.5 µm (taken from Ref [430]).

Figure 4.2: Influence of crystallinity on the photodegradation of RhB using TiO2 nanotubes (of
length ∼2.2 − 2.6 µm) annealed at different temperatures.
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Figure 4.3: SEM images of TiO2 nanotubes of different lengths grown in ethylene glycol elec-
trolyte.

and anatase influences the results considerably − this, of course, is not the case if

a deep UV source is used. In this case, explanations in terms of an anatase/rutile

junction due to band offset seems plausible [54]. As mentioned before, for extended

annealing, TiO2 nanotubes are stable up to 650◦C but at higher temperatures the

tubes start to collapse [71], i.e., the lower activity at 750◦C is rather due to destruction

of the tubes than to a high rutile content. Annealing under a slightly reducing
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Figure 4.4: XRD patterns of TiO2 nanotubes corresponding to the SEM micrographs shown in
Fig. 4.3.

atmosphere (Ar) typically results in a somewhat increased activity as a result of Ti3+

formation. The effect of Ti3+ formation has been attributed to a higher conductivity

(better charge separation) or the formation of surface states that facilitate charge

transfer [430]. Studies of the influence of the annealing temperature on the degradation

of Rhodamine B dye using TiO2 nanotubes prepared in glycerol and water−based

electrolytes showed that crystallinity affects photocatalytic activity also in the case

of other dyes, as shown in Fig. 4.2.

4.1.2 Effect of TiO2 tube length, diameter, and ’tube type’ on photocatalytic activity

The latest generation of TiO2 nanotubes grown in ethylene glycol electrolyte under

different conditions (as summarized in Table 3.1) are shown in Fig. 4.3. The length

of the nanotubes was varied from ∼7.0 to ∼0.8 µm by changing the anodization

time from 1 h to 2 min. The corresponding XRD patterns are shown in Fig. 4.4.

All samples showed only the presence of anatase phase after annealing at 450◦C. The

amount of crystalline phase is more apparent with increasing thickness of the samples.

Early investigations on dye decomposition for tubes grown in aqueous electrolytes

(or using comparisons of different electrolytes) showed that TiO2 nanotubes can be

highly efficient photocatalysts [19, 434–436], and in fact may be more efficient than

comparable Degussa P25 layers [19]. An overview of more recent investigations on the

photocatalytic activity for different lengths and types (i.e., generations of nanotubes)
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has recently been reported [382]. Results for two generations of nanotubes (water-

based rough tubes and ethylene glycol-based smooth tubes) are shown in Fig. 4.5,

4.6. For both types of tubes, with increasing tube length (from 0.8 to 3 µm), a strong

increase in the degradation kinetics of AO7 [19, 382] is observed.

Figure 4.5: Photocatalytic decay curves showing the influence of the thickness of TiO2 nanotu-
bular arrays grown in first-generation glycerol-based electrolyte.

For ethylene glycol−based tubes, for lengths of the nanotubes up to ∼16 µm (as

shown in Fig. 4.6), higher degradation kinetics of AO7 are observed. This is in

line with several other investigations [230, 358, 436–438]. On the other hand, there

have been a number of investigations that reported a maximum in the photocatalytic

activity for tube layer thicknesses around ∼3−7 µm [68, 244, 437], and/or the absence

of an influence of the tube length. Similar discrepancies exist for the influence of tube

diameter; however, several reports indicated no significant influence [382, 437], and

others reported maximum efficiency ∼100 nm [230, 358] or other trends [439].

Many of these discrepancies must be ascribed to the fact that it is very difficult

to vary the tube length independently of the tube diameter (e.g., compare Refs. [382,

436]) and other very relevant morphological features. For example, it is apparent

when comparing Fig. 4.5 and 4.6 that those tubes grown in aqueous electrolytes are

more active than tubes grown in ethylene glycol electrolytes. This can be ascribed

to the ripple formation on the tube walls for water−grown tubes which may act
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Figure 4.6: Latest generation of TiO2 nanotubular arrays grown in ethylene glycol-based elec-
trolytes showing photodegradation of AO7.

as efficient charge carrier traps [178]. However, not only side wall ripples affect the

efficiency, as the top geometry of the tubes also can be crucial [382, 440], as it not only

affects the electronic properties but also strongly changes the reflectivity of nanotube

layer [382].

Apart from the self-organized nanotubes, other forms of self-organized structures

have also been reported, such as self-organized mesoporous TiO2 [67]. These structures

were termed ’titania mesosponge’ (TMS) or ’nanochannelar’ structures as shown in

Fig. 2.2a. These TMS layers, when formed, can contain significant crystallinity

(anatase and anatase/rutile) and when annealed can show enhanced photocatalytic

activity compared with P25 layers or TiNT layers, depending on the layer thickness

and annealing [137].

4.1.3 Light intensity and source

There have been a few recent investigations [230, 382] on the light intensity depend-

ence of the photocatalytic efficiency of TiO2 nanotubes, and an example is shown in

Fig. 4.7 (using a 325 nm He−Cd laser source, I0∼ 50 mW/cm2, attenuated to differ-

ent intensities) with the data that stem from a broad band UV-Vis source [381, 382,
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443–445]. It is interesting that for the data a seemingly linear dependence of the rate

constant is obtained under a wide range of intensities but with α <<1 in equation

(2.5). This shows that under most practical conditions the decomposition of organics

on tube layers is light intensity dependent and is vaguely covered by equation 2.5

with α << 1 at high intensities (saturation effects). In general, this effect also holds

for different light sources such as UV-Vis [230] AM 1.5 illumination, and UV lasers

[382].

A very crucial point in such investigations is, however, the absorption spectrum

of the test reactant (dye) and its match with the excitation spectrum. For example,

AO7 is very well suited for 325 nm UV laser excitation because it shows an absorption

minimum in this range, i.e. photofading and light absorption (lowering the intensity

of light reaching the TiO2) are minimized. Investigations that yield lower reaction

rates [230] with higher dye concentrations and are carried out with a broad spectral

excitation may thus be somewhat problematic.

If investigations are performed by immersion of a tube layer in the electrolyte, i.e.

under OCP conditions, then in many cases the rate of electron transfer to dissolved

oxygen is perceived as the rate−determining step. Nevertheless, it should be con-

sidered that by altering the gas (in the electrolyte), not only the O2 content in the

electrolyte but also the redox potential of the electrolyte is altered. From Fig. 4.8,

on bubbling with Ar and thus establishing a lower O2 content in solution, an accel-

erated photocatalytic activity is observed. This is ascribed to the shift in the OCP

of the electrode with Ar bubbling, i.e., the OCP(O2) = −350 mV is more positive

than OCP(Ar) = −500 mV. This determines the surface band bending of the semi-

conductor/electrolyte interface; in this case the greater cathodic potential facilitates

the rate of electron transfer to the electrolyte. In fact, if one considers that the flat

band potential (under comparable environmental conditions) is Ufb= −300 mV, one

may deduce inverse band bending (accumulation) and electron-facilitated transfer to

the surrounding.

4.1.4 Applied potential

In 2007 it was shown how strongly an applied potential influences the reaction kinetics

for photocatalysis on nanotubes [294]. This was later confirmed by others [134, 381,

430]. Fig. 4.9 shows examples (nanotubes were prepared in 1 M Na2SO4 + 0.14 M

NaF at 20 V for 1 h) of the reaction rates as a function of an applied voltage. This

very strong influence can be directly ascribed to a steeper band bending, as outlined

71



Figure 4.7: Influence of intensity on the photocatalytic activity (grown in Ethylene Glycol
electrolyte, TiO2 nanotubes of ∼ 3 µm thickness). Inset: rate constant vs. intensity variation in
comparison with the literature.

Figure 4.8: Influence of bubbling on OCP (thickness ∼1.5 µm). Inset: influence of various gas
bubbling effects (taken from Ref. [430]).
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in Fig. 2.13, and additionally to a separation of the electron transfer reaction from

the hole transfer [42, 446], as in this case, of course, under sufficient anodic potential

the electron transfer to the electrolyte takes place exclusively at the counter electrode.

Figure 4.9: Influence of applied potential (TiNT thickness ∼1.5 µm) on photodegradation of
AO7 (taken from Ref. [430]).

A photocatalytic reaction may proceed on the surface of a semiconductor via sev-

eral steps such as photo-production of electron−hole pairs, separation of electrons and

holes through traps (present on the semiconductor surface), and the redox processes

activated by the separated electrons and holes (based on the adsorbates present on

the surface). The photo-production of electron−hole pairs, generated by exciting the

semiconductor with light of suitable energy, is determined by the electronic nature

of the semiconductor and also the wavelength of irradiation. This photo-production

of charge carriers is also to some extent influenced by the morphological form of

the semiconductor that includes surface area, size distribution, porosity (in the case

of nanoparticles), tube thickness (in the case of nanotubes), crystalline nature, etc.

[447].

4.2 Modification of TiO2 nanotubes

There are different methods to prepare or modify TiO2 nanostructures for doping.

This is a common practice to make them suitable for many applications that rely
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on electrical, electronic, optical, and chemical properties. For example, annealing

converts its crystallinity and thereby changes its conductivity and lifetime of charge

carriers, doping or introducing other elements, alloying is done mainly to modify the

band structure successfully, etc. This section describes in detail the efforts undertaken

for some modifications of TiO2 nanotubular arrays.

Different approaches that are usually used to modify TiO2 nanostructures are

(i) annealing at higher temperatures, (ii) doping of TiO2 for instance with N [253,

274], C [448], and transition metal ions [251], (iii) decoration with metal ions and

metal oxides such as Ag, Au, Pt, Fe3O4, and Cu [191, 251, 306, 449], (iv) filling with

secondary catalytic materials such as zeolites, Cu, etc. [191, 335], or (v) by alloying

(TiNb, TiW, TiMo, etc.) [137, 290, 450]. Among these, approaches (iii)−(v) were

focused upon in this present work and a schematic illustration is shown in Fig. 4.10.

4.2.1 Particle decoration (Ag, Au, WO3, NiO)

A related approach to doping is to modify TiO2 surfaces with nanoparticles of metals,

semiconductors, or polymers. Particularly noble metals deposited on TiO2 struc-

tures modify the surface properties of the material. In addition to altering the cata-

lytic or chemical properties such as the photocatalytic activity, they can enhance

surface−electron interactions by plasmon resonance [451], enhance the photoresponse

by facilitating electron−hole (e−−h+) separation, and promote interfacial electron

transfer processes that in turn increase the surface reactivity [452–458]. For example,

it was reported that decorating TiO2 with suitable nanoparticles of Ag [453, 456] can

enhance the photocatalytic activity of TiO2 significantly. Among the noble metals, sil-

ver seems to have the most significant substrate coupling effect, making the Ag/TiO2

system suitable for many applications such as photochromic switching [451, 459, 460]

and photocatalytic enhancement activity [453, 456].

In this section, the influence of metal nanoparticles such as silver (Ag) and gold

(Au) loaded on self-organized TiO2 nanotubes, flat TiO2 layers, and unloaded TiO2

nanotube layers for photocatalytic degradation of a model organic compound, the

azo dye Acid Orange 7 (AO7) [an azo dye contains one or more nitrogen−nitrogen

double bond (N−−N) in its chemical structure], was investigated.

4.2.1.1 Ag nanoparticles by photodeposition approach

Self-organized TiO2 nanotube layers of different thickness (500 nm and 1.5 µm) and

flat TiO2 layers were loaded with Ag nanoparticles by a photodeposition approach
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Figure 4.10: Schematic representation of various modification approaches for TiO2 nanotubes.

as shown in Fig. 3.2. TiO2 nanotubes or flat layers were soaked in 1 M AgNO3

and further exposed to UV illumination as described in the experimental section

(section 3.4.1.1). The samples were subsequently irradiated with UV light and turned

brownish gray after ∼30 min due to photocatalytic reduction of Ag+ to Ag as reported

in the literature [451].

Fig. 4.11 shows the scanning electron microscope (SEM) images of the two types of

nanotubular layers [(a) 500 nm and (b) 1.5 µm thick layers] after the photocatalytic

reduction treatment of Ag deposition. The insets in Fig. 4.11a,b show magnified

images of the top surface and a cross-sectional view of the nanotube layers. It is

apparent that on both tubular structures, Ag nanoparticles with a diameter of ∼10

nm are deposited.

From the cross-sections, it is evident that Ag nanoparticles are present not only

on the top of the tubes but also within the tubular structure. Fig. 4.12 shows
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Figure 4.11: SEM images of Ag nanoparticles loaded on (a) 500 nm and (b) 1.5 µm thick
nanotubular layers. The average diameter of the nanoparticles is ∼10 nm.

the presence of Ag nanoparticles on the tube top and bottom and also inside the

nanotube. For reference, flat TiO2 layers were prepared as explained in section 3.2.1.

