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1 Abstract  

This PhD dissertation focuses on the fabrication and characterization of semitransparent substrates 

overgrown by titania material. The applicability of the fabricated material as a potential photoanode for 

efficient light conversion and optoelectrochemical sensing was also investigated. The general approach 

adopted in this work towards fabricating the semitransparent material consists first of the sputtering of 

Ti film onto indium tin oxide (ITO) coated glass substrate followed by anodizing of the deposited film. 

Optimization of the anodization parameters was carried out to obtain highly ordered, semitransparent 

layers composed of aligned or spaced nanotubes on planar substrates. Next, the tubular morphology was 

formed on the both sides of planar substrates using an anodization setup equipped with a suitable sample 

holder allowing each side to be anodized independently. The influence of the distribution of the tubes, 

i.e. aligned, when outer walls are adjacent to each other, and spaced on some distance, on the 

photoactivity of the fabricated double-sided materials was studied. Aligned nanotubes were also 

obtained out of Ti film sputtered onto optical fiber. Anodization was carried out in the system where Ti 

covered fiber was placed between two platinum meshes. The transparent layer of nanotubes was 

obtained on the optical fiber owing to the optimization of the distance between the platinum meshes. 

The presence of tubular layer onto the optical fiber plays important role in determination of the refractive 

index in liquid medium. It should be underlined that semitransparent materials are less efficient than 

those fabricated onto Ti foil in terms of light conversion. However, the improvement of the quantum 

efficiency of the semitransparent tubular layers through their modification can be carried out. To reach 

this, the incorporation of silver within the nanotubular layers was proposed. This aim was realized by 

the formation of aligned and spaced nanotubes out of TiAg films with different Ag content (i.e., 1.7, 

3.5, and 5 % Ag content, the rest is Ti) deposited onto ITO coated glass substrate. Energy dispersive X-

ray analysis revealed for the aligned tubular architecture the preservation of 60 % of the Ag content in 

the sputtered TiAg layer after the anodization. A three-fold increase in the incident photon-to-current 

conversion efficiency (IPCE) for the aligned nanotubes out of the TiAg films containing 3.5  % of Ag 

was obtained with respect to the bare titanium dioxide layer with the same tubular architecture. The 

quantum efficiency of the tubular layer was also increased through its functionalization with 

Ti3C2Tx/TiO2 heterostructures. The heterostructures were synthesized via laser annealing of Ti3C2Tx 

frozen suspension. The nanotube layer integrated with Ti3C2Tx/TiO2 demonstrated about ten time 

increase in the IPCE compared to the bare substrate. The main outcome of this work is the development 

of fabrication procedures of semitransparent ordered nanostructures and their functionalization that can 

contribute to the development of solar powered devices and optoelectrochemical sensors. 
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2 Streszczenie 

Niniejsza rozprawa doktorska dotyczy wytwarzania i diagnostyki półprzezroczystych podłoży 

z ditlenkiem tytanu. Zbadano również możliwość zastosowania wytworzonego materiału jako 

potencjalnej fotoanody przeznaczonej do wydajnej konwersji światła i czujnika 

optoelektrochemicznego. Podejście zastosowane w tej pracy w celu otrzymywania materiału 

półprzezroczystego polega najpierw na napylaniu warstwy Ti na podłoże szklane pokryte tlenkiem indu 

i cyny (ITO), a następnie anodyzacji takiej warstwy. Przeprowadzono optymalizację parametrów 

procesu anodyzacji by uzyskać wysoce uporządkowane półprzezroczyste warstwy składające się 

z przylegających do siebie i rozstawionych na pewną odległość nanorurek na płaskich podłożach. 

Następnie, nanostruktury rurkowe utworzono po obu stronach płaskich podłoży z użyciem zestawu do 

anodyzacji wyposażonego w odpowiedni chwytak na próbki umożliwiający prowadzenie anodyzacji 

niezależnie dla każdej ze stron. Zbadano wpływ rozmieszczenia nanorurek na podłożu, które mogą do 

siebie przylegać ściankami zewnętrznymi lub być rozstawione na pewną odległość względem siebie, na 

fotoaktywność wytworzonych materiałów. Przylegające nanorurki otrzymano także z warstwy 

tytanowej napylonej na światłowód. Anodyzowanie przeprowadzono w układzie, w którym światłowód 

z warstwą Ti umieszczono pomiędzy dwiema siatkami platynowymi. Dzięki dobraniu odległości 

pomiędzy platynowymi siatkami otrzymano przezroczystą warstwę przylegających nanorurek. Warstwa 

nanorurek odgrywała istotną rolę w wyznaczeniu współczynnika załamania światła dla cieczy, w której 

zanurzono czujnik światłowodowy. Należy mieć jednak na uwadze fakt, że materiały półprzezroczyste 

nie umożliwiają na prowadzenie tak wydajnej fotokonwersji jak te wytworzone na folii tytanowej. 

Można jednak doprowadzić do poprawy wydajności kwantowej półprzezroczystych warstw nanorurek 

dzięki ich modyfikacji. By to osiągnąć, zaproponowano wprowadzenie srebra do warstw z nanorurek. 

Cel ten zrealizowano poprzez utworzenie przylegających i rozstawionych warstw nanorurek na drodze 

anodyzacji warstw TiAg o różnej zawartości Ag (tj. 1,7, 3,5 i 5% Ag, a resztę stanowi Ti), osadzonych 

na podłożu szklanym pokrytym ITO. Analiza rentgenowska z dyspersją energii wykazała, że 

w przypadku warstwy przylegających nanorurek 60 % Ag z napylonej warstwy TiAg pozostało 

w warstwie. Uzyskano trzykrotny wzrost wydajności kwantowej fotokonwersji (IPCE) dla nanorurek 

otrzymanych z warstw TiAg zawierających 3,5 % Ag w porównaniu z warstwą ditlenku tytanu o tym 

samym sposobie rozmieszczenia nanorurek na podłożu. Wydajność kwantową fotokonwersji dla 

warstwy nanorurek zwiększono również poprzez jej funkcjonalizację heterostrukturami Ti3C2Tx/TiO2. 

Heterostruktury wytworzono poprzez obróbkę wiązką laserową zamrożonej zawiesiny Ti3C2Tx. 

Warstwa nanorurek wraz z Ti3C2Tx/TiO2 wykazała ok. dziesięciokrotny wzrost IPCE w porównaniu 

z niemodyfikowanym podłożem. Głównym rezultatem tych prac jest opracowanie procedur 

wytwarzania półprzezroczystych uporządkowanych nanostruktur i ich funkcjonalizacji, które mogą 

przyczynić się do rozwoju zasilanych energią słoneczną i czujników optoelektrochemicznych. 
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3 List of abbreviations 

 

A  Absorbance 

CV Cyclic Voltammetry  

LSV Linear Sweep Voltammetry 

CPE Constant phase element 

EIS Electrochemical Impedance Spectroscopy 

ITO Indium Tin Oxide  

FTO fluorine-doped Tin Oxide 

TNT Titania Nanotubes 

QCM Quartz Crystal Microbalance 

TCO Transparent conducting oxide 

EQC Electric Equivalent Circuit 

SEM Scanning Electron Microscopy 

TEM Transmission Electron Microscopy 

EDX Energy Dispersive X-rays 

XPS X-ray Photoelectron Spectroscopy 

XRD X-ray diffraction 

IMPS Intensity-Modulated Photocurrent Spectroscopy 

IPCE Incident-Photon-to-Current Efficiency 

FTIR  Fourier Transform Infrared Spectroscopy 

 

Notations 

FA side overgrown with aligned nanotubes  

FS side overgrown with spaced nanotubes 

F1 side 1 of the symmetric electrode 

F2 side 2 of the symmetric electrode 

NT(A)-ITO-NT(A)  ITO overgrown with aligned nanotubes on the both sides 

NT(S)-ITO-NT(S) ITO overgrown with spaced nanotubes on the both sides 

NT(A)-ITO-NT(S) one side of the ITO is overgrown with aligned nanotubes and the other 

with spaced nanotubes  

PEC Photoelectrochemical  

UV-vis  Ultraviolet – visible 

PL Photoluminescence 
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Symbols and units 

C Space charge capacitance [F] 

e Electron charge [C] 

E Applied potential [V] 

Eo Formal Potential [V] 

Eg Band gap energy [eV] 

Efb Flat band potential [V]  

F Frequency of the AC signal [Hz] 

K Boltzmann constant [JK-1] 

H Planck constant [Js] 

M Number of parameters of the Powell algorithm [-] 

ND Donor density [cm-3] 

NA Acceptor density [cm-3] 

N Number of points in the Powell algorithm [-]  

Nt  Nanotubes per unit area [cm-2] 

PM Parameters of the Powell algorithm [-] 

Q Capacitance for n =1 [Ω-1cm-2 sn] 

ra Amplitude weighting [-] 

rc Constant parameter [-] 

Rct Charge transfer resistance at the semiconductor/electrolyte interface [Ω] 

Rs Series resistance [Ω] 

T Temperature [K] 

Wor Warburg coefficient [Ωcm-2 s0.5] 

Woc Warburg coefficient [s0.5] 

Z Impedance [Ω] 

Z” Imaginary part of the impedance [Ω] 

Z’ Real part of the impedance [Ω] 

i Current [A] 

ip Peak current [A] 

j Current density [A cm-2] 

t Time [unit depending on the time scale] 

EF Fermi level [eV] 
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Greek 

𝜀 Relative permittivity [-] 

𝜀0 Permittivity of the free space [Fcm-1]  

ω Angular frequency [rads-1] 

χ2  fitting errors [-] 

𝛼  Absorption coefficient [cm-1] 

𝜈 photon frequency [Hz] 

Ф Work function 
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4 Literature and background 

4.1 General introduction 

The continuous warming of the climate due to the intensive use of the fossil-based 

resources is becoming preoccupant. In this regard, scientists are working together to determine 

responsibilities for climate action.1 The ambition is to limit the increase in global mean 

temperature to below 1.5 °C per year.1 It is therefore urgent to gradually reduce the high 

dependence on fossil resources in favour of renewable and sustainable energy resources. 

Among others, sunlight is the largest source of green energy for the planet. Indeed, 

4.3   ×   1020  J of solar energy hits the Earth in an hour.2 This energy is larger than the annual 

global energy consumption, which is estimated to 4.1 × 1020 J.2 Therefore, the energy delivered 

by the sun in one hour is sufficient to cover the annual global energy demand.2 However, one 

of the major issues for the usage of this abundant and freely available energy from sunlight is 

its efficient harvesting and conversion.3 Up to now a plenty of devices and processes were 

proposed, utilizing solar radiation to provide heat or electricity around the globe. Among others 

there exist already huge solar cell farms and series of solar panels present on the roofs, 

photocatalytic reactors used for the pollution removal, solar collectors and even outdoor 

photoactive paintings. Nevertheless, still many efforts should be undertaken to increase the 

efficiency of those processes not only via upgrading the construction of the device, but also 

some works still need to be focused onto the element that is responsible for the efficient light 

capture. The synthesis and/or the modification of new photoactive structure requires a number 

of optimisation stages. Additionally, if the photoactive material is planned to be used as an 

electrode, the method of stable immobilisation should be developed to avoid leakages at the 

current collector/active material interface. Thus, research in the field of novel electrode 

materials is strongly related with huge effort put on the processing procedures that guarantee 

construction of the device exhibiting high light harvesting. 

Realizing that the manipulation of the photoelectrode nanostructure can bring 

substantial changes in its activity under irradiation, I focused my research on exploring 

processing of titania. This material is considered as one of the most promising candidate for 

highly efficient photoconversion device, especially for third generation solar cells and photo 

assisted water splitting. Despite titanium dioxide exhibits strong absorption capabilities in 

ultraviolet light that covers only 5 % of total sun radiation, it can be easily doped or 

modified by other materials to gain activity also in the visible range.4 Moreover, depending 

on the fabrication process, various titania nanostructures characterized by highly developed 

surface area with controllable morphologies can be produced. The structure of the photoanode 
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is composed of: (a) a supporting conducting substrate i.e. the current collector and (b) the 

photoactive layer i.e. the semiconductor material (e.g., TiO2 or TiO2 modified with other 

heteroatoms). The most commonly used support substrates are Ti foil, 5 screen printed carbon 

electrodes, glass coated with transparent conducting oxide substrates (TCO-glass),6 flexible 

polymer substrate (e.g. 4,4’-oxydiphenylene-pyromellitimide known as kapton) covered by 

conducting oxide layer.7 The photoelectrode can be obtained by physical or chemical deposition 

of the photoactive layer on the platform that is responsible for charge collection. An alternative 

method of fabricating the photoelectrode is based on growing the active material directly on the 

support substrate. In this case a titanium material that can be in the form of metallic foil, thick 

plate or wire as well as Ti film deposited on conducting substrates is anodically etched leading 

to the formation of the photoactive nanostructure. The fabricated photoelectrode can be 

semitransparent depending on the optical properties of the support substrate. Typically, the 

semitransparent electrode is obtained when a transparent material (e.g. glass or TCO-glass) is 

used as the support. The advantage of using a semitransparent electrodes in the 

photoelectrochemical (PEC) or photovoltaic (PV) devices as compared to the opaque one is that 

the incident light can pass through this photoelectrode (owing to its transparency features) to 

excite the semiconductor.8 In this way more electron-hole pairs can be generated and in 

consequence the photoconversion efficiency can be improved.8 Since semitransparent titania-

based photoanodes gain more and more attention, particular emphasis has been put to the 

precise control of the morphologies of titania and further modification of its structure and 

surface. One can distinguish TiO2 nanostructures with various morphologies including the 

layers composed of nanoparticles and one-dimensional such as nanofibers,9 nanowires,10 

nanorods,11 or nanotubes,6 that grow perpendicular to the substrate surface and were already 

applied in PEC and PV devices.12 Comparing to the layers formed by nanoparticles, the one-

dimensional titania nanomaterials exhibit straightforward charge percolation.6 Indeed, although 

titania nanoparticles are still widely used for the fabrication of photoelectrodes the boundaries 

between the randomly distributed nanoparticles in the packed layer hamper the effective 

transport of electrons, thus promoting the recombination processes at the grain boundaries.13,14 

Among different forms of one-dimensional titania mentioned above, the nanotubular form is 

the most appealing morphology due to its relatively large surface area resulting from the 

contribution of both the outer and inner surfaces of the tubes. This means that not only the outer 

area, as in the case of wires is available for the electrochemical process but also the inner area 

of the nanotubes as well.15 In addition, the nanotube arrays can be obtained directly out of the 

Ti film deposited onto stable substrate by anodic oxidation method. Taking into account 
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numerous samples that are required for the optimisation procedure and further characterisation 

using the variety of methods on the laboratory scale as well as the potential commercialisation 

and easy repeatability, a simple fabrication method of the photoelectrode based on titania is 

widely considered. 