Fig. 4.13 shows the flat compact oxide layer ∼50 nm thick after being loaded with

Ag nanoparticles. The presence of Ag nanoparticles was additionally confirmed using

X-ray photoelectron spectroscopy (XPS) and X-ray diffraction (XRD). Fig. 4.14

shows the XRD patterns acquired for the as-formed (amorphous) and annealed TiO2

nanotube layers loaded with Ag nanoparticles. The annealed layer consists of anatase

and traces of rutile. For comparison, experiments were also carried out on tubular

samples annealed to an anatase crystal structure and samples that carried only a 50

nm thick compact TiO2 layer.

The XRD spectra show the characteristic peaks of Ag at 2θ= 44.24, 64.34, and

77.41◦. Anatase TiO2 is dominant at 2θ = 25◦ from Fig. 4.14(i), which indicates the

conversion of amorphous TiO2 to an anatase crystalline phase. In order to investigate
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Figure 4.12: TiO2 nanotubular layers showing the presence of Ag nanoparticles at the tube top
(a) and bottom (b), and inside the nanotube (c).

the chemical composition and the oxidation states of silver-decorated TiO2 nanotubes,

XPS measurements were performed. Fig. 4.15a shows an XPS survey spectrum that

indicates that the Ag/TiO2 nanotube consists of Ti, O, Ag, and traces of carbon and

fluorine. The appearance of F peaks could be from the traces of electrolyte left on

the tube walls of the TiNT. Fig. 4.15b shows the high−resolution XPS spectra of

Ag3d5/2 and Ag3d3/2 at 368.3 and 374 eV, respectively.

The beneficial effects of silver-deposited photocatalysts on TiO2 nanotubes were

compared with neat TiO2 nanotubes and flat layers, which is described in more detail

in section 4.2.1.1.
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Figure 4.13: SEM image showing flat TiO2 layers (∼50 nm) loaded with Ag nanoparticles.

Figure 4.14: XRD spectra of the Ag-loaded annealed and amorphous nanotube layers.

4.2.1.2 Au nanoparticles by sputter deposition method

Other noble metals such as Au were also sputtered on the TiO2 nanotubes. The SEM

image in Fig. 4.16 confirms the presence of Au nanoparticles obtained by sputtered

deposition (experimental details as discussed in section 3.4.1.1). Many parameters can

be changed to obtain a uniform sputter of Au over the surface. After many trials of

deposition, the optimal sputtering time was 30 seconds, at 0.12 mbar and 120 V. This

then required also a post-annealing treatment at 450◦C for 3 h in order to improve
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Figure 4.15: XPS full survey spectrum (a) and Ag3d (b).

the adhesion of the nanoparticles on the tubular morphology. After deposition the Au

nanoparticles were then found to adhere well to the surface. In every case the particles

were well separated, i.e., they did not show any aggregation. Several different TiO2

nanotube layers were investigated in our previous work on the photocatalytic activity

of nanotubes towards the decomposition of model organic compounds [19].

It was found that the nanotube layers formed by anodization in Na2SO4+NaF

electrolytes (as explained in the experimental section) can show photocatalytic activ-
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Figure 4.16: SEM images of TiO2 nanotubular structure grown in 1 M Na2SO4+0.14 M NaF
electrolyte after annealing to anatase loaded with Au nanoparticles (φ = 28 nm).

ity that surpasses that of comparable nanocrystalline P25 layers. Therefore, in the

present work the same type of TiO2 nanotube layers was used to investigate the effect

of the Ag and Au nanoparticle loading on the photocatalytic activity of the system.

Figure 4.17: XRD spectra for anatase TiO2 nanotubular layer without Au (top) and with Au
(bottom) after re-annealing.
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Energy-dispersive X-ray analysis (EDX) and X-ray diffraction (XRD) were used

to characterize the Ag- and Au-loaded TiO2 nanotubular surfaces. Fig. 4.17 shows

XRD patterns of (i) anatase TiO2 and (ii) Au−loaded samples after the annealing

treatment. It is apparent that the second annealing treatment of the Au-loaded

surface leads to a certain amount of rutile formation; however, experiments showed

that it was necessary to perform post-annealing in order to ensure good adhesion of

the Au nanoparticles to the TiO2 substrate. Fig. 4.18 shows a set of EDX spectra

acquired for the Ag-loaded, Au-loaded and a reference anatase TiO2 nanotube layer.

The small Al peak comes from the sample holder. Clear Ag and Au peaks are detected

on the corresponding samples (also shown in the insets).

Figure 4.18: EDX spectra of Ag and Au deposited TiO2 nanotubes. The inset shows magnified
areas for the Au and Ag peaks.

4.2.1.3 Deposition of WO3 nanocrystals by hydrolysis of WCl6 precursor

Another approach is to combine the outstanding properties of WO3 with the defined

morphology of TiO2 nanotubes for photocatalytic activity.
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Figure 4.19: SEM images showing top views of TiO2 nanotubes (TiNTs): (a) as grown by
anodization in a mixture of glycerol and water (60:40 vol%) + 0.2 M NH4F at 30 V for 3 h; (b−d)
after decoration with WO3 (WO3/TiNT) (taken from Ref. [312]).

Therefore, a facile route to decorate the TiO2 nanotubes with WO3 nanocrys-

tallites was carried out to demonstrate that these decorated tubes show enhanced

photocatalytic decomposition of the well-known azo dye AO7.

WO3 nanocrystallites were decorated on TiO2 nanotube (TiNT) layers by the

controlled hydrolysis of a WCl6 precursor (as explained in section 3.4.1.3). Fig. 4.19

shows the top view of the TiO2 nanotube layers used in this work before (Fig. 4.19a)

and after decoration with WO3 nanocrystallites (Fig. 4.19b-d). From the images
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after the WCl6 treatment it can be seen that some of the tubes are covered with

a hazy, very thin layer (Fig. 4.19b), but most of the surface area shows open and

nicely decorated tubes (Fig. 4.19c,d) where the individual WO3 nanoparticles have a

diameter of ∼5 nm.

Figure 4.20: XRD patterns of annealed TiNT and WO3/TiNT annealed at 450◦C (taken from
Ref. [312]).

XRD investigations were carried out with and without WO3 decorated TiNT tubes

after annealing at 450◦C. Before annealing, the XRD spectra reveal only TiO2 anatase

peaks, whereas after annealing peaks of monoclinic WO3 could be clearly detected

(most characteristic at 2θ = 23◦), as shown in Fig. 4.20. This indicates that the as-

deposited WO3 crystallites are amorphous and only the annealing treatment converts

them to the crystalline material. In order to investigate the chemical composition and

oxidation state of WO3 on the decorated and annealed nanotubes, XPS measurements

were performed. Fig. 4.21 shows an XPS survey spectrum that indicates that the

WO3/TiNT composite material contains Ti, W, O, and traces of carbon.

Fig. 4.21 shows the high-resolution XPS spectra of the W4f peak with W4f7/2

and W4f5/2 at 35.3 and 37.4 eV, respectively. Even though the determination of the

exact position of W4f was difficult because of partial overlap with the Ti3p peak,

their positions are in line with the peak positions of pure WO3.

WO3 nanocrystals deposited on TiO2 nanotube photocatalysts were used for the

photodecomposition of the common azo dye AO7. The photocatalytic activity of
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Figure 4.21: (a) XPS survey spectra of as-formed WO3/TiNT; (b) detail of the W4d peak for
WO3/TiNT (taken from Ref. [312]).

WO3 nanocrystals was determined from the kinetic decay curve of the dye plotted

with respect to time as shown in Fig. 4.23.

4.2.1.4 Role of metal/metal oxide nanoparticles deposited on TiO2 nanotubes

An evaluation of the photocatalytic activity of the nanotubular layers loaded with

Ag and Au nanoparticles is shown in Fig. 4.22. It additionally shows the results

for a flat TiO2 layer with Au and Ag loading. The data are plotted as logarithms

of the time-dependent normalized dye concentration, which is the ratio of the actual

dye concentration to the initial concentration. The almost linear shape of the curves

indicates that the decomposition follows essentially first-order kinetics, in line with
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our previous work [294], with the classical equation (4.1):

ln (C/C0) = k · τ (4.1)

where k is the so−called pseudo-first-order rate constant and τ is time [461].

The resulting k values (based on equation (4.1)) can be obtained from Figs. 4.22

and 4.23, that represent a good measure of the overall photo-degradation rate of all

decorated nanoparticulate structures. It is evident that loading of the nanoparticles

on the TiO2 nanotube surfaces significantly increases the decomposition rate of AO7

compared with the unloaded nanotube layer.

Further, based on rates, it is clearly seen that the Ag−loaded nanotube TiO2 layer

shows the highest decomposition rate, followed by the Au-loaded layer. Whereas the

process used for Ag nanoparticles (deposited by a photo−induced reaction) immedi-

ately leads to an active decoration, it is evident that for Au nanoparticles sputtered

on the surface a thermal activation step was necessary − without this, step Au dec-

oration leads to a decreased activity compared with the unloaded tubes, possibly due

to insufficient contact. Clearly, when activated, the decomposition rates for TiO2

nanotubes are in every case far higher than for the flat TiO2 layers. The reason

for higher activity of nanotubes loaded with nanoparticles can be explained by con-

sidering the noble metal particles to form locally Schottky junctions with a higher

potential gradient established by the Schottky barrier than at the TiO2/electrolyte

interface. Therefore, with a sufficient amount of surface decoration, an efficient charge

separation of the light−generated electron−hole pairs can be achieved [8, 462, 463].

The enhancement in the photocatalytic activity of TiO2 nanotubes decorated with

metal nanoparticles (as summarized in Fig. 4.23) might occur due to the following

mechanisms, which has also been well studied by several research groups:

• When a metal (φM, Ag = 4.26 eV, φM, Au = 5.6 eV), having a higher work function

is in contact with a semiconductor such as TiO2 (φSC = 4.2 eV) having a lower

work function, photoexcited electrons will migrate from the low work function

semiconductors to the high work function noble metals [464, 465], as shown in

Fig. 2.8.

• Metallic Ag or Au nanoparticles now act as effective electron traps (as a con-

sequence of work function, shifting of the Fermi level [454]). Moreover, due to

the formation of a Schottky barrier at the metal−semiconductor (Ag−TiO2)
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Figure 4.22: Comparison of photocatalytic decomposition of the azo dye AO7 for different
photocatalytic systems (Ref/NT−TiO2, reference nanotube TiO2; Ag/NT − TiO2, Ag−loaded
nanotube TiO2; Au/NT −TiO2, Au loaded on anatase TiO2 nanotube with post − annealing; Au∗

/NT −TiO2, Au loaded on anatase TiO2 without post −annealing). Kinetic rate constant ’k’ values
are shown in the inset.

Figure 4.23: Overview of photocatalytic decomposition of the azo dye AO7 using particle dec-
oration on TiO2 nanotubes.

contact, transfer of the trapped electrons from the metal to the adsorbed O2

occurs, which improves the photocatalytic activity [452, 466].
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• According to Gerischer and Heller, oxygen reduction to superoxide radicals

O•–
2 is the rate−limiting step for the photo−oxidation of organics [220]. When

the reduction of oxygen becomes the rate−limiting step, then electrons tend

to accumulate on the photocatalyst surface, thereby increasing the rate of

electron−hole recombination. Therefore, the presence of metal nanoparticles

or quantum dots helps in achieving a higher quantum yield of the reaction by

improving the separation of charge carriers and the rate of oxygen reduction

[456, 467].

• Enhancement of the surface electron excitation by the plasmon resonance effect

(i.e., each Ag nanoparticle absorbs light of a specific wavelength − its plasmon

resonance wavelength), which extends the light absorption into the visible range

[468, 469].

• Although the work function of Au is higher than that of silver, one might expect

a higher photocatalytic effect for the Au/TiO2 than for the Ag/TiO2 system

based on Figs. 4.22 and 4.23. This can be ascribed to the distribution of

particles inside the nanotubes and also to the particle size being greater for Au

(∼30 nm) than for Ag (∼10 nm) [470].

• WO3 nanoparticles play an important role in capturing the photogenerated

electrons from TiO2 and further transferring to the adsorbed oxygen on the

surface of TiO2 particles as reported in previous studies [220, 471], i.e., they

may form heterojunctions that are beneficial for charge separation.

4.2.1.5 Nickel oxide nanoparticle deposition for visible light photocatalysis

One of the various approaches to make TiO2 active in the visible region is to com-

bine NiO (p−type semiconductor) with TiO2 as a co-catalyst, which was done by a

chemical precipitation method. Based on the precipitation process described in the

experimental section, Ni(OH)2 is formed and subsequently the samples were heated

to remove water [472], i.e. :

Ni2+ +OH− −→ Ni(OH)2(heat) −→ NiO + H2O (4.2)

Shrestha et al., showed NiO particles decoration on TiO2 nanotubes [327]. It is

shown in Fig. 4.24a, SEM top view and a cross-sectional view (inset) of the TiO2
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nanotube layer before loading with nickel oxide particles. The tubes have an average

diameter of 150 nm and the layer has a thickness of ∼1.0 µm. Fig. 4.24b and c

show the nanotubes after loading with nickel oxide particles using the above precip-

itation approach. Clearly, the loading procedure is very effective; even the inside of

the tube wall (Fig. 4.24c) and the bottom of the nanotubes are very homogeneously

decorated (inset, Fig. 4.24b). The particles have a comparably uniform size distri-

bution with an average size of ∼10 nm. It should be noted that the mentioned data

represent an optimized treatment. In a set of preliminary experiments, a number

of deposition approaches to the TiO2 nanotubes were explored. When an aqueous

solution of the reactants was used for filling the tubes, the precipitation reaction was

so sudden that large agglomerates of Ni(OH)2 were observed on the surface of the

tubes, which blocked the tube mouths, and hardly any particles were found inside

the tubes. Therefore, ethanol was used as a solvent to achieve slower precipitation

kinetics. Additionally, the ethanolic reactant solution enters the tubes more easily

owing to its low surface tension.

The particle−loaded tubes were then characterized with X-ray diffraction (XRD)

and the corresponding XRD patterns after different thermal treatments are shown

in Fig. 4.26 [327]. The XRD patterns of the annealed TiO2 nanotubes show crys-

tal planes of anatase and some rutile phase. After particle loading, the spectra for

annealed particle-loaded TiO2 nanotubes exhibit new small peaks at 2θ of ca. 37.2,

43.3, 62.9, and 75.4◦ (Fig. 4.26, ii−iv). These peaks can be indexed to (111), (200),

(220), and (311) crystal planes, respectively, of the cubic NiO [473].

The XRD patterns of the annealed particle-loaded TiO2 nanotubes also show some

faint peaks of Ni2O3 at 2θ = 27.6◦ (101) and 56.7◦ (202) [474]. The presence of Ni2O3

as confirmed by XPS, by Shrestha et al. [327], and Ni2O3 in NiO creates some Ni2+

vacancies which lower the electrical resistance of NiO and also gives a dark color

which facilitates the absorption of visible light. Both of these factors enhance the

photoactivity of NiO in visible light. Another explanation may be the injection of

electrons from NiO into the conduction band of TiO2 as illustrated in Fig. 4.25.

NiO−deposited TiO2 nanotubes were studied for the photodecomposition of AO7

(C0 = 15 µM) using visible light (λ = 405 nm, I = 10 mW) as shown in Fig. 4.27

[327]. For nanotubes annealed at different temperatures and also with and without

the NiO photocatalyst, clearly, the decomposition of AO7 using nickel oxide particle

− loaded nanotubes is much higher than for unloaded samples.

TiO2 nanotubes annealed at 550◦C exhibit the highest photocatalytic decom-
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Figure 4.24: SEM (a) top view of TiO2 NTs before particle loading; the inset shows the thickness
of the NTs. (b) Top view of TiO2 NTs after NiO particle loading; the inset shows the near bottom
view of the NTs. (c) Side view of TiO2 NTs after NiO particle loading; the inset shows the side
view of the NTs before particle loading (taken from Ref. [327]).

position rate, which is also higher than for N−doped TiO2 nanotubes. Moreover,

N−doped TiO2 photocatalysts suffer from stability problems and it is believed that

not only the photocatalytic efficiency but also the stability of the nickel oxide particle-

loaded TiO2 nanotubes is significantly higher than that for N-doped TiO2 nanotubes.

4.2.2 Alloyed substrates/mixed oxide nanotubes (TiW and TiMo)

More recently, improved photocatalytic activity was achieved by modifying TiO2

particles with other oxides (such as CrxOy, FexOy, VxOy, MoOx, WOx, etc.) [471,

475–480]. The effect of noble metal particle decoration was mainly interpreted in

terms of a facilitated contribution of the photoexcited electrons in the photocatalytic

reaction producing, for example, superoxide from O2 dissolved in aqueous electrolytes,
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Figure 4.25: Energy band diagram showing junction formation of TiO2−NiO semiconductors
and electron−interface injection from the NiO valence band to the TiO2 conduction band.

while decoration with other oxides particles may influence the rate of charge transfer

to the environment via surface states or junction formation. In general, two main

reactions are considered to be relevant for the photocatalytic activity of TiO2: (i) the

generation of valence-band holes that upon ejection to the environment (electrolyte)

have an oxidative power sufficient to oxidize almost any organic material and (ii)

conduction-band electrons ejected to the electrolyte that may form reactive superox-

ides [220]. In this section, one of the doping approaches, alloying of different metals

to form metal oxide composites, and their photocatalytic behavior are discussed.

4.2.2.1 WO3/TiO2 nanotubes

Self-ordered oxide nanotubes can be grown not only on pure Ti, but also on other

transition metals such as Mo, W, Ta, and Nb, and a full range of Ti alloys including

TiW, TiNb, TiAl, TiMo, and TiTa [105, 106, 450, 481, 482]. In this section, the effect

that the tungsten addition to the TiO2 nanotubes has in terms of their photocata-

lytic activity is discussed. For this, different TiW alloys (Ti−0.2 at% W (Ti0.2W)
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Figure 4.26: XRD patterns of (i) TiO2 NTs annealed at 450◦C, (ii) particle−loaded TiO2 NTs
annealed at 450◦C, (iii) particle−loaded TiO2 NTs annealed at 550◦C, and (iv) particle-loaded
TiO2 NTs annealed at 630◦C (taken from Ref. [327]).

Figure 4.27: Kinetics of the photocatalytic decomposition of AO7 with and without NiO nan-
oparticle photocatalyst-loaded TiNTs at different annealing temperatures (taken from Ref. [327]).
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and Ti−9 at% W (Ti9W)) and also pure Ti were anodized to form ∼2 µm long

self−organized tube layers as shown in Fig. 4.28.

To achieve these self−organized layers, different anodization conditions had to be

applied, as outlined in the experimental section. For all cases, comparable dimensions

of nanotubular layers with a tube length between ∼2.2 and 2.6 mm and a diameter

(obtained from SEM cross-sections) between ∼85 and 100 nm were used. For the

TiW alloys (Fig. 4.28a−d), a thin, porous initiation layer is present on the top of

the highly ordered nanotubes, as visible in the cross-sectional images in Fig. 4.28b

and d. For comparison, Fig. 4.28e and f show the top view and cross-section of pure

TiO2 nanotube layers. The top layer can be removed [124], but this was found not

to affect the results strongly.

Figure 4.28: Scanning electron micrographs of top view (left) and cross-section (right) of self-
organized nanotube layers formed on Ti0.2W (a,b); Ti 9W (c,d) and Ti (e,f).

After formation, all the tube layers are amorphous, but they can be converted to

a crystalline structure by thermal annealing. Fig. 4.29 shows the XRD patterns for
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the nanotube layers in Fig. 4.28 after the samples had been annealed in air at 450◦C

for 1 h.

Figure 4.29: X−ray diffraction patterns for the layers in Fig. 4.28 after annealing at 450◦C.

93



The results indicate that pure TiNT samples underwent, after annealing, a trans-

formation from amorphous to a mainly anatase structure together with slight traces

of rutile. For the oxide layers formed on the alloys, the presence of WO3 in the oxide

is apparent from the XRD peak at 23.18◦C corresponding to a monoclinic phase. As

expected, this peak is significantly more apparent for nanotube layers formed on the

9 at% W alloy than for the oxide formed at 0.2 at% W.

Figure 4.30: XRD pattern of Ti9W nanotube layers annealed at 350 and 550◦C.

XRD patterns for Ti0.2W and Ti9W annealed at 350 and 550◦C are shown in
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Fig. 4.30. EDX and XPS data are given in [291], which show that the composition of

the tube oxides corresponds to the substrate, especially in the case of Ti0.2W where

no significant W peak was visible in the XRD pattern as this content is below the

detection limit.

Moreover, the surface chemical composition and the oxidation states of Ti and

TiWOx nanotubes were characterized by X−ray photoelectron spectroscopy (XPS)

which is same as shown in Fig. 4.21b. The positions of the binding energies (BE)

of the W4f7/2 and W4f5/2 peaks are slightly shifted towards lower energy from 35.1

and 37.3 eV to 36.8 and 34.6 eV, respectively. This difference in binding energy,

∆BE = 0.5 eV, when compared with a reference oxide [105], implies that WO3 is

substoichiometric or has oxygen vacancies thus forming WO3−x.

The photocatalytic activity for the different WO3 contents was then investigated

by decomposition measurements on an organic dye (Rhodamine B, RhB). Fig. 4.31

shows the degradation kinetics of RhB for samples with different contents of W (0.2

and 9 at%) and for pure TiNTs after annealing at 450◦C. No detectable degradation

of RhB dye (photofading) was observed in the absence of catalyst, that is, upon plain

UV illumination at 325 nm.

The linear profile indicates that the decomposition kinetics can be approxim-

ated by a first−order rate law [294]. Pseudo−first order rate constants (k) were thus

determined from the relationship shown in equation (4.1), where τ is the time of irra-

diation. The highest photocatalytic activity is clearly observed with 0.2 at% of W (k

= −2.09 h−1), followed by 9 at% of W (k = −1.31 h−1) and the non-doped TiNT (k

= −0.68 h−1). Therefore, the influence of the annealing temperature for low−content

TiW samples was further investigated, as shown in Fig. 4.31b.

Clearly, for all temperatures, W doping showed a beneficial effect on the pho-

tocatalytic properties of the TiNTs. The rate constants for this annealing series were

determined as: k450◦C = −2.09 h−1 > k550◦C = −1.39 h−1 > k350◦C = −1.21 h−1.

From the XRD spectra in Fig. 4.30, it is clear that at 350◦C the crystallization of

WO3 is not entirely complete. On the other hand, at 550◦C a significant amount

of rutile has been formed in the nanotube wall. Rutile is generally much less active

in photoelectrochemical applications due to the significantly lower electron mobility.

More on the beneficial effect of alloying with different metal oxides such as WO3 and

MoO3 is discussed later in section 4.3.3.
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Figure 4.31: Photocatalytic degradation of Rhodamine B (RhB, C0 = 20 µM in aqueous solu-
tion) under UV light (325 nm). (a) Comparison of W−doped and undoped TiO2 nanotubes. (b)
Effect of annealing on W-doped and undoped TiO2 nanotubes.

4.2.2.2 MoO3/TiO2 nanotubes

Various transition metal oxides have been used in combination with TiO2 [471, 483].

In these composite systems, owing to the different band gaps, junction formation

can provide efficient separation of electron−hole pairs and thus the composite oxide

material may promote the photocatalytic reactions. As nanotubes of TiO2 composites

with various metal oxides can be grown by using alloyed Ti substrates as discussed
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in section 3.4.2.2, we investigated in this work the feasibility of using MoO3 as a

co−catalyst in anodic TiO2 layers in order to enhance the photocatalytic activity. To

achieve this, self−organized composite nanostructures (nanotubular and nanoporous

morphologies) of TiO2−MoO3 were grown on the Ti−Mo substrates with different

Mo contents by electrochemical anodization [106]. Their photocatalytic activity was

then compared with that of neat TiO2 nanotube layers. Fig. 4.32 shows SEM images

of the top and cross−section of the oxide layers formed on the different Ti−Mo alloys

after anodization in ethylene glycol containing 0.05 M HF at 50 V for 35 min, 2 h,

and 3 h for Ti7Mo (7 wt% Mo), Ti20Mo (20 wt% Mo), and Ti35Mo (35 wt% Mo),

respectively. It is clear that there is a homogeneous growth of nanotubes on the

Ti7Mo sample whereas porous oxide layers are formed on the two alloys with Mo

contents higher than 7 wt%.

The different anodization times were selected to form a constant thickness of

the oxide layer in each case, resulting in about 0.8 µm. The reason for the longer

anodization time that is necessary to grow the same thickness of the oxide layer in

the case of samples with higher Mo contents (i.e., Ti20Mo and Ti35Mo) is the slower

growth rate of nanostructures with increasing Mo content.

The chemical composition of the oxide layers was investigated using EDX analysis.

Fig. 4.33 shows EDX spectra of (a) Ti7Mo, (b) Ti20Mo, and (c) Ti35Mo samples

after anodic growth. The Mo peak is clearly detected for each alloy composition,

and the Mo content in the anodic layer is close to the original alloy composition. In

contrast to Ti−Mo alloys, the anodic layer of the pure Ti sample does not show any

initiation layer on the top. Fig. 4.32g and h show the top and cross−section of this

TiO2 nanotube layer grown in 1 M Na2SO4 + 0.14 M NaF aqueous solution, and it

is apparent that also this type of TiO2 nanotube layer could be grown to a thickness

of about 0.8 µm. To study the influence of the length of the nanotubes, some longer

nanotubes of TiO2 and Ti7Mo (2.0 and 3.0 µm) were also investigated.