In general, the architecture of the TiO2 nanotubes (TNT) is strictly related with the 

anodization conditions, namely with electrolyte composition, water content and its temperature 

as well as the distance between electrodes and applied potential. Owing to the changes in the 

anodization procedure, the nanotubes can be closely-packed arranged (Figure 1 (a)), or clearly 

visible spaces could be present between the tubes (Figure 1 (b)).  

 

 

Figure 1. Schematic representation of the aligned and spaced TNT architectures. 

It is common in the literature that the close-packed nanotubes are often labelled as aligned TNT 

and the loose-packed nanotubes are frequently recognized as spaced TNT. Those two terms, 

namely, aligned TNT and spaced TNT come from the vocabulary common in this research area. 

Taking into account the time line of titania nanotubes development, the close-packed TNT were 

first synthesized by the anodic oxidation of titanium by Assefpour et al.16 After that moment, 

the term “aligned” appeared in literature focused on titanium dioxide nanotubes and is widely 

used to indicate that the anodic nanotubes are oriented in the direction perpendicular to the 

substrate surface and the outer wall of one tube touches to the outer wall of the adjacent 

nanotube. 17,18 Regarding spaced TNT architecture, it is worth to note that they offer additional 

paths for the electrolyte infiltration by adjusting the space between the tubes that is beneficial 

for ions storage from electrolyte.19 In addition, the optimization of the tube-to-tube spacing can 

affect the decoration of the outer surface of the nanotubes.20 However, the tubes density i.e. the 

number of tubes per unit area decreases with increasing the tube-to-tube spacing. This leads to 

a reduction in the specific active surface available for the photoelectrochemical reaction. 

Nevertheless, the control of nanotubes arrangement in nanoscale provides a variety of 
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possibilities regarding their further modifications. More detailed description of both 

architectures as well as the anodization conditions is provided in the next subsections. After 

presenting the semitransparent photoelectrodes based on titania nanotubes and describing the 

different tubular architectures, the methods already reported targeting to augment the 

photoelectrochemical and electrochemical activities of these semitransparent materials are 

discussed. For each approach, a concise description of the proposed method and its limitations 

are provided to clearly show the new aspects developed in the study. 

In general, the efficiency of light conversion into current of the pristine single-sided 

semitransparent anodic titania nanotubes is low (only 7 %).21 This results from the 

semitransparency and the wide bandgap of titania. The term single-sided electrode indicates 

that the active material (e.g. TiO2) is present only on one side of the support substrate. 

Therefore, the strategy to take advantage of both the harvesting and the conversion of the 

incident light from the two sides of the planar substrate has been also explored. Two different 

synthesis approaches to produce the double-sided semitransparent titania nanotubes 

photoelectrode have been reported in the literature. According to one fabrication path, the 

double-sided electrode is fabricated by juxtaposing two different single-sided semitransparent 

titania nanotube photoelectrodes back to back. 22 However, in this method, the use of two glass 

substrates instead of one increases the cost of the photoanode system and make the tandem 

electrode heavy. In addition, the presence of the material which acts as glue to hold the two 

electrodes together can absorb or disperse a part of the incident light. In the other approach, 

titania nanotubes were first obtained by anodizing Ti foils. 23 Then, the tubular layers were 

gently detached from the anodized Ti foil and transferred onto the two sides of the ITO-glass.23 

However, the nanotube layers can be dislocated into several parts during their removal from the 

Ti foil. In addition, this method is time-consuming as it involves several steps.24 In 

consequence, the problem of large-scale production of this photoelectrodes may arise. Unlike 

the two already known methods, in this work the feasibility to fabricate the double-sided 

semitransparent titania nanotubes electrode by anodizing independently the two sides of the 

planar substrate is investigated. An anodization setup equipped with a special sample holder 

has been used for this purpose. The experimental setup is presented in the section dedicated to 

the details of anodization method (subsection 4.2.2). The proposed synthesis approach, and 

used in this work made it possible to effectively control the architectures of the nanotubes on 

the both sides of the planar substrate. As evidence, the asymmetric photoelectrodes where one 

side of the electrode is covered by aligned nanotubes and the other one, by spaced nanotubes 

have been successively synthesized. The two symmetric photoanodes consisting of (a) aligned 
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nanotubes onto both sides, and (b) spaced nanotubes on both sides were synthesized as well. 

Investigation on the photoactivity properties of the as-synthesized double-sided electrodes is 

shown in the results section.  

Another strategy of modifying the tubular layer with heteroatoms has also been reported 

to further increase its conversion efficiency. In this regards, not pure but Ti alloys films such as 

TiNb,25 TiCo,26 TiFe,27,28 TiMo29, TiW,30 TiCu,31 TiAg32 are typically sputtered onto the TCO 

and subsequently anodized to obtain well dispersed heteroatom within the anodic tubular layer. 

An increase of the conversion efficiency of about 11 % was reported for the tubular layer 

formed out of the TiCu alloy film.31 However, only the aligned TNT architecture was grown 

out of the alloy films that limits some further modifications. No work was conducted to 

investigate the feasibility to grow the spaced TNT architecture out of deposited Ti alloy films 

and then used them as a platform for further modifications. In this study, both single-sided 

semitransparent spaced TNT and aligned TNT were obtained by anodizing the deposited TiAg 

alloys onto indium tin oxide coated glass. Then, the influence of the silver content in the 

deposited alloy films on both the formation of the spaced TNT architectures and the physico-

chemical and photoelectrochemical properties of the fabricated nanotubes were investigated. 

The modification of the tubular layer can be also realized by depositing noble metal (e.g. 

Au33, AuPt34, Ru35) on top of the nanotubes. However, the high cost of noble metals is 

a   concern for large-scale production of such photoelectrodes. The recent works reported by 

Lemos et al,36 He et al,37 and Khatun et al.38 have revealed that the conversion efficiency of 

dye-sensitized solar cells using photoanode based on titania can be significantly increased up 

to 30 % by decorating the titania layer with two-dimensional transition metal carbides (e.g. 

Ti3C2Tx known as MXenes) Therefore, Ti3C2Tx can be explored as a promising candidate as 

alternative to the noble metals. Following promising features of MXenes, TiO2/Ti3C2Tx 

heterojuctions have been produced through various in-situ treatments, i.e. laser ablation 

treatment,39,40 plasma treatment,41 hydrothermal,42 or temperature annealing.43 The benefit of 

synthesizing TiO2/Ti3C2Tx heterostructure is to take advantage of the synergistic effects 

between the outstanding electrical conductivity as well as the good light absorption ability of 

Ti3C2Tx MXenes44 and the excellent photoactivity of TiO2. Thus, the TiO2/Ti3C2Tx  can act as 

an electrochemical catalyst capable to raise the performance of the semiconductor 

photoelectrodes. In this work the feasibility to convert Ti3C2Tx MXenes into TiO2/Ti3C2Tx 

heterostructure via laser ablation method is investigated. Then, a strategy is elaborated to 

integrate the as-synthesized TiO2/Ti3C2Tx heterojunction into the semitransparent tubular layer 

of the photoanode. The detailed description of the laser ablation strategy used in this work as 
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well as the investigation on the photoactivity of the as-synthesized electrodes is presented in 

the results section. 

This section provided detailed explanations on the different steps involved in the 

fabrication of the semitransparent anodic titania nanotubes. The physical coating methods 

reported for the deposition of Ti film onto TCO-glass, which are subsequently anodized, are 

presented. The anodization method and the different anodic tubular architectures are described 

as well. 

 

4.2 Fabrication of anodic semitransparent TiO2 nanotubes 

The first step in the PhD works was the optimisation of the anodization procedure to reach 

well organized semitransparent titania nanotubes of various spatial arrangements. The steps 

involved in the whole fabrication process are shown in Figure 2. 

 

 

Figure 2. Schematic of the steps of the synthesis process: (1) deposition of the film 

(i.e. TCO, TiO2 interlayer and Ti film) followed by (2) the anodization and subsequent, 

(3) annealing of the as-anodized materials. 

 

As shown in Figure 2 the fabrication procedure requires not only the elaboration of the 

anodization process but also the preparation stages crucial for the successful synthesis. The 
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sample after the deposition step (i.e. step 1) is composed of three different layers, namely TCO, 

TiO2 and Ti layers, consecutively deposited onto the glass substrate. The glass substrate serves 

as a stable support during sputtering and also its surface should be cleaned before. The role of 

each deposited layer (namely, TCO and TiO2 layers) related with the quality of the tubular oxide 

layer (i.e. in obtaining a cracks-free tubular oxide layer) during the anodization process is 

explained in this subsection. Due to its relatively low electrical resistance (sheet resistance 

≈10  Ω)45, the TCO layer plays the role of current collector both during the anodization of the 

substrate and during the electrochemical and photoelectrochemical testing of the anodized 

material.45 Due to that any performed process must therefore not lead to their damage. As shown 

in Figure 2 (in step 2), a TiO2 interlayer concatenates the sputtered Ti film and the TCO layer, 

which improves the adhesion between the Ti film and the TCO.46 The presence of this transition 

layer is crucial to obtain semitransparent material with cracks-free tubular oxide layer.47,48  

Indeed, the anodization of substrates in the glass/TCO/Ti configuration, i.e. without the TiO2 

transition layer between the TCO layer and the Ti film, resulted in the detachment of the tubular 

oxide layer from the substrate during the anodization process.47,48 This spontaneous removal of 

the tubular layer from the substrate occurs due to the release of oxygen molecules at the TCO 

surface, resulting from the contact of the electrolyte with the highly conductive TCO layer. As 

shown in Figure 3, the release of oxygen formed at the electrolyte/TCO electrode interface is 

evident from the analysis of current-time profiles recorded by Kim et al.47 during the 

anodization of TCO/Ti and TCO/NTO/Ti substrates, where Nb-doped TiO2 (NTO) acts as the 

transition layer between the TCO layer and the Ti film.  

 

Figure 3. Anodization current as a function of time of substrates: (a) without and 

(b) with NTO interlayer between the TCO and the deposited Ti film. 

(Reprinted with the permission from reference47). 

 

The release of the gas bubbles can be also seen on the anodized area of the sample by 

the naked eye during the anodization. As it can be seen in Figure 3, after 80 minutes, the 
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anodization current of the TCO/NTO/Ti sample becomes constant whereas, in the case of the 

TCO/Ti sample, an abrupt increase in the anodization current occurs. This sudden increase in 

current is associated with the oxidative degradation of the TCO layer with concomitant release 

of oxygen gas at its surface due to the contact with the electrolyte. This leads to the delamination 

of the tubular oxide layer.47,48 Similar sudden increase in the anodization current shown in 

Figure  3  (a) accompanied of the detachment of the tubular layer have been also observed by 

Krumpmann et al.48 during the anodization of TCO/Ti substrate. To solve this problem, 

Krumpmann et al.48 proposed to stop the anodization process before the complete transparency 

of the substrates in order to avoid the contact between the electrolyte and the TCO layer. 

However, the transparency of the anodized substrate is an important parameter, especially for 

photoelectrochemical devices. Thus, the introduction of the protective TiO2 thin film as the 

interface between the TCO layer and the Ti film seems to be the most simple and suitable way 

to achieve regular formation of the semitransparent nanotubes with cracks-free tubular oxide 

layer. In addition, the oxidative degradation of the current collector (i.e. TCO) leads to 

a  significant increase in the electrical resistance of the TCO after the anodization of the 

substrate. 47,48 This will obviously lead to the poor performance during the electrochemical and 

photoelectrochemical test. 

In this work the deposition configuration shown in Figure 2 (i.e. glass/TCO/TiO2/Ti) 

was adopted for the preparation of the samples for further modifications. After discussing the 

role of the TCO and TiO2 layers in the glass/TCO/TiO2/Ti deposition configuration, the next 

subsection will be dedicated to the description of the different deposition methods utilized to 

form metal and metal oxide films. 