The anodic oxide layers were further characterized using X-ray diffraction (XRD).

Fig. 4.34a shows the XRD pattern of TiO2 nanotubes annealed at 450◦C in air for 1 h.

The oxide layer consists of anatase and traces of rutile. Similarly, Fig. 4.34b, c, and

d show the XRD patterns for Ti7Mo, Ti20Mo, and Ti35Mo, respectively, annealed at

450◦C in air for 1 h. Also in this case after annealing at 450◦C, crystallization clearly

occurs and the diffraction peaks can be assigned to anatase and rutile TiO2 as well as

to α−MoO3 [106, 484]. The results indicate the existence of separate oxide phases of

TiO2 and MoO3, rather than mixed oxides; this is in line with XPS data in a previous
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Figure 4.32: SEM images of top and cross−section of the oxide layer formed on Ti−Mo samples
after anodization under self−organizing conditions in (a,b) Ti7Mo, (c,d) Ti20Mo, (e,f) Ti35Mo,
and (g,h) Ti. Inset in (f): highly magnified micrograph of (f) (taken from Ref. [290]).

report on anodic oxide layers on Ti7Mo alloys [456]. It is noteworthy, however, that

the intensity of the diffraction peaks of anatase at 2θ = 25.18◦ becomes weaker as the

Mo content increases in Ti−Mo alloys. This can be ascribed to the presence of the

α−MoO3 orthorhombic phase, which may delay the complete crystallization of the

TiO2 phase.
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Figure 4.33: EDX spectra of the oxide layers on the Ti−Mo samples: (a) Ti7Mo, (b) Ti20Mo,
and (c) Ti35Mo (taken from Ref. [290]).

To study the effect of the Mo oxide content in the anodic TiO2 layer on the

photocatalytic activity, the decomposition kinetics of a model pollutant, Acid Orange

7 (AO7), for all three compositions, Ti7Mo, Ti20Mo, and Ti35Mo was studied. Fig.

4.35a shows the results for layers with a constant oxide layer thickness of about 0.8

µm. The data are plotted on a logarithmic scale for the time−dependent normalized

dye concentration (which is the ratio of actual AO7 concentration to the initial AO7

concentration). For each experiment, a linear characteristic is obtained, which shows

that the decomposition kinetics can be described with a first−order law according

to equation (4.1), where k is the pseudo−first order rate constant and τ is time

[456]. From Fig. 4.35a, it is evident that the Mo content plays a crucial role in the

decomposition kinetics. Clearly, Mo addition can have a highly accelerating effect

on the decomposition rate, as is evident from the Ti7Mo tubes compared with the

activity of TiO2 nanotubes. For the structures with higher Mo contents, however, a
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Figure 4.34: XRD patterns of the oxide layers shown in Fig. 4.33 after annealing at 450◦C in
air for 1 h: (a) Ti, (b) Ti7Mo, (c) Ti20Mo, and (d) Ti35Mo (taken from Ref. [290]).

detrimental effect is observed. The rate constants extracted from Fig. 4.35a are kTi7Mo

= − 0.434 h−1 > kTiNT = − 0.273 h−1 > kTi20Mo = −0.09 h−1 > kTi35Mo = −0.032 h−1.

The slower reaction kinetics for the higher Mo contents cannot be clearly ascribed to

the Mo chemical effect, but could also be based on the different morphology. In the

case of Ti7Mo, the morphology influence can play only a minor role (compared with

pure TiO2) as both structures are present in a nanotubular form. The beneficial effect

of MoO3 is therefore ascribed to a modification of the chemical/electronic nature of

the oxide. Therefore, Ti7Mo was selected for further comparisons with TiNT. First

investigations were also carried out for other tube layer thicknesses (2 and 3 µm). Fig.

4.35b shows that with increasing tube length, a strong increase in the degradation

kinetics is obtained and that for all tube lengths, Mo addition significantly enhances

100



the photocatalytic activity of the material.

An interesting effect can further be observed if the Mo−containing nanotubes and

the pure TiO2 nanotubes are annealed to higher temperatures. Fig. 4.35c shows

results for the tube layers annealed at 550◦C. Clearly, the degradation kinetics of

Ti7Mo remain unchanged (or are even slightly improved) compared with the samples

annealed at 450◦C, whereas for TiO2 the activity drastically decreases, although both

samples show a similar anatase to rutile ratio (see XRD, inset in Fig. 4.35c). There-

fore, the beneficial effect must be directly ascribed to the presence of MoO3 rather

than to an indirect effect of Mo caused by a change in the anatase to rutile ratio.

4.2.2.3 Beneficial effect of mixed metal oxides

In the light of the above discussions, it is important to understand the underlying

mechanism behind the mixed metal oxides that makes them efficient photocatalysts.

A quick review of previous studies on mixed metal oxides showed that several possible

mechanisms exist:

• Mixed metal oxides generate additional surface acidity due to the increase in

the polarizability of the hydroxide groups [485, 486].

• Some researchers believe that WO3/TiO2 and MoO3/TiO2 systems exhibited

higher photocatalytic activity because of the smaller band gaps (MoO3−3.0 eV;

WO3−2.8 eV) compared with anatase TiO2 3.2 eV, and/or a change in surface

states induced by MoO3 and WO3 species that affect the electron transfer rate as

a rate−determining step [471, 487] and lead to a higher photocatalytic activity.

• Papp et al. showed that there exists a certain optimum concentration of WO3

(3 mol%) and MoO3 (2.5 mol%) above which the surface acidity remains con-

stant. Based on their observations, they concluded that surface acidity plays

an important role in determining the photocatalyst activity [483].

• The coupling effect of WO3 to TiO2 showed enhanced photocatalytic activity

and this could be due to increased electron transfer from the semiconductor

to WO3 via the formation of intermediate W(V) species observed by Do et al.

[471].

• However, too high a loading of WO3 to TiO2 (from Fig. 4.37) appears not

to enhance the photocatalytic activity. Based on a comprehensive review by
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Bahnemann et al., this indicates that at higher concentrations, W sites can

also act as recombination centers depending on the fabrication of these coupled

semiconductors [18, 488].

Based on our previous experimental evidence, it appears that the addition of WO3

has led to the lowering of the optical band gap from 3.12 eV for pure anatase TiO2 to

3.08 eV for Ti0.2W and 2.98 eV for Ti9W [175]. From the results shown in Fig. 4.36,

one may ascribe the strongly beneficial effect of WO3 on the photocatalytic activity

mainly to enhanced hole−transfer kinetics to the electrolyte, and at the same time

the detrimental effect of a too high WO3 content may originate from charge trapping

effects in the bulk. This is in line with the literature [46, 294], which suggests that the

presence of WO3 in TiO2 influences the recombination rate of the photo−produced

electron−hole (e−−h+ pairs that may be due either to localized heterojunction form-

ation [489] (due to mismatch of the TiO2 and WO3 band energies) or to the formation

of activating surface species such as W(VI) states. Our investigations clearly favor

the formation of specific surface features such as W(VI) states that act as mediators

for charge transfer to the electrolyte (summarized in Figs. 4.36 and 4.37). Moreover,

it was observed that there was a doping limit for tungsten species to be added. A

higher W content (Ti9W) did not lead to higher photocatalytic activity.

Overall, to emphasize the drastic increase obtained by WO3 doping of TiO2 nan-

otubes, we compare in Fig. 4.37, the photocatalytic activity with different approaches

to increase the photocatalytic activity of TiO2 nanotubes, such as metal decoration

(Ag/TiNT, Au/TiNT), metal oxide decoration (WO3/TiNT [312]), and using other

mixed oxide nanotubes (Ti7Mo [290]). Clearly, the low WO3 content TiO2 nanotubes

investigated in the present work show the greatest enhancement of all strategies in-

vestigated up to now.

4.3 Filling with nanoscale functional materials: ZSM−5 zeolites

Zeolites (crystalline aluminosilicates) are excellent functional materials and possess

unique properties that make them suitable for combination with photocatalysis. Spe-

cific features such as (i) high adsorption for organic compounds from solution and (ii)

well−defined channels and cages of regular dimensions (zeolite framework) make them

active to participate in electron transfer processes (as electron acceptors or electron

donors) [490, 491]. Additionally, incorporation of transition metal oxide photocata-

lysts, including Ti, V, and Cr oxides in the framework of zeolites opened up a new
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direction in science termed ’zeolite−encapsulated semiconductor oxide photocata-

lysts’. TiO2 clusters inside the zeolite network permit interfacial electron transfer for

photochemical reduction of methyl viologen to its corresponding radical cation [492],

and TiO2−coated zeolites (NaY and HY zeolites) enhance the degradation of organic

material (methylene blue) in waste waters [491].

The idea is to utilize the potential advantage of TiO2 nanotubes as a substrate

for zeolites that can provide a very defined geometry (reaction chamber) for the

photocatalytic decomposition of organic dyes. Therefore, the direct synthesis of

MFI−type (ZSM−5) zeolite within the self-organized TiO2 nanotubular layer was

achieved by an in situ hydrothermal synthesis procedure as outlined in Fig. 3.4.

The aim is to combine the excellent photocatalytic functionality of the TiO2 nan-

otubes with the selective capturing ability of zeolites to produce a new generation

of ’trapping’ photocatalyst. In order to explore this, a zeolite system that acts as

an adsorbent of aromatic organics to enrich a desired species [acetophenone (ACP)]

in the nanotubes was chosen which can further accelerate the specific photocatalytic

destruction rate.

Fig. 4.38a and b show the SEM images of the top and cross−section of the

neat TiO2 nanotube layer (TiNT) after anodic growth. After the filling process

that consisted of seeding and in situ crystallization steps (as described in section

3.4.1.4), almost all the nanotubes were homogeneously covered with layers of tightly

inter−grown zeolitic crystals with dimensions in the range of a few nanometers, as

shown in Fig. 4.38c. Zeolitic crystals are visible not only on the top but also inside

the tubes (Fig. 4.38d).

The zeolite crystal layers inside the tubes show very good adherence to the tube

walls and from Fig. 4.38d it is clear that the zeolite crystals can even completely fill

the TiO2 nanotubes. Fig. 4.38e shows an SEM image where the EDX analysis shown

in Fig. 4.38f was performed. The EDX results clearly indicate that the filling indeed

consists of zeolite. Fig. 4.39a shows the XRD pattern of neat anatase TiO2 nanotubes

(TiNT) without any loading of zeolites. The annealed layers consist of anatase and

traces of rutile. Fig. 4.39b shows the typical peaks of MFI−type zeolite (ZSM−5)

synthesized on TiNT (TiNT/ZSM−5), with the characteristic reflections at 2θ =

∼7.9◦, ∼8.9◦, and ∼23.5◦. Fig. 4.39c represents the calcined ZSM−5 powder collected

from the bottom of the autoclave after synthesis and is typical for MFI-type zeolite

powder. The XRD analysis of the zeolite/TiO2 samples after synthesis confirms the

presence of the ZSM−5 type zeolite on the surface of the TiO2 nanotubular skeleton.
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Fig. 4.39b and c have slightly different reflections due to the preferential orient-

ation of zeolite nanocrystals grown in the nanotube substrate from excess material

collected as powder from the reactor bottom. This is in accordance with the liter-

ature where, during the growth of zeolites on different substrates, the grains assume

preferential substrate-induced orientations [493]. During the crystallization, the dif-

ference in mass of the substrate before and after synthesis gave an estimate of ∼20

µg of zeolite that is deposited on and in the nanotubes on an area of 2.7 cm2. These

substrates were then taken for photodegradation measurements of ACP. Under illu-

mination, the TiNT/ZSM−5 system shows a decay of nearly 5.5%. For TiNT without

the zeolite filling only 0.5% photocatalytic destruction of ACP can be achieved over

the same period of time. It is therefore clearly evident that a catalyst based on the

combination of ZSM−5 synthesized in the TiNTs can be efficiently used for pollutant

harvesting and destruction.

Fig. 4.40 shows the photocatalytic degradation rate of ACP (C0 = 60 ppm) in

ethanol for TiNTs, TiNT/ZSM−5 and ZSM−5 and for comparison with ACP (C0 =

60 ppm) in water. Also included is a dark experiment for TiNT/ZSM−5 and for neat

TiO2 nanotubes, to give a measure of the removal of ACP from the solution due to

pure adsorption processes. From the results, it is clear that, for the latter case, strong

adsorption (uptake) of ACP in the ZSM−5−loaded nanotubes is obtained. This

reflects the excellent adsorption properties of this zeolite for aromatic compounds.

This also shows that a drastic enrichment of the target compound can indeed be

achieved within the nanotubes.

4.4 ’Dark Photocatalysis’−anodic radical generation

Recently, Song et al. showed that effects similar to photocatalysis can be obtained

by potential−induced reactions, which is termed as ’dark photocatalysis’ or ’anodic-

breakdown’ (AB) catalysis [233]. It is postulated that at sufficiently high anodic

potentials, Schottky barrier breakdown in the n−type TiO2 occurs [233, 235, 236, 494]

that generates surface valence band holes which then, similarly to a photocatalytic

mechanism, react with an aqueous environment to form OH• radicals (see Fig. 4.41a).

For anodic radical−based destruction of organic pollutants, most frequently electrodes

are used that also exhibit a high oxygen over−potential, such as PbO2 or B−doped

diamond [495–498]. Nevertheless, some reports on semiconducting-type WO3 also

exist [499].

The aim of our study was to confirm further the similarity of the anodic and

104



the photocatalytic mechanisms and to compare these reactions on TiO2. For this

purpose, the degradation of Crystal Violet, for which the typical photocatalytic decay

mechanism is relatively well established [500–502], was studied to evaluate whether

AB conditions yield an analogous intermediate and final reaction states for potential−
and light−induced reactions.

To illustrate the case of potential−induced catalysis, one may consider a typical

polarization of an anodic TiO2 layer as shown in the SEM images in Fig. 4.42 before

and after annealing. If the annealed layer is polarized (in the dark) to 10 VAg/AgCl as

shown in Fig. 4.41b, a current increase can be clearly observed at around 3 V. This

potential approximately coincides with an anodization potential where the Fermi level

reaches the surface conduction band edge − see Fig. 4.41a. From a Mott−Schottky

plot (see the inset in Fig. 4.41b), one can obtain Ufb ∼ −0.45 VAg/AgCl and a doping

concentration of 3.94 × 1019 cm−3 using the classical Mott−Schottky approach (given

in equation (4.3)),

1

C2
Sc

=
2

ε · ε0 · q ·ND

[
U − Ufb −

kT

q

]
(4.3)

and ε = 10 [503]. If we consider the band gap for anatase of 3.2 eV [141, 170,

504], the start of ionization of the valence band would be expected at around 2.7−2.8

VAg/AgCl, which is in good agreement with the I−V curve in Fig. 4.41b. If we

additionally consider the doping level from Mott−Schottky investigations, which is

in the order of ∼3.9 × 1019 cm−3, one obtains a depletion layer width of ∼ 3−5 nm.

This value would be in line with an explanation that breakdown of the Schottky

barrier occurs according to a tunneling mechanism as illustrated in Fig. 4.41a, i.e.,

electrons tunnel from the surface valence band edge to the bulk conduction band.

This situation may be approximated by a classical Fowler−Nordheim (FN) tunneling

mechanism (given in equations (4.4) and (4.5)):

jFN = BE2e(−
b
E ) (4.4)

b =
8π (2m)

1
2

3he
χ

3
2 (4.5)
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where jFN is the tunneling current, E is the electric field, B is a constant, m is the

effective mass of the charge carriers, e is the elementary charge, h is Planck’s constant

and j is the current density (j = I/A).

Conditions Applied
Potential (V)

Initial pH* Final pH* Rate constant
k
(hr−1)

Potential-induced 1.0 5.78 5.92 -0.074

2.0 5.78 5.92 -0.120

3.5 5.79 5.79 -0.400

5.0 5.78 5.86 -1.158

UV-induced - 5.78 5.02 -0.953

Table 4.1: pH and rate constant values of reacting solution ( * Dye solution: Crystal
Violet+ 0.1M Na2SO4)

If the current−potential data are re-plotted according to an FN plot (Fig. 4.41c),

a straight−line behavior is obtained. These findings suggest that the onset of FN

tunneling is a plausible reason for the increase in the current density at ∼3 V. In

other words, at this potential electrons tunnel from the conduction band into the

valence band and then are driven to the bulk of the semiconductor. As a result,

valence−band holes are created that are driven to the semiconductor surface and

finally may be transferred to the electrolyte. It was shown that under these conditions

OH• radical formation can be detected [233].

Fig. 4.41, is further in line with the observation that the current onset is inde-

pendent at around 3 V whether scanning in I−V curves to 5 or 10 V and occurs also in

the reverse direction (if cracks or localized damage were responsible, anodic oxidation

in the forward direction would occur and passivate and suppress the current onset in

subsequent cycles). It has been shown that radicals produced upon junction break-

down can be used for the decomposition of organics (similarly to OH• produced by

classical photocatalysis). For this work, Crystal Violet (CV) dye was used to compare

its decomposition characteristics with a classical photocatalytic degradation process.

Fig. 4.43 shows the results for potential−induced and photocatalytic degradation of

CV dye (C0 = 1 mg/l) (the structure of CV is shown in the inset) in 0.1 M Na2SO4

on a TiO2 layer. On the one hand, conventional UV−induced photocatalytic reaction

was carried out using illumination with a UV laser (325 nm, 50 mW). On the other
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hand, different anodic potentials were applied to the same electrolyte in the dark.

For UV illumination, as expected, the decay of the CV occurs at a considerably high

rate. In the dark, for low applied potentials (<3 V), the applied potential does not

lead to significant decay of the dye.

Only at values higher than 3 V (namely 3.5 and 5 V) is strong degradation of

the dye observed. At an applied potential of about 5 V the degradation is in fact

even faster than in the UV illumination case. The decay kinetics can be evaluated

as rate constants according to Langmuir−Hinshelwood kinetics [41, 219, 505] from

equation 4.1. The rate constants from Fig. 4.43 are compiled in Table 4.1. In order

to exclude that changes in the CV color originate from pH changes in the electrolyte,

we recorded the pH during the measurements; the results are also given in Table 4.1

and show that virtually no pH change takes place during the reaction.

A particular feature of CV is that visible spectrum changes by intermediates occur

during its photocatalytic decomposition, i.e., stages of the reaction can be simply

detected by a shift in the UV−Vis spectrum [506]. Fig. 4.44 shows the absorption

spectrum of CV between 250 and 800 nm at the beginning, after some reaction time,

and close to the end of an AB catalytic process (Fig. 4.44a) and a photocatalytic (Fig.

4.44b) process. It is apparent from the spectra that the maximum absorbance at 590

nm (initial state) shifts towards a lower wavelength of 587 nm (intermediate state)

and 584 nm (final state) regime during the reaction. This is in line with literature

reports on a different intermediate with a characteristic absorption maximum at ∼587

nm formed during the degradation reaction. Most importantly, from a comparison of

the spectral shifts in Fig. 4.44a and b it is evident that the same type of color shift

is observed for photocatalytic and potential−induced reactions.

In order to gain more insight into the reaction pathway and to compare the pho-

tocatalytic and the potential−induced mechanisms in more detail, H−NMR invest-

igations were carried out (see the spectrum in Fig. 4.45). Due to the extremely

low concentration of the control CV sample (1 mg/l) and our sample concentrations

(2.45 µM), the signal intensities of the resulting products after treatment are so low

that only H−NMR spectra could be recorded. Despite the high dilution factor of the

investigated samples (µM range), the NMR spectroscopic investigations nevertheless

show significant but only qualitative changes in the CV spectrum after the treatments.

A control sample of neat CV in DMSO−d6 shows two characteristic peak groups in

the aromatic region at 7.4 and 6.9 ppm. The proton signal for the six methyl groups

is overlaid by a water signal at 3.3 ppm due to traces of water.
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The most obvious change observed after both treatments is a high−field shift of

the aromatic protons together with four new upcoming signals at 5.3, 2.0, 1.5, and

0.9 ppm. This shift in the characteristic aromatic region of the spectrum indicates

a degradation of the −N(Me)2 substituents of the aromatic ring systems. The new

peaks arising at 5.3, 2.0, 1.5, and 0.9 ppm could be indicative of such a degradation

of −N(Me)2 substituents.

Although the precise nature of the degradation products cannot be determined

from the newly observed NMR signals, a comparison of signals in the aromatic region

of the recorded spectra with those of the theoretical CV H−NMR spectrum leads to

the conclusion that the main degradation occurs on the terminal N−bound methyl

groups (only small broad signals somewhat over the noise level suggest degradation

of the phenyl rings). However, the crucial finding is that the spectral traces of the

UV−induced degradation reaction (Fig. 4.45a) show the same intermediate and final

products as in the potential−induced reaction (Fig. 4.45b).

The NMR spectra show that both processes (potential−induced and photocata-

lysis) follow an identical reaction pathway. This suggests that in both cases a valence-

band hole capture mechanism is mainly responsible for the activity. This is particu-

larly noteworthy, as in the plain photocatalytic path basically also electron emission

from the conduction band (and peroxide radical formation) may play a role. How-

ever, in the potential−induced case there is virtually no possibility of creating active

species via conduction-band electron emission to the electrolyte as, due to the high

band bending of such high anodic potentials - excited electrons immediately migrate

away from the semiconductor/electrolyte surface.
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Figure 4.35: Photocatalytic activity for the different oxide layers measured by the decoloration
of AO7: (a) influence of composition on activity, (b) effect of nanotube length for Ti and Ti7Mo,
and (c) effect of annealing temperature on activity for Ti and Ti7Mo (taken from Ref. [290]).
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Figure 4.36: Photocatalytic degradation of AO7 using different alloyed substrates.

Figure 4.37: Photocatalytic degradation of AO7 (C0 = 2.5×10−5 M in aqueous solution) under
UV light (325 nm). Comparisons of various TiO2 nanotubes that were modified with Ag, Au,
and WO3 nanoparticles and various mixed oxide nanotubes against undoped TiO2 nanotubes are
shown.
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Figure 4.38: SEM images of top and cross−section of TiO2 nanotubular structure grown in a
mixture of glycerol (1,2,3−propanetriol) and water (60:40 vol%) + 0.27 M NH4F electrolyte at 30
V, after annealing to anatase (a,b), and after loading with ZSM−5 nanocrystals (c−e); (e) shows
the location where the XRD analysis in (f) was performed.
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Figure 4.39: XRD patterns of the anatase TiO2 nanotube layers (a), filled with MFI−type
zeolite (ZSM−5) (b), and excess calcined ZSM−5 powder (c).
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Figure 4.40: Comparison of photodegradation of 60 ppm of acetophenone (aromatic organic
pollutant) in ethanol (and water) for different photocatalytic systems (TiO2 nanotube loaded with
ZSM−5 zeolite, TiNT/ZSM−5; TiO2 nanotube, TiNT; reference ZSM−5 powder, ZSM−5).
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Figure 4.41: Band diagram (a), I−V characteristics (inset: Mott−Schottky plot) (b), and
Fowler-Nordheim plot (c) for anodic TiO2 flat layer.
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Figure 4.42: SEM top view and cross−sections of the anodic films used in this work, as−formed
(top) and after annealing (bottom).

Figure 4.43: Comparison of degradation of the aromatic pollutant Crystal Violet (C0 = 1 mg/l)
by applying different potentials in the dark and UV−induced on an anodic flat TiO2 surface. Inset:
structure of Crystal Violet.
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Figure 4.44: Absorbance spectra of Crystal Violet dye (C0 = 1 mg/l) recorded at different time
intervals by (a) an applied potential in the dark of 5 V at 0, 90, and 194 min, and (b) UV−induced.
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Figure 4.45: H−NMR spectra of Crystal Violet dye degradation: (a) UV−induced and (b)
potential−induced in the dark.
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CHAPTER 5

Conclusions

The aim of this work was to explore the potential of TiO2 nanotube layers in pho-

tocatalysis and to study and discuss critical factors for their photocatalytic efficiency.

A special goal was to illustrate that there are some modification strategies and ap-

plications that are specific to anodic TiO2 nanotubes. The main findings are the

extraction of the influence of the geometry such as tube type, length, and diameter

and the influence of annealing (crystal structure). The results also demonstrate that

TiO2 nanotube layers can show extensive photocatalytic activity compared with a flat

(compact) TiO2 layer or nanoparticulate layers. A main geometric influence is the

TiO2 nanotube length, because of the surface area, and the light absorption length is

increased with this parameter up to ∼15 µm. The most drastic influence, however,

was achieved by crystallizing the ’as-formed’ amorphous layers to anatase or anata-

serutile mixtures. This is ascribed to a significantly higher electron mobility in the

crystalline material.

Some modification approaches to make the TiO2 nanotubular layers more efficient

for photocatalysis were investigated, namely (i) decorating TiO2 surfaces with noble

metals such as Ag and Au or semiconductors such as WO3 and NiO, (ii) filling with

functional (specific adsorption) materials such as ZSM-5 zeolites, and (iii) alloying the

anodizing substrate with other transition metals such as W and Mo to grow composite

metal oxide nanotubular layers.

The results show that the photocatalytic activity of TiO2 nanotubular layers

loaded with Ag or Au, or oxides WO3 and NiO and also composite metal oxide

nanotubular structures such as TiO2−WO3 and TiO2−MoO3 can be significantly

enhanced compared with plain TiO2 nanotube layers.