 

4.2.1 Deposition methods of Ti film onto transparent conducting oxides 

The magnetron sputtering technique was used for the deposition of both Ti film and Ti 

alloy films onto indium tin oxide coated glass (ITO-glass). This task was carried out by our 

partners from Czech Republic: University of South Bohemia in Ceske Budejovice and Charles 

University in Prague within the cooperation established for the realization of CEUS-UNISONO 

project 2020/02/Y/ST8/00030. Another method, namely electron beam evaporation has been 

also reported by other researchers for the deposition of Ti film that was subsequently anodized. 

For example, the electron beam evaporation technique was used in the works of Mor et al.,49 

Kim et al.,50 Krysa et al.,51 Heljo et al.,52 Kim et al.,53 and Chappanda et al.54 for the deposition 
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of the Ti film onto quartz glass, fluorine-doped tin oxide (FTO), ITO and Si substrates, and then 

the deposited films were anodized for the fabrication of TiO2 nanotubes. 

In this subsection, a comparative study based on the literature regarding the mechanical, 

morphological and electrical properties of Ti films deposited onto TCO produced by electron 

beam evaporation and magnetron sputtering is presented, since those features are strongly 

related with the performance of the obtained electrode materials. The SEM images, reported by 

Mor et al.49, shown in Figure 4 indicate that the titanium film obtained by magnetron sputtering 

deposition is more smooth and compact than the loosely packed granular film produce by 

electron beam evaporation.49 

 

 

Figure 4. Morphology of Ti film deposited onto glass substrate by  

(a) the electron beam evaporation and (b) RF magnetron sputtering. 

 (Reprinted with the permission from reference49). 

 

Investigations on the mechanical properties such as the hardness and the reduced 

modulus of the deposited Ti films using these two methods (i.e. magnetron sputtering and 

electron beam evaporation) have demonstrated that the sputtered film exhibits greater hardness 

and reduced modulus of 3.4 ± 0.4 GPa and 141 ± 5 GPa, respectively, comparing to those of 

the evaporated Ti films (i.e. 3.0 ± 0.3 GPa and 115 ± 6 GPa).51 Those relatively poor mechanical 

properties of the evaporated Ti films can be explained by the large amount of pinholes generated 

in the deposited film using the electron beam evaporation method (shown in Figure 5 (a)).51  
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Figure 5. Optical microscope image of the deposited Ti film onto glass substrate by 

 (a) the electron beam evaporation and (b) RF magnetron sputtering. 

 (Reprinted with the permission from reference 51). 

 

Moreover, both Krysa et al.51 and Mor et al.49 have reported the presence of cracks over 

the oxide tubular layers after anodizing the evaporated Ti films. These works have also shown 

that the sputtered Ti film is more dense compared to the evaporated one, which is crucial to 

obtain well-ordered and cracks-free oxide tubular layers after anodization.55 Furthermore, 

a comparative study conducted by Arshi et al.56 on the electrical resistivity (four-point probe 

technique) of Ti film deposited by magnetron sputtering and electron beam evaporation 

methods revealed that the sputtered Ti films exhibit approximately 5 times lower electrical 

resistivity than the evaporated film. The good conductivity of the deposited Ti layer is another 

important parameter that facilitate the anodization process.  

These results gathered by other groups also supports the utilization of magnetron 

sputtering technique in this work. The working principle of the magnetron sputtering method is 

described in detail in the method section.  

 

4.2.2 Anodization 

Metals such as magnesium, aluminium and titanium and their alloys have light weight, 

low density and high strength-to-weight ratio.57 Those features are considered as very attractive 

for industrial applications. However, local corrosion occurs on the surface of these metals when 

exposed to aggressive external environments, for example solutions containing chemicals such 

as chlorides or sulfates.58 In 1857, Buff discovered that an oxide layer grow on the surface of 

the aluminium metal immersed in an aqueous solution when the metal is positively polarized.59 

The discovery of this phenomenon gave rise to a new coating method called “anodization”. The 
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name anodizing was proposed because this phenomenon occurs when aluminium is used as an 

anode in the electrochemical cell.58 Material properties, including hardness, corrosion and 

abrasion resistance, can be improved by anodizing metals in appropriate electrolytes.58 Thus, 

by the early 1920s, the anodizing method was widely used in industry to protect seaplane parts 

from corrosive seawater.58 In addition, a tubular oxide layer can be also obtained through 

anodization out of the metal foil under specific anodization conditions. 

This subsection has a two main objectivities: 

 presentation of synthesis generations of anodic TiO2 nanotubes, 

 description of different mechanisms proposed to explain the anodic growth of the 

tubular oxide layer. 

 

Anodic TiO2 nanotubes and their generations 

Anodization is a simple method that yields more reproducible results in obtaining directly 

oxide tubular layers out of Ti foil 60 or Ti film deposited onto TCO.61 Titania based materials 

produced after the anodization can exhibit highly ordered and well-defined vertically oriented 

nanotubes uniformly distributed over the surface of the TCO. The reliability of the anodization 

method lies in its effectiveness to control the geometric features of the tube, namely the tube 

length, wall thickness, pore diameter as well as the tube-to-tube spacing. Anodization can be 

carried out in two61 or three62 electrode cell system or even in bipolar orientation, when the Ti 

is immersed in the electrolyte but is not connected directly to the external circuit. The 

anodization setups for two or three-electrode system are presented in Figure 6. 

 

 

Figure 6. Electrochemical cell used for the anodization in (a) 2-electrode arrangement and (b) 

3-electrode arrangement. 

 

For two-electrode system, the Ti film deposited on TCO (or Ti foil) and a platinum mesh 

(or graphite rod) are connected to the positive and negative terminals of the power supply 
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(Figure 6 (a)). In the case of the three-electrode system, the Ti substrate, platinum mesh, and 

Ag/AgCl act as working, counter, and reference electrodes, respectively, as shown in 

Figure  6  (b). The sample holder for the Ti film deposited on TCO used in this work dedicated 

for the synthesis of the double sided electrode is presented in Figure 7. 

 

 

Figure 7. Part of electrochemical setup used for the anodization of the single-sided and the 

double-sided samples in (a) image of the substrate holder together with Pt mesh, (b) image of 

the anodization cell. 

 

The anodic growth of nanotubular arrays of TiO2 can be classified into three synthesis 

generations depending on the chemical nature of the used electrolyte. The first synthesis 

generation of TiO2 nanotubes was produced in acid electrolyte based on a the mixture of 

H2CrO4 and HF by Assefpour-Dezfuly et al.16 in 1984. Nanotubes with an average tube length 

of about 500 nm were achieved. However, for the practical application of these materials as 

photoelectrodes, the thickness of the nanotubes layer must be relatively long for the efficient 

absorption of the incident light.63 As explained by Zhao et al.,63 to increase the efficiency of 

photoelectrodes based on titanium nanotubes, the length of the tube must be greater than the 

penetration length of the incident light. Later, other researchers such as Gong et al.64 and Mor 

et al.65 attempted to produce longer nanotubes by optimizing the concentration of HF in the 

electrolyte. Unfortunately, their approaches were unsuccessful. In general, the presence of HF 

in the electrolyte results in faster formation as well as dissolution rates of the TiO2 oxide layer 

at the top, thereby limiting the length of the nanotubes. The use of weak inorganic acid based 
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electrolytes, i.e. buffered KF or NaF aqueous solutions, has been proposed by Cai et al.66 as an 

alternative to the acidic based electrolyte. Indeed, Cai et al.66 obtained a tubular layer with an 

average tube length 10 times longer than that obtained with the acidic solution of HF. This 

achievement gave rise to the second synthesis generation of TiO2 nanotubes. Although buffered 

aqueous solutions can produce relatively long nanotubes, the high water content of these 

electrolytes introduces another problem. Indeed, it has been demonstrated that the increase in 

water content in electrolytes also can lead to a rapid chemical dissolution of the formed oxide.67 

Therefore, to obtain a tubular layer with an average tube length even in the milimeter range, the 

water content must be reduced. This is the basic concept that initiated the exploration of the 

range of organic electrolytes such as glycerol, ethylene glycol, diethylene glycol, triethylene 

glycol and dimethyl sulfoxide. The era of the use of these organic electrolytes introduced the 

third generation of TiO2 nanotubes. In general, compared to the inorganic buffer solutions, 

much longer and smoother tubes can be grown in viscous organic electrolytes. The viscosity of 

the organic solution is an important parameter that strongly affects the ionic mobility in the 

electrolyte.62 TiO2 nanotube array of 1 mm in length has been reported by Paulose et al.68 by 

using ethylene glycol based electrolyte containing 0.6 wt% NH4F in 3.5   vol %  H2O. 

 

Growth mechanism of self-organized anodic nanotubes 

The anodic growth mechanism of titanium nanotubes is still not fully clear. This section 

discusses two models mostly evoked in the literature, namely field-assisted dissolution theory 

and oxygen bubble model to explain the formation of tubular morphology during the 

anodization process. 

 

Field-assisted dissolution theory 

Hoar and Mott were the first who propose the “field-assisted dissolution theory” to 

explain the mechanism of anodic formation of porous alumina films.69 Later, the field-assisted 

dissolution theory was also used to describe the anodic formation of porous or tubular oxide 

layer obtained out of Ti in electrolyte containing fluorine ions. This explanation remains until 

now the most cited one to describe the anodic growth of porous or tubular oxides layers out of 

other metals such as Ti,70 Sn,71 Zr72 and Nb73. According to field-assisted dissolution theory, 

the formation of the tubular layer results from the dynamic equilibrium between the growth rate 

of the oxide layer at the metal/oxide interface and its chemical dissolution occurring at the 

oxide/electrolyte interface. Three steps can be distinguished in process described by the field-

assisted dissolution theory i.e.: 
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(I) field-assisted oxidation of Ti metal, 

(II) field-assisted dissolution, and 

(III) chemical dissolution (or etching) of TiO2 by fluoride ions. 

Each step i.e. (I), (II) and (III) in the anodization timeline is indicated in the Figure 8. 

 

 

Figure 8. Anodization current as a function of time recorded during the anodization of Ti film 

deposited onto ITO-glass in  in ethylene glycol-based electrolyte mixed with 0.27 M NH4F, 

1   M H3PO4, and 5 vol% H2O at 60 V. 

 

Step (I), field-assisted oxidation of Ti: the chemical reactions between Ti and the anions: O2– 

and OH– arising from the dissociation of water in the electrolyte, due to the applied electric 

field leads to the formation of a barrier oxide layer at the Ti/electrolyte interface as described 

in equations (1) to (4).  

2Ti →  2𝑇4+  +  8𝑒−          (1) 

𝑇4+ + 4(𝑂𝐻)− → 𝑇𝑖(𝑂𝐻)4
         (2) 

𝑇𝑖(𝑂𝐻)4 → 𝑇𝑖𝑂2 + 2𝐻2𝑂         (3) 

𝑇4+ +  2𝑂2− → 𝑇𝑖𝑂2
          (4) 

The formation of the barrier oxide layer leads to a decrease of the current as show in the step 

(I) (Figure 8). 

In step (II), the field-assisted dissolution occurs and the Ti4+ ions are transported from the bulk 

metal towards the electrolyte due to the applied voltage, where they dissolve and form 

a   titanium hexafluoride complex with the fluorine ions according to the equation (5). The 
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migration of the Ti4+ in the electrolyte leads to a slight increase in the current as shown in 

Figure 8. 

𝑇4+ + 6𝐹− → 𝑇𝑖𝐹6
2−          (5) 

Then, in step (III), chemical dissolution of TiO2 by fluoride ions occurs. During this step, the 

etching of the formed oxide layer by the fluorine ions trapped at the TiO2/electrolyte interface 

leads to the formation of pits. These pits play the role of pore embryos forming centres. The 

conversion of the porous layer to the tubular structure occurs when the rate of growth of the 

oxide layer and the rate of dissolution of the oxide layer reach the equilibrium state (equations 

(6) and (7)). 

𝑇𝑖𝑂2 + 6𝐹− + 4𝐻+ → 𝑇𝑖𝐹6
2− + 2𝐻2𝑂       (6) 

𝑇𝑖(𝑂𝐻)4 + 6𝐹− → 𝑇𝑖𝐹6
2− + 4(𝑂𝐻)−       (7) 

This competition between the growth of the TiO2 oxide layer and its dissolution by fluoride 

ions is crucial for the formation of the tubular structure. At this stage, the current undergoes 

a   steady state as shown in step (III) Figure 8. 

 

Oxygen bubble model 

Although field-assisted dissolution theory is frequently evoked to explain the anodic 

formation of TiO2 nanotubes, this theory cannot explain the appearance of gaps between tubes, 

which lead to the laterally spaced nanotubes architecture.74 Furthermore, as required by field-

assisted dissolution theory, the formation of the anodic tubular nanostructure results from the 

dynamic equilibrium between the growth rate of the oxide layer at the Ti/TiO2 interface and its 

chemical dissolution at the TiO2/electrolyte interface caused by fluoride ions. However, the 

work of Yu et al.75 revealed that TiO2 oxide stops growing at the bottom while its chemical 

dissolution continues. That is an evidence against the traditional field-assisted dissolution 

theory. In addition, Lu et al.76 and Fahim et al.77 have obtained tubular layer by anodizing Ti in 

fluorine-free electrolyte. Furthermore, the current-time curve recorded during anodization by 

Fahim et al.77 in H2SO4 solution was similar to those obtained also in a fluorine-containing 

electrolyte. This achievement demonstrated that the presence of the fluorine ions is not essential 

for the initiation of the formation of the pore embryos as is considered as critical factor in the 

field-assisted dissolution theory according to the equation (6) and (7). The oxygen bubble model 

was proposed by Zhu et al.78 to explain the formation of a porous or tubular layer in a fluorine-

free electrolyte. Unlike field-assisted dissolution theory, the oxygen bubble model states that 
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the initiation of pore formation results from the evolution of oxygen anions trapped within the 

oxide layer during its growth.78 The series of steps involved in this model can be well 

understood from the scheme presented in Figure 9. 