The enhancement of photocatalytic activity for such modified TiO2 nanotubes can

be ascribed to different mechanisms. In the case of semiconductors or metals with
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a sufficiently different work function from TiO2, heterojunction formation leads to

higher band bending, which increases the charge carrier separation. This increases

their lifetime and thus the probability of a reaction with the environment.

A second enhancement effect of metals is that they catalyze the charge-transfer

reaction, e.g. the transfer of electrons from the conduction band to the surrounding

O2. O2 then forms superoxide radicals, O•–
2 . In some cases this is the rate-determining

step for the photooxidation of organics.

The third enhancement factor is the introduction of suitable surface states that fa-

cilitate the transfer of charge carriers to the electrolyte. For example, for TiO2−WO3

mixed oxides it is considered that WVI states are suitable for mediating electron trans-

fer to H2O. In other words, a surface state captures the electron from the conduction

band thus making it long living and there it ’waits’ until the reacting species arrives

at the surface. Although this mechanism may hold for WO3, the details in the case

of other oxide additives are less clear.

A very interesting case is the coupling of TiO2 with NiO (the latter supposedly

a p-type material). Here, visible activation was observed, although the individual

band gaps of both oxides were in the UV region. This may indicate that a direct

NiOvb−Ticb transition can occur at this interface.

A final goal of this work was to incorporate functional materials such as zeolites

into the TiO2 nanotubular skeleton to fabricate a new generation of a selectively trap-

ping photocatalyst. To introduce ZSM-5 (crystalline aluminosilicates) zeolites into

the defined reaction chamber of TiO2 nanotubes, for synthesis in situ hydrothermal

crystallization was adopted. It was shown that the resulting zeolite-filled TiNT is

a highly efficient pollutant harvesting system that can combine both the effective

photocatalytic properties of TiO2 nanotubes and the specific adsorption properties

of zeolites. This work thus shows the feasibility of using zeolites in combination with

TiO2 as a specific organic adsorbent and also of destroying it upon UV illumination

this makes it a reusable harvesting system. Within the present work it was only

possible to show the feasibility of the principle but, conceivably, great opportunities

exist for the improvement of the performance by optimization of the zeolite material

and using various zeolite materials.

The modifications of TiO2 nanotube layers introduced in the present work have a

high potential for photocatalytic application in the form of flow-through membranes,

in detoxification of and pollutant removal from waste water systems, energy produc-

tion, surface wetting, antifogging, and payload-release systems. Future work may
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address points such as designed surface defects (surface states), optimizing junctions

and, most straightforward, tailoring of the wall morphology to achieve 1D electron

transport along the walls and thus super-fast electron transport along the nanotubular

walls.

Finally, strategies to move to a visible light-active photocatalyst need to be ex-

plored to make photocatalytic devices highly active within the solar spectrum.
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[414] A. Mishra, M. K. R. Fischer, P. Bäuerle, Angew. Chem. Int. Ed. 2009, 48,

2474.

[415] F. Schmidt-Stein, R. Hahn, J. F. Gnichwitz, Y. Y. Song, N. K. Shrestha, A.

Hirsch, P. Schmuki, Electrochem. Commun. 2009, 11, 2077.

[416] P. Roy, T. Dey, P. Schmuki, Electrochem. Solid-State Lett. 2010, 13, E11.

[417] P. Roy, R. Lynch, P. Schmuki, Electrochem. Commun. 2009, 11, 1567.

[418] Y. Jo, I. Jung, I. Lee, J. Choi, Y. Tak, Electrochem. Commun. 2010, 12, 616.

[419] K. Kant, D. Losic, Phys. Status Solidi RRL 2009, 3, 139.

[420] G. Liu, M. N. Hoivik, K. Wang, H. Jakobsen, J. Mater. Sci. 2011, 46, 7931.

[421] Q. Chen, D. Xu, J. Phys. Chem. C 2009, 113, 6310.

[422] J. Lin, J. Chen, X. Chen, Electrochem. Commun. 2010, 12, 1062.

[423] C.-J. Lin, W.-Y. Yu, Y.-T. Lu, S.-H. Chien, Chem. Commun. 2008, 6031.

[424] C.-J. Lin, W.-Y. Yu, S.-H. Chien, J. Mater. Chem. 2010, 20, 1073.

[425] R. Greef, R. Peat, L. M. Peter, D. Pletcher, J. Robinson, Instrumental Methods

in Electrochemistry, Ellis Horwood Limited, John Wiley and Sons, 1985.

[426] A. M. Bond, Broadening electrochemical horizons, Oxford Science Publica-

tions, New York, 2002.

[427] R. Beranek, H. Hildebrand, P. Schmuki, Electrochem. Solid-State Lett. 2003,

6, B12.

139



[428] R. P. Vitiello, J. M. Macak, A. Ghicov, H. Tsuchiya, L. Dick, P. Schmuki,

Electrochem. Commun. 2006, 8, 544.

[429] D. of zeolite structures, http://www.iza-structure.org/databases/.

[430] N. Liu, I. Paramasivam, M. Yang, P. Schmuki, J. Solid State Electrochem.

2012, Accepted.

[431] J. Zhao, X. Wang, T. Sun, L. Li, J. Alloys Compd. 2007, 434-435 (Spec. Iss.)

792.

[432] H.-J. Oh, J.-H. Lee, Y.-J. Kim, S.-J. Suh, J.-H. Lee, C.-S. Chi, Appl. Catal. B

2008, 84, 142.

[433] R. Mohammadpour, A. Irajizad, M. M. Ahadian, N. Taghavinia, A. Dolati,

Eur. Phys. J. Appl. Phys. 2009, 47, 10601.

[434] H.-J.Tao, J. Tao, T. Wang, L. Wang, L. Qin, L. L. Xu, Transactions of Non-

ferrous Metals Society of China, 15, 462.

[435] Y. Xie, Electrochim. Acta 2006, 51, 3399.

[436] Y. Lai, L. Sun, Y. Chen, H. Zhuang, C. Lin, J. W. Chin, J. Electrochem. Soc.

2006, 7, D123.

[437] H. .-F. Zhuang, C.-J. L in, Y. K. Lai, L. Sun, J. Li, Environ. Sci. Technol.

2007, 41, 4735.

[438] X. Zhang, K. Huo, L. Hu, Z. Wu, P. K. Chu, J. Am. Ceram. Soc. 2010, 93,

2771.

[439] Y. Ku, Z.-R. Fan, Y.-Chou, W.-Y. Wang, Water Sci. Technol. 2010, 61, 2943.

[440] G. Zhang, H. Huang, Y. Zhang, H. L. W. Chan, L. Zhou, Electrochem. Com-

mun. 2007, 9, 2854.

[441] D. Wang, Y. Liu, B. Yu, F. Zhou, W. Liu, Chem. Mater. 2009, 21, 1198.

[442] Z. Wu, S. Guo, H. Wang, Y. Liu, Electrochem. Commun. 2009, 11, 1692.

[443] K. Mehrotra, G. S. Yablonsky, A. K. Ray, Ind. Eng. Chem. Res. 2003, 42,

2273.

[444] Y. Li, S. Sun, M. Ma, Y. Ouyang, W. Yan, Chem. Eng. J 2008, 142, 147.

[445] L. B. Reutergardh, M. Langphasuk, Chemosphere 1997, 35, 585.

[446] J. M. Kesselman, G. A. Shreve, M. R. Hoffmann, N. S. Lewis, J. Phys. Chem.

1994, 98, 13385.

[447] M. Schiavello, A. Sclafani, Photocatalysis, Fundamentals and Applications,

Vol. Chapter 6, 1989.

[448] S. Sakthivel, H. Kisch, Angew. Chem. Int. Ed. 2003, 42, 4908.

140



[449] M. Anpo, S. Doshi, M. Kitano, Y. Hu, M. Takeuchi, M. Matsuoka, Annu. Rev.

Mater. Res. 2005, 35, 1.

[450] A. Ghicov, S. Aldabergenova, H. Tsuchyia, P. Schmuki, Angew. Chem. Int.

Ed. 2006, 45, 6993.

[451] Y. Ohko, T. Tatsuma, T. Fuji, K. Naoi, C. Niwa, Y. Kubota, A. Fujishima,

Nat. Mater. 2003, 2, 29.

[452] N. Sobana, M. Muruganadham, M. Swaminathan, J. Mol. Catal. A: Chem.

2006, 258, 124.

[453] M. K. Seery, R. George, P. Floris, S. C. Pillai, J. Photochem. Photobiol. A

2007, 189, 258.

[454] A. Sclafani, J. M. Herrmann, J. Photochem. Photobiol. A 1998, 113, 181.

[455] I. M. Arabatzis, T. Stergiopoulos, M. Bernard, D. Labou, S.G.Neophytides,

P. Falaras, Appl. Catal. B 2003, 42, 187.

[456] V. Iliev, D. Tomova, L. Bilyarska, A. Eliyas, L. Petrov, Appl. Catal. B 2006,

63, 266.

[457] V. Illiev, D. Tomova, L. Bilyarska, A. Eliyas, L. Petrov, Catal. Commun. 2004,

5, 759.

[458] D. Hufschmidt, D. Bahnemann, J. J. Testa, C. A. Emilio, M. I. Litter, J.

Photochem. Photobiol. A 2002, 148, 223.

[459] K. Kawahara, K. Suzuki, Y. Ohko, T. Tatsuma, Phys. Chem. Chem. Phys.

2005, 7, 3851.

[460] K. Naoi, Y. Ohko, T. Tatsuma, Chem. Commun. 2005, 288.

[461] J. Krysa, G. Waldner, H. Mestankova, J. Jirkovsky, G. Grabner, Appl. Catal.

B 2006, 64, 290.

[462] C. Wang, C. Liu, X. Zheng, J. Chen, T. Shen, Colloids Surf. A 1998, 131,

271.

[463] V. Subramanian, E. Wolf, P. Kamat, J. Phys. Chem. B 2001, 105, 11439.

[464] T. Ioannides, X. E. Verykios, J. Catal. 1996, 161, 560.

[465] X. Wang, G. I. N. Waterhouse, D. R. G. Mitchell, K. Prince, R. A. Caruso,

ChemCatChem 2011, 3, 1763.

[466] Y. L. Kuo, H. Chen, Y. Ku, Thin Solid Films 2007, 515, 3461.

[467] A. Henglein, J. Phys. Chem. 1979, 83, 2209.

[468] G. Zhao, H. Kozuka, T. Yoko, Thin Solid Films 1996, 277, 147.

[469] H. Kozuka, G. Zhao, S. Sakka, J. Sol-Gel Sci. Technol. 1994, 2, 741.

[470] V. Subramanian, E. Wolf, P. Kamat, J. Am. Chem. Soc. 2004, 126, 4943.

141



[471] Y. R. Do, W. Lee, K. Dwight, A. Wold, J. Solid State Chem. 1994, 108, 198.

[472] Y. Lin, T. Xie, B. Cheng, B. Geng, L. Zhang, Chem. Phys. Lett. 2003, 380,

521.

[473] K. Arshak, O. Korostynska, F. Fahim, Sensors 2003, 3, 176.

[474] D. J.-I. C. for Diffraction, 1997.

[475] K. Nagaveni, M. S. Hedge, G. Madras, J. Phys. Chem. B 2004, 108, 20204.

[476] C. Martin, I. Martin, V. Rives, L. Palmisano, M. Schiavello, J. Catal. 1992,

134, 434.

[477] L. Palmisano, V. Augugliaro, A. Sclafani, M. Schiavello, J. Phys. Chem. 1988,

92, 6710.

[478] Y. Yang, X. J. Li, J. T. Chen, L. Y. Wang, J. Photochem. Photobiol. A 2004,

163, 517.

[479] M. W. Xiao, L. Wang, X. Huang, Z. Dang, J. Alloys Compd. 2009, 470, 486.

[480] L. G. Devi, B. N. Murthy, Catal. Lett. 2008, 125, 320.

[481] S. Berger, H. Tsuchiya, P. Schmuki, Chem. Mater. 2008, 20, 3245.

[482] W. Wei, S. Berger, N. K. Shrestha, P. Schmuki, J. Electrochem. Soc. 2010,

157, C409.

[483] J. Papp, S. Soled, K. D. K, A. Wold, Chem. Mater. 1994, 6, 496.

[484] C. S. Hsu, C. C. Hsu, H. T. Huang, C. H. W. Peng, C. Hsu, Thin Solid Films

2008, 516, 4839.

[485] K. Tanabe, T. Sumiyoshi, K. Shibata, T. Kiyoura, J. Kitagawa, Bull. Chem.

Soc. Jpn. 1974, 47, 1064.

[486] H. Nakabayashi, Bull. Chem. Soc. Jpn. 1992, 65, 914.

[487] W. Lee, Y. R. Do, K. Dwight, A. Wold, Mater. Res. Bull. 1993, 28, 1127.

[488] V. Keller, P. Bernhardt, F. Garin, J. Catal. 2003, 215, 129.

[489] G. Marci, L. Palmisano, A. Sclafani, A. M. Venezia, R. Campostrini, G. Car-

turan, V. R. C. Martin, G. Solana, JJ. Chem. Soc. Faraday Trans. 1996, 92,

819.

[490] A. Corma, H. Garcia, Chem. Commun. 2004, 1443.

[491] R. J. Tayade, R. G. Kulkarni, R. V. Jasra, Ind. Eng. Chem. Res. 2007, 46,

369.

[492] X. L. P., K. K. Lu, J. K. Thomas, J. Chem. Soc. Faraday Trans. 1993, 89,

1861.

[493] G. Bonilla, D. G. Vlachos, M. Tsapatsis, Microporous Mesoporous Mater.

2001, 42, 191.

142



[494] S. M. Sze, Physics of semiconductor devices, Muray Hill, New Jersey, 1981.

[495] S. Fierro, K. Abe, C. Comnellis, Y. Einaga, J. Electrochem. Soc. 2011, 158,

F183.

[496] B. Marselli, J. Garcia-Gomez, P.-A. Michaud, M. A. Rodrigo, C. Comninellis,

J. Electrochem. Soc. 2003, 150, D79.

[497] E. Panizza, G. Cerisola, Anal. Chim. 2003, 93, 977.

[498] P. Canizares, C. Saez, J. Lobato, M. A. Rodrigo, Ind. Eng. Chem. Res. 2004,

43, 1944.

[499] G. Filardo, F. D. Quarto, S. Gambino, G. Silvestri, J. Appl. Electrochem.

1982, 12, 127.

[500] N. Couselo, F. S. G. Einschlag, R. J. Candal, M. Jobaggy, J. Phys. Chem. C

2008, 112, 1094.

[501] A. C. Bhasikuttan, A. V. Sapre, L. V. Shastri, J. Photochem. Photobiol. A

1995, 90, 177.

[502] A. Mittal, J. Mittal, A. Malviya, D. Kaur, V. K. Gupta, J. Colloid Interface

Sci. 2010, 343, 463.

[503] P. Barquinha, L. Pereira, H. Aguas, E. Fortunato, R. Martins, Mater. Sci.

Semicond. Process. 2004, 7, 243.

[504] V. M. Naik, D. Haddad, R. Naik, J. Benci, G. W. Auner in Mater. Res. Soc.

Symp. Proc. Vol. 755, 2002, p. 413.

[505] D. F. Ollis, H. A.-E. (Eds.), Photocatalytic Purification and Treatment of Wa-

ter and Air, Elsevier Science, Amsterdam, 1993.

[506] C. C. Chen, F. D. Mai, K. T. Chen, C. W. Wu, C. S. Lu, Dyes Pigm. 2007,

75, 434.

143



144



List of Figures

Chapter 1 1

1.1 Scheme of photo-induced processes at a TiO2 semiconductor/electrolyte interface.

Light (hν) excites the valence band electron to the conduction band. The electron

and hole react with an environment acceptor (A) and/or donor (D). The acceptor

and donor species are reduced and oxidized (= photocatalytic reactions). Compet-

ing with reaction are recombination and trapping of electrons and holes (= reducing

photocatalytic efficiency). Gray boxes give typical reactants and reaction products

in photocatalytic reactions on TiO2. . . . . . . . . . . . . . . . . . . . . . . 2

Chapter 2 4

2.1 Schematic illustration of growth of TiO2 nanotubular arrays from a Ti metallic

substrate by anodization in the presence of fluoride ions and SEM image showing

a typical highly ordered nanotubular TiO2 array (Thanks to Mr. S. P. Albu for

providing SEM image). . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

2.2 Other highly ordered mesoscale TiO2 morphologies formed by anodization of Ti

in hot glycerol electrolytes (sponges, nanochannels, and fishbone structure) (taken

from Refs. [67, 68] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

2.3 SEM images of (a) first-generation TiO2 nanotube layers (short and side wall

ripples) and (b) the latest generation of TiO2 nanotubular layers (high aspect

ratio, highly ordered, smooth walls) showing side view and top and bottom views

(taken with permission from Ref. [77]) . . . . . . . . . . . . . . . . . . . . 8

2.4 SEM and STEM images showing advanced morphologies of TiO2 nanotube-based

tube stacks and branching of tubes, bamboo type of nanotubes and nanolace (taken

with permission from Ref. [113]). . . . . . . . . . . . . . . . . . . . . . . . 9

145



2.5 SEM image showing TiO2 membrane open on top and bottom, optical image of

lift−off membrane being held by tweezers and a scheme of TiO2 nanotubular flow

through photocatalytic membrane produced by lift−off and bottom opening pro-

cedure (taken with permission from Refs. [71, 119]) . . . . . . . . . . . . . . 9

2.6 ’Superlattice’ structures of a TiO2/Ta2O5 nanotube arrays from a Ti/Ta multilayer

substrate (taken from Ref. [122]) . . . . . . . . . . . . . . . . . . . . . . . 11

2.7 Band positions of some common semiconductors used as photocatalysts and their

corresponding energy scales vs. the vacuum level and vs. the normal hydrogen

electrode (NHE). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

2.8 Relative positions of various redox couples and work functions of various metals

relative to the band edges of TiO2. . . . . . . . . . . . . . . . . . . . . . . 14

2.9 X-ray diffraction patterns for TiO2 nanotubular arrays grown on Ti metal (15 µm

long) at room temperature and annealed at different temperatures, 350, 500, 700,

and 900◦C (taken from Ref. [157]). . . . . . . . . . . . . . . . . . . . . . . 15

2.10 SEM images of top and cross-sectional view of self-ordered nanotubes grown on

0.05 at% Ru alloy after annealing at 650◦C (taken with permission from Ref. [158]). 16

2.11 SEM image of oxide rutile layer formed underneath the nanotubes after annealing

at temperatures higher than 500◦C in O2−containing atmospheres (Thanks to Dr.

Ning Liu for providing SEM image) . . . . . . . . . . . . . . . . . . . . . . 16

2.12 Two point conductivity measurements for TiO2 nanotubes annealed in various gas

atmospheres and at various temperatures for 150 min (unpublished results from

Mr. A. Tighineanu). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

2.13 Energy diagram of n-type TiO2 semiconductor for the case Ef,sc > Ef,redox: (a)

position before semiconductor−electrolyte contact; (b) position under equilibrium

conditions, after semiconductor−electrolyte contact (c) by applying anodic bias

(+∆U) leads to increase band bending and increase in space charge layer (W);

(d) by applying cathodic potential leads to flat band conditions (U = Ufb); (e)

complete depletion for TiO2 NTs, i.e. W extends (from both sides) through the

entire tube wall; (f) [left] for TiO2 typically holes are immediately surface trapped,

electrons migrate towards back contact (while suffering recombination losses); and

[right] scheme of light absorption for different wavelength leading to different light

penetration depth (into a tube layer). . . . . . . . . . . . . . . . . . . . . . 21

2.14 Energy bands on TiO2 relative to redox potentials of water as a function of pH

(taken with permission from Ref. [42]) . . . . . . . . . . . . . . . . . . . . 25

2.15 Degree of dissociation of TiO2 surface as a function of pH. . . . . . . . . . . . 26

146



2.16 Representation of typical time scales in photocatalytic processes on TiO2. . . . 27

2.17 Schematic illustration of energy level positions for various dopants in TiO2 relative

to band-edges. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

2.18 Two-dimensional energy band diagram of an n-type semiconductor with a metal

particle/dot. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

2.19 Enhanced photocatalytic water splitting using Nb doped (Ti0.1Nb) tubes, shown

as dark/light I−V curves for TiNb and plain TiO2 nanotube layers (1M KOH)

under AM1.5 (100 mW/cm2) conditions (taken with permission from Ref. [244]). 42

2.20 Scheme showing the release principle of model drug (or other payload) from func-

tionalized TiO2 nanotubes upon UV light illumination. (taken with permission

from Ref. [328]). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

2.21 SEM images (left) and schematic image (right top) of latest generation TiO2 nan-

otubular membranes based on TiO2 nanotubes and meso sponge (right bottom)

used for size selective protein separation and photocatalytic declogging of mem-

brane. (taken from Ref. [68, 119]). . . . . . . . . . . . . . . . . . . . . . . 48

Chapter 3 50

3.1 Electrochemical cells showing three− and two−electrode configurations . . . . . 52

3.2 Schematic illustration of the photodeposition approach to obtain an AgTiO2 nan-

otubular layer (UV, λ = 325 nm, intensity ∼50 mW/cm2) . . . . . . . . . . . 54

3.3 Schematic illustration of Au nanoparticles synthesis by UHV evaporation. . . . 54

3.4 In situ crystallization of ZSM−5 zeolite nanocrystals on TiO2 nanotubes. . . . . 56

3.5 Schematic illustration of a photocatalytic measurement apparatus. . . . . . . . 62

Chapter 4 65

4.1 Influence of annealing temperature on the photocatalytic degradation of AO7 using

TiO2 nanotubes of thickness ∼1.5 µm (taken from Ref [430]). . . . . . . . . . . 66

4.2 Influence of crystallinity on the photodegradation of RhB using TiO2 nanotubes

(of length ∼2.2 − 2.6 µm) annealed at different temperatures. . . . . . . . . . 66

4.3 SEM images of TiO2 nanotubes of different lengths grown in ethylene glycol elec-

trolyte. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67

4.4 XRD patterns of TiO2 nanotubes corresponding to the SEM micrographs shown

in Fig. 4.3. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68

4.5 Photocatalytic decay curves showing the influence of the thickness of TiO2 nan-

otubular arrays grown in first-generation glycerol-based electrolyte. . . . . . . . 69

147



4.6 Latest generation of TiO2 nanotubular arrays grown in ethylene glycol-based elec-

trolytes showing photodegradation of AO7. . . . . . . . . . . . . . . . . . . 70

4.7 Influence of intensity on the photocatalytic activity (grown in Ethylene Glycol

electrolyte, TiO2 nanotubes of ∼ 3 µm thickness). Inset: rate constant vs. intensity

variation in comparison with the literature. . . . . . . . . . . . . . . . . . . 72

4.8 Influence of bubbling on OCP (thickness ∼1.5 µm). Inset: influence of various gas

bubbling effects (taken from Ref. [430]). . . . . . . . . . . . . . . . . . . . 72

4.9 Influence of applied potential (TiNT thickness ∼1.5 µm) on photodegradation of

AO7 (taken from Ref. [430]). . . . . . . . . . . . . . . . . . . . . . . . . 73

4.10 Schematic representation of various modification approaches for TiO2 nanotubes. 75

4.11 SEM images of Ag nanoparticles loaded on (a) 500 nm and (b) 1.5 µm thick nan-

otubular layers. The average diameter of the nanoparticles is ∼10 nm. . . . . . 76

4.12 TiO2 nanotubular layers showing the presence of Ag nanoparticles at the tube top

(a) and bottom (b), and inside the nanotube (c). . . . . . . . . . . . . . . . 77

4.13 SEM image showing flat TiO2 layers (∼50 nm) loaded with Ag nanoparticles. . 78

4.14 XRD spectra of the Ag-loaded annealed and amorphous nanotube layers. . . . . 78

4.15 XPS full survey spectrum (a) and Ag3d (b). . . . . . . . . . . . . . . . . . 79

4.16 SEM images of TiO2 nanotubular structure grown in 1 M Na2SO4+0.14 M NaF

electrolyte after annealing to anatase loaded with Au nanoparticles (φ = 28 nm). 80

4.17 XRD spectra for anatase TiO2 nanotubular layer without Au (top) and with Au

(bottom) after re-annealing. . . . . . . . . . . . . . . . . . . . . . . . . . 80

4.18 EDX spectra of Ag and Au deposited TiO2 nanotubes. The inset shows magnified

areas for the Au and Ag peaks. . . . . . . . . . . . . . . . . . . . . . . . 81

4.19 SEM images showing top views of TiO2 nanotubes (TiNTs): (a) as grown by

anodization in a mixture of glycerol and water (60:40 vol%) + 0.2 M NH4F at 30

V for 3 h; (b−d) after decoration with WO3 (WO3/TiNT) (taken from Ref. [312]). 82

4.20 XRD patterns of annealed TiNT and WO3/TiNT annealed at 450◦C (taken from

Ref. [312]). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83

4.21 (a) XPS survey spectra of as-formed WO3/TiNT; (b) detail of the W4d peak for

WO3/TiNT (taken from Ref. [312]). . . . . . . . . . . . . . . . . . . . . . 84

4.22 Comparison of photocatalytic decomposition of the azo dye AO7 for different pho-

tocatalytic systems (Ref/NT−TiO2, reference nanotube TiO2; Ag/NT − TiO2,

Ag−loaded nanotube TiO2; Au/NT −TiO2, Au loaded on anatase TiO2 nanotube

with post − annealing; Au∗ /NT −TiO2, Au loaded on anatase TiO2 without post

−annealing). Kinetic rate constant ’k’ values are shown in the inset. . . . . . . 86