 

 

Figure 9. The nanotubes growth diagram according to the oxygen bubble model. 

(a) Formation of the barrier oxide layer. (b) Formation of the anion-contaminated oxide layer 

near the electrolyte. (c) Formation of hemispherical shape for pores bottom. (d) Upward 

growth of the tube wall due to the volumetric expansion of oxygen. 

 

In this model, the formation of the barrier oxide layer results from the ionic current (i.e., 

the migration of Ti4+ and O2- ions), as shown in Figure 9 (a).74,78 As the oxide barrier layer 

grows, nearby O2– ions are inevitably trapped inside the TiO2 layer, leading to an anion-

contaminated layer near the electrolyte (Figure 9 (b)).74,78 Since the electrodes are connected 

to the power supply, the electric current oxidizes the O2- ions to O2 gas (Figure 9 (c)) and the 

release of oxygen gas takes place in the barrier oxide layer. 74,78 The pressure due to the O2 gas 

within the oxide layer leads to the appearance of hemispherical nanostructures at the TiO2/Ti 

interface. 74,78 The increase in pressure initiates the formation of embryonic pores within the 

layer contaminated by the anions.74,78 The nanotubes grow due to the upward volumetric 

expansion of the O2 gas toward the TiO2/electrolyte interface where it is released 

(Figure  9  (d)).74,78 
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4.3 Different morphologies of the titania nanotubes 

This section presents two titania nanotubes architectures that have been synthesized in 

this work namely, aligned and spaced nanotubes. In general, the tubular layers produced using 

both acid electrolyte containing fluorine ions (first generation) and the buffered KF or NaF 

aqueous solutions (second generation) i.e. by adjusting the pH of the solution at a desired value, 

have a closely packed, known as aligned TNT, architecture. Similar tightly packed nanotubes 

were also obtained using a mixture of organic solutions based electrolyte (e.g. glycerol,79 

ethylene glycol,79 sodium carboxymythyl cellulose,80 and 1-butyl-3-methylimidazolium 

tetrafluoroborate81) with fluorine salts enabling formation of third generation titania nanotubes. 

However, among all already listed organic electrolyte, Niu et al.79 have shown that the average 

length of the nanotubes obtained in ethylene glycol is roughly 2 times longer than that produced 

in glycerol solution. Macak et al.62 also have reported anodic TiO2 nanotubes with a length of 

1.6 µm in ethylene glycol electrolyte compared to 1.3 µm-long in in glycerol solution. Although 

sodium carboxymethyl cellulose is cheaper organic compound than glycol electrolyte and 

glycerol, only nanotubes with a length of 450 nm have been reported by Mohamed et al.82 when 

Ti anodization was carried out in sodium carboxy methylcellulose solution. The optimization 

of the anodization conditions for the growth of the tubular structure in the ionic liquid (i.e.         

1-butyl-3-methylimidazolium tetrafluoroborate) electrolyte enabled to reach tube length of only 

650 nm.81 On the contrary, 1 mm-long TiO2 nanotubes were achieved by Paulose et al.68 in 

ethylene glycol based electrolyte. The results showed that TiO2 nanotubes produced in an 

ethylene glycol-based electrolyte are much longer comparing to those obtained in the other 

organic electrolytes. The possibility to obtain longer nanotubes is very important since as 

common for photoactive nanostructures, the photoelectrochemical and electrochemical activity 

of anodic TiO2 nanotubes strongly depends on their active surface area. Because tube length is 

directly correlated to the active surface area of the tubular layer (i.e., the area of all the inner 

and outer walls), material performance can be optimized by the manipulation of length of the 

nanotubes. Taking into account already published data, in this work ethylene glycol was also 

used as organic electrolyte. The morphology of aligned nanotubes (top and cross-section 

images) architecture is presented in Figure 10. 
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Figure 10. SEM (a) top image and (b) cross-section image of aligned TiO2 nanotubes 

obtained from Ti film anodized in ethylene glycol-based electrolyte mixed 

with 0.27 M NH4F, 1 M H3PO4, and 5 vol% H2O at 60 V. 

 

Later on, the work of Ozkan et al.,83,84 Nguyen et al.,85 Niu et al.79 and Zhang et al.19 

showed that not only tube geometry (i.e. length, wall thickness, and pore diameter) is sensitive 

to electrolyte composition, but also the distance between the tubes. As evidence, anodizing Ti 

in organic electrolytes such as diethylene glycol, triethylene glycol, and dimethyl sulfoxide 

leads to a tubular layer with clearly visible gaps between the tubes. This tube-to-tube distance 

can reach up to few hundred nanometres.19,83–85 Controlling the tube-to-tube spacing will 

obviously be a simple way to provide more additional channels for electrolyte penetration 

through the tubular layer. The advantage of tube-to-tube spacing control is not only limited to 

electrochemical storage devices such as fuel cells, Li-ion batteries, supercapacitors which 

required high porosity to store ions but for light harvesting application as well. In fact, adjusting 

the gaps between the tubes will also allow decorating the outer surface of the nanotubes with 

for example plasmonic nanoparticles, which can increase the photoactivity of these materials 

being beneficial for application in solar cells. Ruiquan et al.86 explained the appearance of 

regular spaces between individual nanotubes, which leads to the spaced titania nanotubes 

architecture, by using the oxygen bubble model. The schematic diagrams of the formation of 

the space between individual nanotubes according to the oxygen bubble model proposed by 

Ruiquan et al.86 are shown in Figure 11. As given in step (II) of Figure 11, the release of 

oxygen gas, confined within the oxide barrier layer during the step (I), leads to the formation 

of the porous structure. In stage (III), the pressure of the oxygen bubbles at the bottom of the 

pores causes the expansion of the oxide barrier layer. The appearance of the space between the 

tubes results from the repulsive forces induced between neighbouring cells during the expansion 

of the oxide layer and the distribution of the electric field at the pore bases. 
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Figure 11. Schematic diagrams of the formation of gaps between individual nanotubes 

according to the oxygen bubble mold model. 

(Reprinted with the permission from reference.86) 

 

In this work, the anodization of the Ti film in diethylene glycol made it possible to obtain 

the loosely packed structure of nanotubes by adjusting the water content in the electrolyte and 

the fluorine ion concentration. The feasibility of growing laterally spaced nanotubes using both 

triethylene glycol and dimethyl sulfoxide has not been studied in this work. The example of the 

surface morphology of spaced nanotubes architecture obtained in diethylene glycol electrolyte 

is presented in Figure 12. 

 

 

Figure 12. High resolution SEM (a) top image of spaced TiO2 nanotubes showing visible 

gaps between nanotubes, and (b) cross-section image of the anodized sample obtained out of 

Ti film anodized in diethylene glycol electrolyte mixed with 0.15 M NH4F, 0.5 M HF, 

and 7   vol% H2O at 40 V. 
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4.4 Effect of annealing on the crystalline phase of titania 

According to results provided by Aiempanakit et al. 87 Bjelajac et al.61,88 and Vadla et al.7 

after anodizing the Ti film, like in the case of anodized titanium foil the obtained oxide layer is 

amorphous. In general, the photoactivity of such amorphous materials is low due to the 

disordered local atomic arrangement of their microstructures.89–91 This disordered amorphous 

microstructure will hamper the percolation of charges leading to a substantial increase of the 

electron−hole recombination rate.89–91 Therefore, a nearly perfect titania microstructure (i.e. 

crystalline one) is required to facilitate the percolation of electrons.89,92 The amorphous layer 

obtained after the anodization of the Ti film must be transformed into a crystalline phase of 

titania to expect good photoconversion efficiencies. The three different crystalline phases of 

titania can be distinguished in nature: anatase, brookite and rutile. The set of parameters for the 

crystal structure of the polymorphic phase (i.e. anatase, brookite and rutile phases) of titania are 

set in Table 1. 

 

Table 1. The parameters known for the different crystal structures of titania. 93,94 

parameters anatase brookite rutile 

crystal structure tetragonal orthorhombic tetragonal 

Ti-O bond length 

(Å) 

1.949 (4) 

1.980 (2) 

1.87 – 2.04 1.937 (4) 

1.965 (2) 

O-Ti-O bond angle 81.2 ° 

90.0 ° 

77.0 ° – 105 ° 77.7 ° 

92.6 ° 

lattice constant (Å) a = b = 4.5936 

c = 2.9587 

a = 9.184 

b = 5.447 

c = 5.154 

a = b = 3.784 

c = 9.515 

space group I41 pbca P42 

density (g cm-3) 4.13 3.99 3.79 

 

Those various polymorphic phase of titania can be obtained by an appropriate treatment 

of its amorphous phase, including soaking in hot water,95 laser annealing,96 solvothermal,7 and 

thermal annealing in air.61 For example, as shown in Figure 13, anatase titania has been 

obtained by irradiating the amorphous titania for one minute by a 532 nm-laser beam (10× 

objective) with a laser power of 75 W mm-2.96 The increase of the laser power to 275 W mm-2 
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led to a mixture of anatase and rutile phase, whereas, the further raise of the laser power up to 

445  W mm-2 fully transformed the initial anatase phase to rutile one. 

 

 

Figure 13. Raman spectra of titania material irradiated with 532 nm-laser beam at different 

laser power. (Reprinted with the permission from reference. 96) 

 

Among the different titania crystalline phases, the rutile phase of titania is the most 

thermodynamically stable one.97 Lebedev et al.98 have shown that the rutile phase can be 

detected after annealing in the air amorphous titania by slow heating (e.g. 5 °C/min) to  500 °C 

or by fast heating (<e.g. 5 °C/min) to 600 °C.98 However, those relatively high temperatures 

can cause the destruction of the ordered tubular layer. Indeed, Shivaram et al. 99 have observed 

under scanning electron microscope signs of degradation of the tubular layer after annealing 

the sample at 500 °C. In addition, the collapse of the titania nanotubes have been reported for 

the annealing temperature of 600 °C.61 Unlike to the rutile phase, anatase titania can be obtained 

at relatively low temperature even at 230 °C by solvothermal.7 The complete transformation of 

amorphous titania (nanotube arrays) to anatase by annealing of the titania sample in air at 350  C 

was also reported.45 In addition, anatase nanotubes obtained after the annealing of the 

amorphous sample at 450 °C, have shown an increase in the photoresponse about 100 times 
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higher comparing  to the amorphous sample. 89 The brookite phase is the most instable one and 

difficult to synthesize.100 To avoid the thermal degradation of the organized tubular layers all 

anodized samples in this work were annealed at 450 °C for an hour to convert them into the 

anatase titania.  

The mechanism of the anatase TiO2 crystal formation out of the amorphous TiO2 was 

proposed by Zhang et al.101 and Wu et al. 95 First the anatase TiO2 nucleates through atomic 

rearrangements occurring at the interface between the amorphous titania particles. 101,102 When 

the anatase phase is nucleated, rapid conversion of two adjacent amorphous particles to a   single 

anatase crystal occurs. 101 The anatase particles continuously grow by redistribution of atoms 

from an amorphous titania particle onto an existing anatase particle. 101,103 

 

4.5 Modification techniques of the semitransparent tubular layer 

In this section the information regarding the various modification methods commonly 

applied for semitransparent anodic tubular oxide layers is summarized. In general, two 

approaches are the most frequently reported, concerning mostly their surface region or also 

their interior, manipulating inside their atomic structure. The first one is based on the decoration 

of the tubular oxide layer with an adequate amount of metal nanoparticles such as Au33, AuPt34, 

Ru35. The transparency of materials synthesized by anodic oxidation of a Ti film already 

deposited on TCO coated glass is of paramount importance. In particular, for 

photoelectrochemical and optoelectrochemical devices (e.g., dye-sensitized solar cells or 

electrochromic devices) semitransparent electrodes are required. In fact, the semitransparency 

allows incident light to pass through the TCO coated glass and be absorbed by the photoactive 

material. In this regard, semitransparent tubular oxide layers should be modified in a way that 

does not reduce significantly their optical transparency. The presence of the tubular oxide layer 

on the TCO coated glass, already is responsible for some reduction of the light transmittance 

across the entire substrate. This loss depends on the thickness of the nanotube layer developed 

on the TCO coated glass as well as the interface present between nanotubes and TCO. For 

example, Li et al.33 reported transmittances of 80 % for FTO coated glass and 71 % for 

semitransparent substrates obtained by anodizing a 500 nm thick Ti film deposited on FTO (i.e. 

a transmittance loss was of about 9 %). Then, additional transmittance loss is present when the 

semitransparent tubular layer is modified with other, guest material. In fact, as shown by Li et 

al. 33 in Figure 14, further modification of the tubular layer with a 19.4 nm thick layer of gold 

nanoparticles sputtered on top of the nanotubes layer resulted in a significant transmittance loss 

of about 40 % compared to that of the layer of pristine semitransparent TNT. 
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Figure 14. Transmittance of FTO coated glass, anodic titania nanotubes grown onto FTO 

coated glass and 19.4 nm thick gold film deposited on top of the tubular layer. 

(Reprinted with the permission from reference 33). 

 

Another issue reported for the deposition of heteroatoms on top of the tubular layer is the 

complete coverage of the entire surface on the top of TNT, thus blocking the pores104,105. The 

opaque nanoparticle layer can prevent a substantial incident light to reach the photoactive 

material. This will obviously drop the photoactivity of the material.  

The second approach that considers changes in the bulk of titania nanotubes, is based on 

the growth of the tubular oxide layer out of Ti alloy film deposited onto TCO coated glass 

substrate. For the already reported works, titanium and heteroatoms (X) such as Nb,25 Co,26 

Fe,27,28 Mo29, W,30 Cu,31 Ag32 were used as targets for the deposition of TiX alloy films on the 

TCO substrate by cosputtering method. Then, anodization of the formed alloy was carried out 

to produce uniform nanotube arrays with well dispersed heteroatoms in the tubular layer. 

However, it should be underlined that this method can lead to a significant loss of the amount 

of the heteroatoms present in the initial alloy film during the etching process. In addition, 

excessive heteroatoms content in alloy films can inhibit the formation of the tubular structure 

during the anodization. Herein, the latter approach was employed for the synthesis of 

semitransparent titania nanotubes out of titanium-silver alloy films. Comparing to mentioned 
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approaches I undertook efforts to decorate semitransparent tubular oxide layer with laser treated 

titania carbide known as MXene. The next section provides an introduction to MXene with 

a particular focus on its catalytic performance, especially reported for titania material modified 

with Ti3C2Tx MXene. 

 

4.6 Introduction to MXene 

4.6.1 Synthesis of MXene 

Transition metal carbides/carbonitrides/nitrides known as MXenes are two-dimensional 

materials. The general formula of MXenes is Mn+1XnTx, where “M” stands for a transition metal 

(Sc, Ti, Zr, Hf, V, Nb, Ta, Cr, or Mo),“X” is carbon or nitrogen, and n = 1- 4, and Tx element 

represents surface terminations (i.e. -O, -OH, or -F), respectively.106 The synthesis procedure 

of MXenes covers (a) the selective etching of their corresponding MAX phase precursors, 

followed by (b) the physical or chemical delamination of the resultant product after the etching 

process. The MAX phases are chemical compounds with a stacked layered structure having 

a  hexagonal lattice symmetry (space group P6(3)/mmc).107 The general formula of MAX 

phases is Mn+1AXn, where “A” represents an element from groups III−VI of the periodic table 

(Al, Ga, In, Tl, Si, Ge, Sn, Pb, P, As, Bi, S, or Te). Typically, in Mn+1AXn the M-X bonds are 

covalent bonds, whereas the M-A bonds are weak metallic bonds.108 The low strength of the 

M-X bond facilitates the selective removal of the “A” layers in Mn+1AXn to obtain Mn+1Xn  

stacked accordion-like multilayers. Strategies including HF etching, alkali etching and 

electrochemical etching have been explored for the removal of the “A” layers in Mn+1AXn. 

Among these methods, HF etching still remains the most used technique for the synthesis of 

stacked multilayer MXenes. Indeed, various types of multilayered MXene sheets with open 

accordion morphology such as Ti3C2Tx,
109 V2CTx,

110 Nb2CTx,
111 Nb4C3Tx,

112 Ta4C3Tx,
113 

Mo2TiC2Tx,
114 Mo4VC4Tx,

115 have been synthesized by HF etching. For the particular case of 

titanium aluminium carbide MAX phase the HF etching mechanism proposed by Gogotsi and 

Barsoum et al.109 is summarized as followed: 

𝑇𝑖3𝐴𝑙𝐶2 + 3𝐻𝐹 → 𝐴𝑙𝐹3 +
3

2
𝐻2 + 𝑇𝑖3𝐶2       (8) 

𝑇𝑖3𝐶2 + 2𝐻𝐹 → 𝑇𝑖3𝐶2𝐹2 + 𝐻2        (9) 

𝑇𝑖3𝐶2 + 2𝐻2𝑂 → 𝑇𝑖3𝐶2(𝑂𝐻)2 + 𝐻2        (10) 

𝑇𝑖3𝐶2 + 2𝐻2𝑂 → 𝑇𝑖3𝐶2(𝑂)2 + 2𝐻2        (11) 
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Figure 15 shows the morphology of Ti3C3Tx MXene with the open space between neighbouring 

nanosheets. 

 

 

Figure 15. SEM image of Ti3C3Tx MXene. 

Although the “A” layer is very reactive with fluorine ions, which facilitates its removal 

from Mn+1AXn in a concentrated solution of HF, the high toxicity and corrosive activity of 

fluorine-containing reagents lead to considerable safety and environmental concerns.116,117 In 

this regard, alkali etching has been also explored to take into account the trend of green 

chemistry and clean production of MXene. The works of Xie et al.118 and Li et al.119 have 

revealed that both NaOH and KOH have also good ability in the removal of the aluminium 

layer in Ti3AlC2. However, the high reactivity of the hydroxides group with aluminium leads 

to the formation of contaminant Al(OH)3 over the MXene surface. Although the use of alkaline 

salts as etchants is environmentally friendly and cost effective, the purity level of the MXene 

product is a concern. A strategy based on the thermal treatment of MXene dispersed in 

1 M   H2SO4 solution was proposed by Xie et al.118 to reduce aluminium hydroxide impurities 

from Ti3C2Tx after NaOH etching. As shown in Figure 16 Li at al.119 optimized both the 

temperature and the NaOH concentration to significantly reduce the Al(OH)3
 contaminant from 

the MXene. 
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Figure 16. Influence of the temperature and the concentration of NaOH on the purity of the 

MXene. (Reprinted with the permission from reference 119). 

 

Electrochemical etching method consists of the removal of the “A” layer in the MAX 

phase in NaCl or HCl solutions under an applied voltage. Here, the bulk Ti3AlC2
120 or MAX 

phase coated onto conducting substrate121 acts as the working electrode. This method has 

demonstrated its effectiveness in etching the aluminium layer from different MXene including 

Ti3AlC2,
120 Ti2AlC,122 V2AlC,123 Cr2AlC123. However, the use of this method leads to the 

formation of carbide derived carbon from the MAX phase on the surface of produced MXene. 

Unfortunately this hinders the subsequent etching of the MAX precursor and results in a low 

yield of MXene.121  

In general, after the removal the “A” layer in the MAX phase by using HF, alkali or 

electrochemical etching the resultant MXene exhibit stacked accordion-like multilayers 

morphology. It has been proven that the delamination of the Mn+1Xn Tx multilayers into single-

layered Mn+1Xn Tx MXene can remarkably raise both their electrical conductivity and 

hydrophilicity comparing to their multilayered counterparts.124 Therefore, particular attention 

has been put to elaborate an efficient and simple chemical or physical method for the 

delamination of the multilayered materials into single-layer or few-layer MXene. The 

frequently used approach consists of the dispersion of the multilayered MXene in organic or 
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alkali solution (e.g. dimethyl sulfoxide, N,N-dimethylformamide, tetrabutylammonium 

hydroxide, hydroxyl choline, and n-butylamine) followed by its continuous stirring. This allows 

the intercalation of organic molecules or alkali cations between the MXene sheets to weaken 

the van der Waals forces between layers and widen the interlayer spacing. Then the 

delamination of the multilayered materials is achieved by either vigorous handshaking or 

ultrasonic treatment. 

In this work Ti3C2Tx have been synthesised and then treated via laser ablation method for 

further modification of the semitransparent titania nanotubes. The achievements already 

reported regarding the photoelectrochemical activity of semitransparent titania modified by 

Ti3C2Tx MXene are summarized in the following section. 

 

4.7 Photoelectrochemical activity of TiO2 functionalized with Ti3C2Tx MXene 

Ti3C2Tx have found a wide range of applications as summarized in Figure 17. 

 

Figure 17. The pie chart showing various sectors in which MXene is explored. Reprinted 

with the permission from reference 125 
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In the case of solar energy harvesting devices, since Ti3C2Tx is not a photoactive 

material, strategies have been found to use Ti3C2Tx as a decorating agent for the modification 

of a photoactive material such as TiO2 to increase its electrical conductivity. This initiative was 

motivated by looking for alternative catalysts to noble metals (i.e. Au and Ag) to increase the 

electrochemical and photoelectrochemical activity of semiconductor materials. Different 

research groups, namely Colin‐Ulloa et al.126, Khatun et al.38 and Jehad et al.127 showed 

experimentally that, similarly to noble metals, Ti3C2Tx MXene also exhibits plasmonic effect 

under visible and near-IR light. The absorption spectra of Ti3C2Tx MXene reported by Khatun 

et al.38 is presented in Figure 18. 

 

 

Figure 18. Absorbance spectra of Ti3C2Tx MXene. 

(Reprinted with the permission from reference.38) 

 

Therefore, attempts have been undertaken to functionalize the photoactive 

semiconductor TiO2 with Ti3C2Tx. This was done to obtain TiO2/Ti3C2Tx heterojunction 

material with improved performance compared to pristine TiO2. As evidence Zheng et al.42 and 

Zhang et al.128 have shown that TiO2/Ti3C2Tx heterostructure materials exhibit narrower band 

gaps than the bare titania. The decoration of TiO2 with only 0.075 wt % Ti3C2Tx has led to an 

increase in the power conversion efficiency of dye-sensitized solar cells (DSSC) of about 

20  %.36 Similarly, He et al.37
 have reported a high power conversion efficiency of about 30  % 
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under UV-vis light for a photoelectrode based on TiO2/Ti3C2Tx. The advantage of the presence 

of the Ti3C2Tx in the heterojunction is effectively explained as follows: (a) as illustrated in 

Figure 19, first collective electronic excitations (i.e. the plasmonic effect) occur at the 

TiO2/Ti3C2Tx interface. Then, the generated electrons are injected into the band conduction of 

the TiO2 semiconductor, thus compensating for the electron-hole recombination losses (b). The 

excellent electrical conductivity of Ti3C2Tx resulting from its semi-metallic properties 

facilitates the migration of the photogenerated electrons towards the output terminal of the 

devices, thereby reducing electron-hole recombination.  

 

 

Figure 19. Schematic of band diagram for the TiO2/Ti3C2Tx heterostructure. 

(Reprinted with the permission from reference.38) 

 

Unlike the works mentioned above, in this doctoral work, in-situ formation of TiO2 

sphere/Ti3C2Tx was achieved through laser ablation of frozen Ti3C2Tx solution. Then, the 

functionalization of semitransparent anodic titania nanotubes with the as prepared 

heterostructure has remarkably raised the electrochemical and photoelectrochemical 

performances of semiconductor tubular structures. This study paves the way towards the usage 

of TiO2/Ti3C2Tx as promising decorating agent to boost the photoactivity of semiconducting 

and semitransparent oxides. The finding of this work will be described in details in the results 

section. The laser ablation method is introduced in the next section. 

 

4.8 Laser ablation method 

There are many synthesis methods reported for the production of nanoparticles including 

sol-gel, co-precipitation, hydrothermal, solvothermal, high-energy ball milling. However, there 

also exist processing procedures utilising laser beam like laser ablation that is a straightforward 
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and rapid synthesis route for the generation of nanoparticles.129 This method involves usage of 

target that is irradiated by the laser beam and is the source of the new nanomaterial. The target 

can be either in form of powder sometimes pressed as a pellet and or thin film deposited on to 

a flat substrate (e.g. glass substrate,130,131 sapphire substrate,130 and silicon substrate130) 

immersed in a solvent (e.g. in methanol 132, ethanol 133 or in water 134). Compared to the other 

methods, the laser ablation does not need multiple-step synthesis procedure as in the chemical 

methods (i.e. sol-gel method, co-precipitation method) or long reaction time at high temperature 

(i.e. in hydrothermal, solvothermal).129 Indeed, the nanoparticles can be obtained within few 

minutes The properties of the generated particles during the laser ablation including shape, size, 

size distribution and composition can be optimized by adjusting the laser parameters such as 

wavelength, pulse repetition rate, pulse width, and laser fluence.129 As described by Semaltianos 

et al.129 the steps involved in the mechanism of the particle generation differ depending on 

whether the ablation is performed in air or in a liquid environment. 

Firstly, considering the case when the laser ablation is performed in air (or in other gas 

atmosphere), the steps of the formation of the particles are described as following. In the first 

step the interaction of the intense laser beam with the target material results in delivering high 

power to a small area of the target. This leads to the ejection of species in the form of an 

energetic and dense luminescent plume from the surface of the material.129 In the second step 

(2), the plume expands and compresses locally the background gas, resulting in the generation 

of a shockwave at the plume/background gas interface.129 Then, in the step number (3), a few 

microseconds after expansion, the material species at the plume/background gas interface lose 

their energy. This causes a deacceleration of the material species present in the 

plume/background gas interface. The process of deacceleration leads to the formation of an 

inverse pressure gradient at the plume/background gas interface. As the consequence the 

pressure in plume/background gas interface has become greater than the pressure inside the 

plume. Then an internal shockwave is generated and travels from the plume/background 

interface towards the centre of the plume.129 Finally, in the step 4, the internal shock wave 

propagates inside the volume of the plume by reflection at the plume/gas interface. During this 

stage, the material species cooled, leading to condensation, nucleation, and clustering of the 

plume species with the formation of nanoparticles.129 

Similar to the ablation in air, when the ablation is carried out in the liquid, in the first 

step, the plasma plume is created upon illuminating the target by light, followed by the 

generation of the shockwave at the plume/background liquid interface in the second step.129 In 

step three, chemical reactions can take place inside the plume and the liquid, but also at the 
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plume/liquid interface.129 The illustration of the different steps is presented in the Figure 20. In 

this work TiO2/Ti3C2Tx heterostructure was synthesized by laser ablation of Ti3C2Tx. Details of 

the laser ablation mechanism proposed in this work is provided in results section. 