148



4.23 Overview of photocatalytic decomposition of the azo dye AO7 using particle dec-

oration on TiO2 nanotubes. . . . . . . . . . . . . . . . . . . . . . . . . . 86

4.24 SEM (a) top view of TiO2 NTs before particle loading; the inset shows the thickness

of the NTs. (b) Top view of TiO2 NTs after NiO particle loading; the inset shows

the near bottom view of the NTs. (c) Side view of TiO2 NTs after NiO particle

loading; the inset shows the side view of the NTs before particle loading (taken

from Ref. [327]). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89

4.25 Energy band diagram showing junction formation of TiO2−NiO semiconductors

and electron−interface injection from the NiO valence band to the TiO2 conduction

band. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90

4.26 XRD patterns of (i) TiO2 NTs annealed at 450◦C, (ii) particle−loaded TiO2 NTs

annealed at 450◦C, (iii) particle−loaded TiO2 NTs annealed at 550◦C, and (iv)

particle-loaded TiO2 NTs annealed at 630◦C (taken from Ref. [327]). . . . . . 91

4.27 Kinetics of the photocatalytic decomposition of AO7 with and without NiO nan-

oparticle photocatalyst-loaded TiNTs at different annealing temperatures (taken

from Ref. [327]). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91

4.28 Scanning electron micrographs of top view (left) and cross-section (right) of self-

organized nanotube layers formed on Ti0.2W (a,b); Ti 9W (c,d) and Ti (e,f). . . 92

4.29 X−ray diffraction patterns for the layers in Fig. 4.28 after annealing at 450◦C. . 93

4.30 XRD pattern of Ti9W nanotube layers annealed at 350 and 550◦C. . . . . . . 94

4.31 Photocatalytic degradation of Rhodamine B (RhB, C0 = 20 µM in aqueous solu-

tion) under UV light (325 nm). (a) Comparison of W−doped and undoped TiO2

nanotubes. (b) Effect of annealing on W-doped and undoped TiO2 nanotubes. . 96

4.32 SEM images of top and cross−section of the oxide layer formed on Ti−Mo samples

after anodization under self−organizing conditions in (a,b) Ti7Mo, (c,d) Ti20Mo,

(e,f) Ti35Mo, and (g,h) Ti. Inset in (f): highly magnified micrograph of (f) (taken

from Ref. [290]). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98

4.33 EDX spectra of the oxide layers on the Ti−Mo samples: (a) Ti7Mo, (b) Ti20Mo,

and (c) Ti35Mo (taken from Ref. [290]). . . . . . . . . . . . . . . . . . . . 99

4.34 XRD patterns of the oxide layers shown in Fig. 4.33 after annealing at 450◦C in

air for 1 h: (a) Ti, (b) Ti7Mo, (c) Ti20Mo, and (d) Ti35Mo (taken from Ref. [290]). 100

4.35 Photocatalytic activity for the different oxide layers measured by the decoloration

of AO7: (a) influence of composition on activity, (b) effect of nanotube length for

Ti and Ti7Mo, and (c) effect of annealing temperature on activity for Ti and Ti7Mo

(taken from Ref. [290]). . . . . . . . . . . . . . . . . . . . . . . . . . . . 109

149



4.36 Photocatalytic degradation of AO7 using different alloyed substrates. . . . . . 110

4.37 Photocatalytic degradation of AO7 (C0 = 2.5×10−5 M in aqueous solution) under

UV light (325 nm). Comparisons of various TiO2 nanotubes that were modified

with Ag, Au, and WO3 nanoparticles and various mixed oxide nanotubes against

undoped TiO2 nanotubes are shown. . . . . . . . . . . . . . . . . . . . . . 110

4.38 SEM images of top and cross−section of TiO2 nanotubular structure grown in a

mixture of glycerol (1,2,3−propanetriol) and water (60:40 vol%) + 0.27 M NH4F

electrolyte at 30 V, after annealing to anatase (a,b), and after loading with ZSM−5

nanocrystals (c−e); (e) shows the location where the XRD analysis in (f) was

performed. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111

4.39 XRD patterns of the anatase TiO2 nanotube layers (a), filled with MFI−type zeolite

(ZSM−5) (b), and excess calcined ZSM−5 powder (c). . . . . . . . . . . . . 112

4.40 Comparison of photodegradation of 60 ppm of acetophenone (aromatic organic

pollutant) in ethanol (and water) for different photocatalytic systems (TiO2 nan-

otube loaded with ZSM−5 zeolite, TiNT/ZSM−5; TiO2 nanotube, TiNT; reference

ZSM−5 powder, ZSM−5). . . . . . . . . . . . . . . . . . . . . . . . . . . 113

4.41 Band diagram (a), I−V characteristics (inset: Mott−Schottky plot) (b), and Fowler-

Nordheim plot (c) for anodic TiO2 flat layer. . . . . . . . . . . . . . . . . . 114

4.42 SEM top view and cross−sections of the anodic films used in this work, as−formed

(top) and after annealing (bottom). . . . . . . . . . . . . . . . . . . . . . 115

4.43 Comparison of degradation of the aromatic pollutant Crystal Violet (C0 = 1 mg/l)

by applying different potentials in the dark and UV−induced on an anodic flat

TiO2 surface. Inset: structure of Crystal Violet. . . . . . . . . . . . . . . . 115

4.44 Absorbance spectra of Crystal Violet dye (C0 = 1 mg/l) recorded at different time

intervals by (a) an applied potential in the dark of 5 V at 0, 90, and 194 min, and

(b) UV−induced. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116

4.45 H−NMR spectra of Crystal Violet dye degradation: (a) UV−induced and (b)

potential−induced in the dark. . . . . . . . . . . . . . . . . . . . . . . . . 117

150



List of Tables

Chapter 3 50

3.1 Electrochemical anodization conditions for nanotube growth of Ti and

other Ti based alloys. . . . . . . . . . . . . . . . . . . . . . . . . . . . 64

Chapter 4 65

4.1 pH and rate constant values of reacting solution ( * Dye solution: Crys-

tal Violet+ 0.1M Na2SO4) . . . . . . . . . . . . . . . . . . . . . . . . 106

151



152



Acknowledgements

First and foremost I wish to thank my advisor Prof. Dr. Patrik Schmuki for giving

me the oppurtunity to pursue a doctoral degree. I thank him for the time taken for

scientific discussions, support and motivation.

Prof. Dr. Sannakaisa Virtanen is greatly acknowledged for her friendly interaction

and scientific discussions. Especially her support towards proof reading manuscripts

is of great value. Thanks to Dr. Matthias Moll and Dr. Andreas Bösmann for H-
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MFI-type (ZSM-5) zeolite-filled TiO2 nanotubes for enhanced photocatalytic activ-

ity Nanotechnol., 2009, 20 (22), art. no. 225607.

155



[7] P. Roy, D. Kim, I. Paramasivam, P. Schmuki, Improved efficiency of TiO2 nan-

otubes in dye sensitized solar cells by decoration with TiO2 nanoparticles, Elec-

trochem. Commun., 2009, 11 (5), 1001.

[8] A. Benoit, I. Paramasivam, Y.-C. Nah, P. Roy, P. Schmuki, Decoration of TiO2

nanotube layers with WO3 nanocrystals for high-electrochromic activity, Electro-

chem. Commun., 2009, 11 (4), 728.

Year 2010

[9] W. Wei, H. Jha, G. Yang, R. Hahn, I. Paramasivam, S. Berger, E. Spiecker,

P. Schmuki, Formation of self-organized superlattice nanotube arrays-embedding

heterojunctions into nanotube walls, Adv. Mater., 2010, 22 (42), 4770.

[10] Y.-C. Nah, I. Paramasivam, P. Schmuki, Doped TiO2 and TiO2 nanotubes: Syn-

thesis and applications ChemPhysChem, 2010, 11 (13), 2698.

[11] I. Paramasivam, Y.-C. Nah, C. Das, N. K. Shrestha, P. Schmuki, WO3/TiO2

nanotubes with strongly enhanced photocatalytic activity, Chem. Eur. J., 2010,

16 (30), 8993.

[12] Y.-C. Nah, N. K. Shrestha, D. Kim, S. P. Albu, I. Paramasivam, P. Schmuki,

Voltage induced self-peeling of initiation layers on self-organized TiO2-WO3 nan-

otubes and formation of oxide nanosheet rolls, Electrochem. Solid-State Lett.,

2010, 13 (8), K73.

[13] Y.-C. Nah, I. Paramasivam, R. Hahn, N. K. Shrestha, P. Schmuki, Nitrogen

doping of nanoporous WO3 layers by NH3 treatment for increased visible light

photoresponse, Nanotechnol., 2010, 21 (10), art. no. 105704.

[14] K. Lee, D. Kim, P. Roy, I. Paramasivam, B. I. Birajdar, E. Spiecker, P. Schmuki,

Anodic formation of thick anatase TiO2 mesosponge layers for high-efficiency pho-

tocatalysis, J. Am. Chem. Soc., 2010, 132 (5), 1478.

[15] N. K. Shrestha, M. Yang, Y.-C. Nah, I. Paramasivam, P. Schmuki, Self-organized

TiO2 nanotubes: Visible light activation by Ni oxide nanoparticle decoration,

Electrochem. Commun., 2010, 12 (2), 254.

156



[16] Y.-Y. Song, P. Roy, I. Paramasivam, P. Schmuki, Voltage-induced payload release

and wettability control on TiO2 and TiO2 nanotubes, Angew. Chem. Int. Ed.,

2010, 49 (2), 351.

[17] P. Agarwal, I. Paramasivam, N. K. Shrestha, P. Schmuki, MoO3 in self-organized

TiO2 nanotubes for enhanced photocatalytic activity, Chem. Asian J., 2010, 5

(1), 66.

Year 2011

[18] C. Das, I. Paramasivam, N. Liu, P. Schmuki, Photoelectrochemical and pho-

tocatalytic activity of tungsten doped TiO2 nanotube layers in the near visible

region, Electrochim. Acta, 2011, 56 (28), 10557.

[19] A. Mazare, I. Paramasivam, K. Lee, P. Schmuki, Improved water-splitting beha-

viour of flame annealed TiO2 nanotubes, Electrochem. Commun., 2011, 13 (10),

1030.

[20] N. K. Shrestha, M. Yang, I. Paramasivam, P. Schmuki, Visible-light-induced

photocatalysis using self-organized TiO2 nanotubes decorated with AgBr deposits,

Semicond. Sci. Technol., 2011, 26 (9), 092002.

[21] I. Paramasivam, J. M. Macak, A. Ghicov, P. Schmuki, Erratum: Enhanced

photochromism of Ag loaded self-organized TiO2 nanotube layers (Chem. Phys.

Lett. 2007, 445, 233), Chem. Phys. Lett., 2011, 509 (1-3) 88.

[22] H. Jha, P. Roy, R. Hahn, I. Paramasivam, P. Schmuki, Fast formation of aligned

high-aspect ratio TiO2 nanotube bundles that lead to increased open circuit

voltage when used in dye sensitized solar cells, Electrochem. Commun., 2011,

13 (3), 302.

Year 2012

[23] K. R. Hebert, S. P. Albu, I. Paramasivam, P. Schmuki, Morphological instability

leading to formation of porous anodic oxide films, Nat. Mater., 2012, 11 (2), 162.

[24] K. R. Hebert, S. P. Albu, I. Paramasivam, P. Schmuki, Erratum: Morphological

instability leading to formation of porous anodic oxide films (Nat. Mater. (2011))

Nat. Mater., 2012, 11 (2), 167.



[25] R. Sánchez-Tovar, I. Paramasivam, K. Lee, P. Schmuki, Influence of hydro-

dynamic conditions on growth and geometry of anodic TiO2 nanotubes and their

use towards optimized DSSCs J. Mater. Chem., 2012, 22 (25), 12792.

[26] A. Mazare, I. Paramasivam, F. Schmidt-Stein, K. Lee, I. Demetrescu, P. Schmuki,

Flame annealing effects on self-organized TiO2 nanotubes, Electrochim. Acta,

2012, 66, 12.

[27] I. Paramasivam, S. Singh, M. Moll, C. Hauser, K. Meyer, P. Schmuki, Photocata-

lysis vs. anodic-breakdown catalysis on TiO2 layers, Electrochim. Acta, 2012, 66,

7.

[28] S. P. Albu, N. Taccardi, I. Paramasivam, K. R. Hebert, P. Schmuki, Oxide growth

efficiencies and self-organization of TiO2 nanotubes, J. Electrochem. Soc., 2012,

doi: 10.1149/2.015208jes.

158


	Paramasivam_Dissertation1.pdf
	Leere Seite
	Leere Seite