 

Figure 20. Illustration of the steps in generation of nanoparticles via laser ablation in liquid. 

(a) Generation of the laser induced plume at the liquid/target interface. (b) Expansion of the 

plume in the liquid. (c) Possible interactions between the species from the solvent and the 

material. (d) Condensation of the plasma plume in the liquid leading to the generation of the 

nanoparticles. (Reprinted with the permission from reference.135) 

 

5 Objectives and Hypotheses 

Semitransparent devices for solar-driving process gain more and more importance in 

industry and society. Nowadays we observe the popularity of the smart and small electronic 

devices including wearables, like watches, bands and even on-body sensors that are mostly 

powered by outer source. Taking into account the multifunctions as well as long working hours 

of such devices their frequent charging is required. As an alternative semitransparent solar cell 

integrated with such device is proposed, that can be placed directly on the display or just the 

area exposed to the daylight. Such idea is along with the promotion of the decarbonization of 

energy systems and improvement of the energy sustainability. This way we can take advantage 

of the solar light which anyway irradiates the device. Among others, the materials used for its 
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construction should not only exhibit high degree of semitransparency but have to be able to 

perform photoconversion to provide the charge to the device. In addition, such semitransparent 

photoelectrode materials are important elements in optoelectrochemical sensors gaining interest 

in the monitoring systems, where also the optical signal readout is crucial Therefore, researches 

on the fabrication and characterization of semiconductor nanostructures developed on 

semitransparent materials are of fundamental importance. 

Related to this, the main objective of this work is focused on the optimization process of 

semitransparent material that can be formed via methods that are already utilized on the 

technological scale however the selection of proper processing parameters is essential. Due to 

that I focused my works during PhD realization onto the semitransparent layers composed of 

nanotubes formed by the anodization of titanium films obtained by magnetron sputtering. The 

main objective of my work was to elaborate the series of the processing parameters resulting in 

highly ordered titania nanotubes exhibiting different spatial arrangement (aligned and spaced) 

on various substrates, their complex characterisation of their morphology, structure, optical 

properties as well as their applicability as photoanodes for efficient light conversion and opto-

electrochemical sensing. Realizing that pure titanium dioxide exhibits wide bandgap enabling 

absorption of UV light, its modification is needed to utilize efficiently light from the part of the 

visible radiation but to preserve some degree of semitransparency. Due to that the aim also 

concerns formation of the titania doped with silver and heterojunction with Ti3C2Tx/TiO2 as 

a decorating agent affecting both optical and electric properties. 

This main ambitious aim can be subdivided into the following specific objectives: 

a) Optimization of anodizing parameters resulting in the fabrication of semitransparent 

substrate overgrown by highly ordered and crack-free aligned and spaced tubular layers 

and characterisation of their optical properties and morphological features. 

b) Elaboration of the anodization strategies enabling the formation of the tubular layer on 

both sides of the planar substrates as well as on the surface of optical fiber out of the 

sputtered titanium films. 

c) Diagnostic of the physicochemical properties of the prepared double-sided materials to 

bring understanding of the influence of the nanotubes architecture on the photoactivity of 

these photoanodes. 

d) Fabrication of semitransparent substrate overgrown by highly ordered and crack-free 

aligned and spaced tubular layers out of titanium-silver alloy films and diagnostics of 

their photoconversion properties. 
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e) Preparation of the series of semitransparent materials based on ordered titania nanotubes 

for the verification as promising  surface-enhanced Raman spectroscopy (SERS) 

platforms and optical sensors. 

f) Elaboration of the laser assisted fabrication procedure of Ti3C2Tx/TiO2 heterostructure as 

efficient noble-metal free catalyst used further as a decorating agent for the 

semitransparent titania nanotubes. 

g) Development of a new deposition strategy towards integration of as-synthesized 

semitransparent tubular layer with the Ti3C2Tx/TiO2 in order to improve the 

photoresponse of electrode material. 

h) Complex diagnostics of formed heterojunction covering morphology, structure and 

electrochemical and photoelectrochemical performance including also investigation of 

the incident photon-to-current conversion efficiency. 

 

Herein, I would like to list the major four hypotheses that motivated me to perform 

research work.  

Hypothesis 1: The optimization of the anodization conditions will allow to form 

semitransparent ordered titania nanotubes with aligned or spaced architecture out of Ti film 

sputtered onto the transparent conductive oxide substrate. 

Hypothesis 2: Effective control of the tubular morphology on the both sides of the planar 

substrate will offer efficient and sequential light harvesting. 

Hypothesis 3: It will be possible to fabricate uniform semitransparent layers of aligned or 

spaced titania nanotubes with well dispersed heteroatoms in titania via anodization of Ti alloy 

films. Obtained semitransparant materials will exhibit superior light harvesting properties 

comparing to the bare tubular layers. 

Hypothesis 4: It will be possible to increase the incident photon-to-current conversion 

efficiency of the anodic tubular layer through its functionalization with laser treated MXenes. 
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6 Methods 

6.1 Introduction 

Sputtered Ti and Ti alloy films onto TCO substrates were anodized under different 

anodization conditions to produce aligned or spaced nanotubes out of the deposited Ti (or Ti 

alloy) films. Various characterization techniques have been utilized to study the 

physicochemical properties of anodized materials. The deposition of Ti films and Ti alloys on 

TCO substrates was carried out by foreign scientific partners involved in the realisation of 

CEUS-UNISONO project no 2020/02/Y/S8/00030. Those research groups are from Czech 

Republic: University of South Bohemia in Ceske Budejovice and Charles University in Prague 

and are experts in the deposition of metallic and oxides layers on different substrates like plane 

glass and optical fibres. Members of those groups provided details of their deposition procedure 

that together with the optimized anodization process form the overall description of the samples 

fabrication. Nevertheless, this work has contributed to optimize the deposition process that 

enables fabrication of the ordered titania nanotubes. In this section the deposition procedures, 

as well as the experimental setups, including the anodization unit, and the different techniques 

used for the complex material analysis are described. 

 

6.2 Magnetron sputter method 

Both direct current (DC) magnetron sputtering and radio frequency (RF) magnetron 

sputtering were employed during realization of this PhD thesis. In general, comparing to other 

physical deposition techniques known for the physical deposition of thin film (e.g. spray 

pyrolysis and electron beam evaporation), DC and RF magnetron sputtering have the 

advantages of high deposition rate and good reproducibility.136 In fact, the idea of the magnetron 

sputtering technique is to increase the sputtering rate by increasing the ionization of the atomic 

gas in the chamber to hit the target. Briefly, permanent magnets are placed below the target 

material. The presence of permanent magnets creates a magnetic field in the vicinity of the 

target. The magnetic field confines electrons close to the target. This increases the ionization of 

the argon atoms in the chamber, thus, enabling more ions to bombard the target. The deposition 

of films is carried out by ejection of the constituent species of the film from the target held at 

the cathode by ion bombardment, and afterwards deposition on the substrate located in the 

vicinity. The magnetron sputtering process is presented in Figure 21.  
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Figure 21. Scheme of the magnetron sputtering process. 

 

The top and side images of the magnetron sputtering gun are presented in Figure 22. 

 

 

Figure 22. (a) Top and side view schematics of magnetron sputtering gun with magnets. 

(b) image of the magnetron sputtering gun with its magnetic field and solid target. 137 

(under CC BY licence). 
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Typically, DC magnetron sputtering is only used for the deposition of conductive films 

(e.g. metal films or alloy films), where the high conductivity of the target materials can prevent 

charge build-up on its surface.138 For the deposition of dielectric films (i.e. insulating films), 

the application of an alternating voltage is necessary to overcome the build-up of positive 

charge at the surface of the target.138 Due to that RF sputtering was elaborated to overcome this 

issue. 

Insulating film deposition by RF sputtering can be understood as follows. A negative 

potential is applied to the target during the negative half-cycle of the alternating voltage. This 

allows the target to be bombarded by positive ions. Since the target is an insulating material, 

these positive charges accumulate on its surface during the positive half-cycle.138 Later, along 

the positive half of the cycle of the alternating voltage, a large number of electrons accumulate 

near the target, thereby neutralizing the positive charges built-up on its surface.138 As was 

already mentioned, one can take advantage from RF sputtering both for the deposition of both 

conductive films as well as non-conductive films. 

 

6.3 Sputtering conditions of indium tin oxide (ITO) layer, TiO2 interlayer and Ti films 

onto planar substrates 

 

6.3.1 Sample preparation for layer sputtering 

Rectangular silica glass microscopic slides (Menzel Glaeser) with dimension of 

15   ×   26   mm2 (or 15 × 10 mm2) were used as supports for deposition of films. First, the glass 

substrates were successively cleaned in the following order: acetone, distilled water, 

isopropanol, distilled water, ethanol and deionized water in an ultrasonic bath cleaning. 

Afterwards, the surface of the samples were exposed to plasma environment under ultra-high 

vacuum condition (UHV). The UHV chamber is equipped with magnetron sputtering gun(s). 

The deposition of the ITO layer, TiOx interlayer and Ti film were carried out in the same UHV 

chamber. The different components of the deposition chamber are presented in Figure 23. The 

plasma cleaning was realized by applying a negative bias of 200 V to the glass substrate in 

a  mixed reactive gas (Ar/O2 = 6/20) at a pressure of 3.5 Pa, propagating an RF (Advanced 

Energy Cesar, 13.56 MHz, 30 W) discharge for 10 minutes. After this process the gas present 

inside the chamber was evacuated through a primary dry scroll, and a base-pressure of 

6×10- 6  Pa is ensured in the chamber by a secondary turbomolecular pump for film deposition.  
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Figure. 23. Scheme of experimental arrangement for the deposition of the films 

(TM: Turbomolecular). 

 

6.3.2 Deposition conditions of the different layers i.e. ITO layer, TiOx interlayer and Ti 

film onto planar substrates (i.e. onto one side or onto the two side of the substrates) 

 

Sputtering conditions of the ITO layer 

In the same UHV chamber just after the plasma cleaning, a 100 nm thick layer of ITO 

was sputtered onto the glass substrate. The deposition was carried out by RF magnetron 

sputtering with a gun diameter of 3 inches (Kurt J. Lesker Company). The substrate was placed 

at a distance of 160 mm from the magnetron gun. The composition of the ITO target used for 

the deposition was In2O3/SnO2 = 90/10 wt% with a purity grade of 99.99% (Testbourne Ltd). 

The substrate was fed by a RF power of 150 W with a self-negative bias of 160 V. The 

deposition was carried out in an argon atmosphere at 1 Pa with a continuous flow rate of 

25 sccm. The growth of the ITO film was realized in situ and monitored in real time by a quartz 

crystal microbalance (QCM) to obtain at every attempt 100 nm thick layer uniformly deposited 

onto the glass substrate. The deposition lasted 11 minutes. After the formation of ITO coating, 

it was annealed at 500 °C for 1 hour to improve its optical and electrical properties. 
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Sputtering conditions of the TiOx interlayer 

The deposition of the TiOx interlayer was carried out by DC magnetron sputtering. A Ti 

target with a diameter of 3 inches, thickness of 4 mm and a purity grade of 99.3% produced by 

Bibus Metals was used. The substrate was placed 60 mm from the magnetron gun. The 

magnetron was fed by a dc power supply (Kurt J. Lesker, DC01 BP) suppling a constant current 

of 600 mA. The deposition was carried out in a mixed atmosphere of Ar/O2 = 6/20, at a constant 

pressure of 0.5 Pa for one minute. The thickness of the deposited TiOx interlayer is about 5 nm. 

 

Sputter conditions of the Ti film 

The main Ti film was deposited by DC magnetron sputtering using the same Ti target 

as for the deposition of the TiOx interlayer. For this deposition, a constant current of 600 mA, 

and a power of 226 W were supplied by the dc power supply. The deposition was carried out 

in Ar atmosphere (flow rate: 6 sccm) at a pressure of 0.12 Pa. The sputtering rate was controlled 

by the by quartz microbalance. In this work Ti films with different thickness i.e. 500 nm, 

540   nm and 1000 nm were deposited to verify which thickness will be the most optimal for 

fabrication of titania nanotubes of different morphology. Figure 24 shows the image of the 

sample after the deposition of films onto one side of the substrate. 

 

 

Figure 24. Photography of 500 nm thick layer deposited onto ITO-coated glass. 

 

In the case of the double-sided Ti/TiOx/ITO/TiOx/Ti samples the same steps for the deposition 

of the ITO layer, TiOx interlayer and Ti film were done onto the two sides of the glass substrate. 

The realization was that first all layers were deposited onto one side and afterwards the substrate 

was flipped and the same stack of layers was deposited on the other side.  
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Sputtering conditions of the TiAg alloy films 

First, ITO layer and TiOx interlayer were deposited onto the glass substrate according to 

the procedure described above. Afterwards, the TiAg alloy film was deposited by co-sputtering 

technique i.e. both Ti and Ag targets were used for the sputtering and two magnetron guns were 

placed in the UHV chamber, as shown in Figure 25, one containing the 3" Ti target (Bibus 

Metals, 99.3% purity) and the second containing the 3" Ag target (Kurt J. Lessker, 99.99% 

purity). 

 

 

Figure 25. Scheme of experimental arrangement for the cosputtering of the alloy films. 

 

The deposition was carried out in an Ar atmosphere at a pressure of 0.125 Pa. The Ti 

target is powered by DC power (232 W), while the amount of the Ag in the deposited film is 

controlled by the DC power supplied to the Ag target. For example, 1.7, 3.5 and 5 % silver 

contents in the deposited TiAg film were obtained by supplying a power of 9, 20 and 30 W, 

respectively, to the Ag target. 

 

Sputter conditions of Ti film onto optical fibers 

The steps involved in the fabrication of the optical fiber structure used in this work are 

illustrated in Figure 26.  
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Figure 26. Steps of the fabrication of optical fiber coated with Ti film. 

 

A 150 mm long multimode optical fiber with a core diameter of  400 µm was used as the starting 

substrate. First, one end of the fiber (about 5 mm long) was polished. Then, a thin layer of silver 

was sputtered onto the polished terminal part of the fiber by DC magnetron sputtering for 2 min 

under argon atmosphere at 1 Pa and using 3" Ag target. The fiber was placed at a distance of 

65 mm from the magnetron gun and the DC power delivered was 130 W. This deposited layer 

acts as a mirror, which allows the fiber to operate in the reflective mode. Then the mirror was 

covered with a protective layer of TiO2. This is to avoid contact between the mirror and the 

electrolyte during the anodization process. The deposition of the TiO2 layer is carried out by 

DC magnetron sputtering for 6 min under an O2/Ar mixture atmosphere (with a ratio of 1/3) at 

0.4 Pa and using Ti 3'' target. The fiber was placed at a distance of 50 mm from the magnetron 

gun and the DC power delivered was 350 W. Then, 32 mm of the polymer coating was removed 

from the end part coated with silver, as shown in step (3) in Figure 26. Then, the surface of the 

fiber core was cleaned with acetone and isopropanol. Finally, the substrate obtained in step (3) 

(Figure 26) was used as a support for the successive deposition of an ITO layer of 70 nm 

thickness, a TiO2 transition layer of 5 nm thickness and then Ti film of 370 nm thickness. The 

deposition of the ITO layer is carried out by RF magnetron sputtering for 25 min under an argon 

atmosphere at 0.2 Pa and using 3" ITO target. The magnetron gun was placed 16 cm from the 

fiber and the RF power delivered was 150 W. The TiO2 was deposited by DC magnetron 

sputtering (3" Ti target) for 2 min under an O2/Ar mixture atmosphere (with a ratio of 6/1) at 

0.4 Pa. Then, the flow of oxygen was stopped, leading to the deposition of only Ti film in the 

same conditions. Figure 27 shows the images of the obtained fiber coated with Ti film. 
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Figure. 27. Image of the fabricated optical fibers (core diameter of 400 µm). 

 

 

6.4 Anodization setup 

The anodization unit utilized in this work is composed of four components, namely: 

(a) a power supply to maintain a constant dc voltage at the electrodes immersed in the 

electrolyte, 

(b) a computer to monitor the dc voltage through a LabVIEW program. For all carried 

out anodization processes the voltage was increased to an established value at a rate of 

0.1 Vs-1 and then held until the substrate became semitransparent,  

(c) a two-electrode arrangement was used where Pt mesh was the cathode and ITO-glass 

coated with Ti film was the anode, 

(d) a thermostat connected to the anodization cell through a cooling jacket allows the 

control of the temperature of the whole setup. 

The pictures of the anodization cells used in this work are already presented in Figure 6 and 

Figure 7 in the section 4.2.2. The one in Figure 7 is used for the fabrication of both single-

sided and double-sided semitransparent nanotubes. This cell enables only the area of 10.5 mm 

in diameter to be anodized, while the other parts of the sample are isolated from the electrolyte. 

 

6.5 Analytical Methods 

It should be noted that the deposited Ti films are directly anodized without any pre-

treatment. Except the optical fibres, after the anodization, the samples were annealed in air at 

450 °C for an hour. Morphological information of samples are obtained using a scanning 

electron microscope (SEM). The microstructure of the samples (i.e. the prepared MXenes 

before and after laser ablation) was analysed also by transmission electron microscope (TEM). 

The chemical composition of the materials was analysed using energy dispersive X-rays (EDX), 

which provides elemental analysis information. The chemical states analysis was carried out 
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using X-ray photoelectron spectroscopy (XPS). The crystal structure investigation was carried 

out with X-ray diffraction (XRD) technique. The vibrational modes present in the synthesized 

materials were investigated by Raman spectroscopy. The absorption properties of the bare and 

modified tubular oxide layer were analysed using UV-vis spectrophotometer. 

The synthesized materials were used as working electrodes for electrochemical and 

photoelectrochemical tests. Electrochemical measurements such as cyclic voltammetry (CV), 

electrochemical impedance spectroscopy (EIS) and Mott-Schottky analysis were carried 

out as well as photoelectrochemical testing including: linear sweep voltammetry (LSV), 

intensity-modulated photocurrent spectroscopy (IMPS), quantum efficiency measurements i.e. 

incident-photon-to-current efficiency (IPCE) and photoluminescence (PL) measurements. 

In this section, the fundamental physics underlying all techniques used to 

characterize the samples is discussed in details. The working principles of the different 

measurement instruments are also described. 

 

6.5.1 Electron microscopy 

Optical microscopy is most commonly used to take the image of various objects. This 

microscope utilizes illumination of the specimen with visible light. However, this microscope 

has a limit resolution of 
𝜆

2𝑁𝐴
, where 𝛌 is wavelength and NA is the numerical aperture of the 

instrument.139 As the visible light used in the light microscope has a limited range of 

wavelengths between 400 nm and 700 nm, this microscope has not the ability to distinguish 

objects and features smaller than approximately 0.1 µm.140 To obtain an image of an object 

smaller than 0.1 µm, other apparatus operating on the basis of the interaction between the 

electron and the matter are explored, including scanning electron microscope and transmission 

electron microscope. 

Elastic and/or inelastic scattering can occur upon collision of an incident beam of 

electrons with the sample surface.140 Elastic scattering occurs when the incident electron also 

known as primary electron strikes the sample target and changes its incident direction with the 

same wavelength (i.e. elastically scattered electron does not transfer its energy to the target 

material during a collision).140 In the case of an inelastic scattering, the scattered electron 

changes its incident direction with a longer wavelength compared to that of the primary 

electron.140 This implies that the primary electron has lost a part of its energy during the 

interaction with the sample. This leads the sample to release other particles at different angles. 
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Figure 28 shows how different signals can be detected upon the electron-matter interaction 

during e.g. morphology inspection using SEM. 

 

 

Figure 28 Various signals generated during the electron - matter interaction during SEM 

inspection. (BSE: backscattered electrons; SE: secondary electrons). 

 

Those signals provide information about the topography and chemical composition of 

the sample. As shown in Figure 28, the probable signals that can be detected upon the collision 

of the electron with the atoms present in the sample are: the secondary electrons, backscattered 

electrons, characteristic X-rays, Auger, and transmitted primary electron. Among others, two 

types of signals such as backscattered electrons and secondary electrons are responsible for the 

formation of the image in the case of scanning electron microscope. The secondary electrons 

result from the inelastic interactions between the electron beam and the sample. This signal 

originates from the atoms in the sample, whereas backscattered electrons arise from elastic 

collisions of electrons with the sample, which result only in a change in the trajectories of the 

primary electrons. 

For the characterisation of the morphology of obtained samples two types of the electron 

microscopes were utilized: scanning and transmission electron ones. Regarding scanning 

electron microscope, the core components are depicted in Figure 29.  
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Figure 29. Schematic diagram of the core of a scanning electron microscope. 

(Reprinted with permission from reference 140) 

 

The electrons generated at the electron gun (by heating a tungsten filament) are 

accelerated by the anode, usually with an accelerating voltage of 1 to 30 kV, and pass through 

two condenser lenses. The first condenser is responsible for narrowing the beam across its 

aperture by removing high-angle electrons from the incident electron beam. Then, the next 

condenser lens further eliminates the high-angle electrons from the beam to form a coherent 

and tight electron beam. The coils present on the objective lens aperture scan the beam for 

a   period of time set by the operator (i.e. the scan speed) and then focus the scanning beam on 

the part of the surface sample on which the image is taken. As the electron beam hits the surface 

of the sample, different signals are emitted from the specimen. Among others, the signal emitted 

in the form of secondary electrons is detected by an electronic devices connected to the 

microscope. This signal is then amplified and displayed as an image on a cathode ray tube. The 

obtained image stays therefore as a distribution map of the intensity of the secondary electron 

signal that is emitted from the scanned area of the specimen. The backscattered electrons 

collected at the detector are proportional to the average atomic number of the target material.141 
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This signal supports improvement of the contrast of the image. The images appear brighter for 

the higher average atomic number (Z) than those of low average Z. Depending on the model of 

SEM, this instrument can have a magnification of up to ×1000000142 and can achieve 

resolutions of the order of 1 to 20 nm.   

Top view and cross sectional images of the samples were performed by: 

(a) PhD DSc Eng Jakub Karczewski, prof. PG - Faculty of Applied Physics and 

Mathematics, Institute of Nanotechnology and Materials Engineering, Gdańsk 

University of Technology, Narutowicza 11/12 St,, 80-233 Gdańsk, Poland. 

Used equipment: Quanta FEG 250 (FEI) Schottky field-emission scanning electron 

microscopy instrument equipped with a secondary Everhart-Thornley electron detector 

with a beam accelerating voltage of 10 kV. 

(b) PhD Jan Hanuš from Faculty of Mathematics and Physics, Charles University, 

V Holesovickach 2, 18000 Prague 8, Czech Republic. 

Used equipment: JSM-7200F (JEOL) scanning electron microscopy instrument 

operated in secondary electron mode. 

(c) Prof. Ondřej Kylián from Faculty of Mathematics and Physics, Charles University, 

V Holesovickach 2,180 00 Prague 8, Czech Republic. 

Used equipment: JSM-7200F (JEOL) scanning electron microscopy instrument 

operated in secondary electron mode. 

(d) MSc Eng Franciszek Skiba from Faculty of Electronics and Informatics, Gdańsk 

University of Technology, Narutowicza 11/12 St,, 80-233 Gdańsk, Poland. 

Used equipment: Phenom XL microscope Thermo Fisher Scientific.  

 

I was also responsible for imaging of the surface morphology of the samples using SEM 

(Hitachi SU3500) present at IMP PAN and I analysed the images using ImageJ software. 

It is important to note that a vacuum condition is necessary in the chamber to avoid static 

charge build-up on the sample surface during the electron beam scanning. Hence, samples must 

be well dried before imaging. Otherwise, water will vaporize in the vacuum chamber. For top-

view images, a piece of copper tape with conducting glue was used to stick the sample to the 

stage providing this way the electrical connection between the sample surface and the table . 

For the cross section images, 10 nm-thin gold film was deposited on the sample to improve the 

conductivity of the layer. Other important parameters such as stigmatism, working distance, 

acceleration voltage and condenser lens current can also be adjusted by the operator during 

measurements to improve image quality. 
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The analysis of the micro- and nanostructure of the material can be investigated also 

using a transmission electron microscope. The main components and their arrangement in 

a   transmission electron microscope are shown in the Figure 30.  

 

 

Figure 30. Schematic diagram of the core of a transmission electron microscope. CCD: 

Charge-Coupled Device; BF: Bright Field; ADF: Annular Dark Field; HAADF: High-Angle 

Annular Dark-Field; EELS: Electron Energy Loss Spectroscopy. 

Reprinted with permission from reference 140. 

  

Unlike the SEM microscope, the TEM microscope includes electrostatic lenses placed 

above and below the samples and can have 10 times higher resolution than for SEM. Electrons 

are accelerated using the voltage of 80 to 300 kV, (i.e. roughly 10 times higher than that required 

for SEM microscope) to provide them with sufficient energy to pass through the material. 140 

The condenser lenses arranged sequentially along the path of the incident electron enable to 
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eliminate high-angle electrons. Thus, they control the diameter and convergence of the primary 

electrons onto the sample.140 The transmitted electrons from the sample pass through two lenses 

i.e. objective lens and the projector lens. The transmitted electron beam passing through the 

objective aperture is focused to form a diffraction pattern. Then this diffraction pattern is 

magnified as it passes through the projector lens to the detection system.  

TEM images of the fabricated samples in this thesis were taken by: 

PhD DSc Eng. Emerson Coy, prof. UAM, from NanoBioMedical Centre (Adam Mickiewicz 

University, Wszechnicy Piastowskiej 3 St., 61-614 Poznań). 

Used equipment: ARM 200F (JEOL) transmission electron microscopy instrument operated at 

200 eV, equipped with an energy-dispersive X-ray spectrometer (EDX). 

I was taking part in the analysis of the obtained images. 

 

6.5.2 Energy dispersive X-rays (EDX) for elemental analysis 

As already discussed above, the different signals emitted by the sample during its 

interaction with the high energy electron provide information not only about the topography of 

the sample but the chemical composition. In EDX mode, the X-rays energies released from the 

samples can be detected and give information about elemental composition and atomic mapping 

of the sample. The generation of the characteristic X-ray is depicted in Figure 31. 

 

 

Figure 31. (a) Creation of the hole in the inner lower-energy shell upon collision with the 

incident electron. (b) Release of X-ray upon the transition of the electron from the outer 

higher-energy level to the inner lower-energy shell. 
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As shown in Figure 31, the incident electron hits the sample and knocks off an electron 

from the K shell, leaving a hole. Subsequently, a transition of the other electron from the outer 

shell, L shell, to the K shell occurs. This transition of the electron from the outer higher-energy 

to the inner lower-energy shell is accompanied by the release of X-ray energy. Each chemical 

element has a unique characteristic X-ray emission energy. Therefore, the elemental analysis 

of the specimen is possible by recording the characteristic energy of X-ray spectrum 

accompanied with the analysis of its intensity. A silicon drift detector measures the X-ray 

spectrum of the sample and the qualitative (i.e. type of chemical elements) and quantitative (i.e. 

percentage) analyses of each chemical element present in the material are carried out using 

a software.  

EDX spectra of the samples were recorded by: 

(a) PhD DSc Eng. Emerson Coy, prof. UAM, from NanoBioMedical Centre, Adam 

Mickiewicz University, Wszechnicy Piastowskiej 3 St., 61-614 Poznań, Poland. 

Used equipment: JEOL SDD (silicon drift detector) connected to the ARM 200F (JEOL) 

transmission electron microscopy instrument. 

(b) PhD Jan Hanuš from Faculty of Mathematics and Physics, Charles University, 

V Holesovickach 2, 18000 Prague 8, Czech Republic. 

Used equipment: JEOL SDD (silicon drift detector) connected to the JSM-7200F 

(JEOL) scanning electron microscopy instrument. 

I was responsible for the analysis of the obtained EDX spectra. 

 

6.5.3 X-ray photoelectron spectroscopy 

The principle of X-ray photoelectron spectroscopy (XPS) is based on the photoelectric 

effect. Photoemission occurs when an atom absorbs the energy of an incident photon (hν), 

causing the emission of electrons of discrete energy, namely photoelectron. The photoelectric 

effect process is illustrated in Figure 32 (a). The ejected electron from the sample is detected 

by the spectrometer and then the measurement of its energy is based on the energy level diagram 

(Figure 32 (b)). The electron escapes from the core level orbitals upon absorption of the 

incident photon leading to the photoionization of the atom: 

A +  hν →  𝐴+∗ +  𝑒−          (12) 

It is important to mention that the photoelectron is only emitted if the incident photon has an 

energy greater than the binding energy of the atom. 
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Figure 32. (a) Photoemission process. 

(b) Energy level diagram for XPS binding energy measurements. 

 

The determination of both the kinetic energy of the photoelectron and the binding energy 

of the atom from the energy level diagram is explained as follows, the sample and the 

spectrometer housing are electrically connected so that both have the same reference for 

measuring the energy of the electron. This energy reference shown in Figure 32 (b) is called 

the Fermi level (EF). The incident photon with the energy hν ejects the photoelectron towards 

the vacuum level (EV). As shown in Figure 32 (b), the kinetic energy of the photoelectron on 

the surface of the sample can be determined basing on the equation:  

𝐸𝑘 =  𝐸𝑘1 − (ф𝑠𝑝𝑒𝑐 − ф𝑠)         (13) 

where Ek1 is the energy of the photoelectron relative to the vacuum level, фspec is the work 

function of the spectrometer and фs is the work function of the sample. The work function is 

defined as the energy required to remove electron from the Fermi to vacuum level. The binding 

energy (Eb) of the material can be determined as well from the energy diagram according to the 

equation:  

hν =  Eb − Ek + фspec          (14) 

Regarding the XPS instrument, the analysis chamber presents five main components including 

a photon source (i.e., the anode), electromagnetic lenses, an electrostatic hemispherical 

analyser, and a detector (Figure 33). 
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Figure 33. Schematic of the XPS analysing chamber. 

 

The anode in the X-ray source is generally made of aluminium and is bombarded by 

electrons accelerated with an energy of 15 keV. When the electron strikes the aluminium, X-

rays are emitted according to the same process described in Figure 31. The emitted photon 

focuses on the samples and allows the photoelectron to be ejected. The electromagnetic lenses 

converge the photoelectrons towards the entrance slit of the hemispherical analyser. This 

enables the deflection of the photoelectrons with a specific angle, which depends on the width 

of the slit as well as the radius of the hemisphere. Then the photoelectrons are collected by 

a   detector, usually called a channeltron. The detector is usually a tube whose interior is covered 

with a material capable of releasing a large number of electrons when an electron strikes its 

surface. This is to amplify the output signal of the XPS. The nomenclature of detected peaks 

found on XPS spectra is given according to the orbital (l = 0, 1, 2, ...) from which the electron 

emanates and denoted as s, p, d, f…. The spin quantum number (s) taking value of ± 1/2 and 

the total momentum j (j = l ± s) of the photoelectrons for example Ti (2p3/2) and Ti (2p1/2) 

indicate that in both cases the photoelectron is emitted from the orbital p (i.e. l = 1) of the Ti 

atom, total momentum is 3/2 for Ti (2p3/2) and ½ for Ti (2p1/2), and by using the formula 

j  =  l  ±  s, the spin of the emitted electron is ½ for Ti (2p3/2) and -½ for Ti (2p1/2). This 

spectroscopic technique allows analysis of the surface composition, chemical state and material 

chemistry of a few outermost 10 nm atomic layers.  

In the case of the materials prepared in this thesis XPS spectra were recorded by 

(a) PhD Jan Hanuš from Faculty of Mathematics and Physics, Charles University, 

V Holesovickach 2, 18000 Prague 8, Czech Republic. 
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Used equipment: Thermo Scientific K-Alpha X-ray Photoelectron Spectrometer 

equipped with a hemispherical analyzer (Phoibos 100, Specs) and an Al Kα X-ray 

source (1486.6 eV, 200 W, Specs). 

(b) PhD Agnieszka Kramek, PhD student Justyna Gumieniak from The Faculty of 

Mechanics and Technology, Rzeszów University of Technology, Kwiatkowskiego 4 St., 

37-450 Stalowa Wola, Poland. 

Used equipment: Thermo Scientific K-Alpha X-ray Photoelectron Spectrometer. The 

samples were irradiated with low-energy X-ray radiation (Al Kα = 1486.7 eV). 

I took part in the analysis of the obtained spectra. 

 

6.5.4 X-ray diffraction 

As shown in Figure 34, an X-ray diffractometer has three main components, namely 

the X-ray source, the specimen holder and the X-ray detector. 

 

 

Figure 34. Geometry of an X-ray diffractometer. 

 

All components are placed on the circumference of a circle known as focusing circle. 

The emission of X-rays inside the source follows the same steps as shown in Figure 31. X-rays 

are emitted by directing a beam of electrons to the target material at a high voltage. The value 

of the accelerating voltage depends on the target materials. For example, a voltage of 40  kV is 

applied when copper is used as the target. The specimen consists of a thin layer of the active 

material deposited on a glass microscope slide being a non-diffracting substrate. First, the 
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incident X-ray beam hits the sample. If the incoming incident beam and the scattered X-ray 

beam have the same wavelength, constructive interference occurs. As the consequence, the 

scattered X-rays are diffracted in directions depending on the nature of the crystalline sample. 

The relation between the wavelength of the X-rays and the spacing of the atomic planes is 

governed by Bragg's law: 

𝑛λ = 2d sin 𝜃           (15) 

where θ is the angle between the plane of the specimen and the incident X-ray, and d is defined 

as inter-atomic spacing. 

As shown in Figure 34, the angle between the direction of the incident X-ray and the 

the diffracted X-ray is 2θ. The direction of the diffracted X-rays defined by the Miller index 

(hkl) and the position of the signals found on the diffraction patterns for anatase (JCPDS Card 

no. 21-1272) and rutile (JCPDS Card no. 21-1276) phase of titania as well as the reported values 

of the d-spacing are summarized in Table 2 and 3. 

 

Table 2. Miller indices (hkl), d spacing, and corresponding 

diffraction angle for anatase phase of titania.143 

hkl d / nm 2 𝜽 / degree 

101 3.5163 25.308 

103 2.4307 36.950 

004 2.3786 37.790 

112 2.3322 38.571 

200 1.8921 48.046 

105 1.7001 53.884 

211 1.6662 55.071 

213 1.4931 62.112 

204 1.4808 62.690 

116 1.642 68.754 

220 1.3379 70.302 

215 1.2646 75.051 

301 1.2505 76.049 
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Table 3. Miller indices, d spacing, and corresponding 

diffraction angle for rutile phase of titania.143 

hkl d / nm 2 𝜽 / degree 

110 3.2477 27.440 

101 2.4875 36.078 

200 2.2965 39.196 

111 2.1873 41.239 

210 2.0541 44.049 

211 1.6874 54.323 

220 1.6239 56.634 

002 1.4795 62.750 

310 1.4524 64.057 

301 1.3598 69.001 

112 1.3464 69.795 

311 1.3038 72.425 

202 1.2437 76.534 

212 1.2005 79.827 

 

In this work, X-ray diffraction patterns of the samples were recorded by: 

PhD DSc Eng. Jakub Karczewski, prof. PG from Faculty of Applied Physics and Mathematics, 

Institute of Nanotechnology and Materials Engineering, Gdańsk University of Technology, 

Narutowicza 11/12 St., 80-233 Gdańsk, Poland. 

Used equipment: Bruker D2 Phaser 2nd generation using CuKa radiation and a LynxEye XE-

T detector. 

I took part in the analysis of the obtained data. 

 

6.5.5 Raman spectroscopy 

In the Raman spectrometer the monochromatic light emitted by the laser is focused on 

the sample and detector is responsible for collection of the scattered light. In general, the 

majority of photons generated by the excitation source are scattered elastically i.e. they are 

simply deviated from their incident directions with the same frequency as the incident light v0. 

This is called Rayleigh scattering. However, a small number of incident photons, approximately 

1/1000000, are scattered inelastically with a frequency of v0 ± vm, causing the molecules of the 



64 
 

sample to vibrate with the frequency of vm. This is described as Raman scattering. We consider 

Stokes or anti-Stokes scattering when the incident photon is scattered with the frequencies 

v0 − vm or v0 + vm. The vibrational frequency of the molecules of the sample i.e. vm is measured 

as a shift from the frequency of the incident light (v0) by using a   Raman spectrometer. 

Therefore, the recorded Raman shift is a direct measure of the vibrational energies of the 

molecules constituting the sample. Figure 35 illustrates Raman and Rayleigh scattering. In 

Rayleigh scattering, after collision with the photon, the molecule is excited to a virtual state and 

then drops to its ground state. In Raman scattering, the molecule can take or lose energy from 

the photon during interaction with laser light. 

 

 

Figure 35. Indication of the three different forms of scattering 

i.e. Rayleigh, Stokes and anti-Stokes scattering. 

 

Raman spectrum of anatase phase of TiO2 exhibits active bands located at 144 cm-1, 197 cm-1, 

399 cm-1, 516 cm-1 and 639 cm-1 , which correspond to Eg(1), Eg(2),  B1g, A1g + B1g and Eg(3) modes, 

respectively. 144 Rutile phase of titanium dioxide is characterized by four active modes at 

143 cm-1 (B1g), 447 cm-1 (E1g), 612 cm-1 (A1g) and 826 cm-1 (B2g).
144 

In this work I was responsible for the Raman measurements to identify the vibrational 

modes present in the synthesized samples. Raman measurements were carried out at room 

temperature using a Raman spectrometer (Renishaw) equipped with two different lasers as the 

excitation source  operating at: 514 nm or 785 nm. For the measurements carried out with the 

514 nm laser source operating at 10 % of its total power (50 mW), the exposure time was 10 s 
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and a 50× objective was used. The spectra were recorded in the range from 100 to 2000 cm-1. 

In the case of measurements performed with the 785 nm laser used as the excitation source, the 

laser was operating at 1 % of its total power (500 mW) while the spectra were registered in the 

range from 100 to 1000 cm-1 using 20× objective. 

 

6.5.6 UV-vis absorption spectroscopy 

The UV-vis spectrophotometer works based on the interaction between monochromatic 

light and matter. When a sample absorbs light of particular wavelength, the molecules inside 

the sample vibrate due to a change of their electronic state. Thus, qualitative and quantitative 

analysis can be performed to reveal the optical properties of the sample. The essential 

components of a UV-vis spectrophotometer include (a) a source (UV and visible), (b) 

a monochromator, (c) a sample container/holder - in the most cases it is cuvette, and the (iv) 

a photodetector. Generally, a tungsten lamp is used for the emission of light in the wavelengths 

between 330 and 900 nm, while a deuterium lamp is used for the emission of light in the 

wavelength range from 160 to 450 nm that covers the ultraviolet region. All the most important 

elements of spectrophotometer are shown in Figure 36. 

 

 

Figure 36. Schematic diagram of UV-vis spectrophotometer. 

In short, polychromatic radiation is collimated by the lens after entering through the 

entrance slit of the monochromator. Then, the wavelengths are separated into their individual 
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components as they pass through the prism. The focal plane allows only radiation of a single 

wavelength to run out of the monochromator and reach the sample. The fraction of light is 

transmitted through the sample, if it is semitransparent, and then collected at the detector. The 

detector converts the light energy into electrical impulse that is collected and further analysed 

by the software. The absorbance is then determined as the logarithm of the ratio of incident 

light (Iin) to transmitted light (Iout) and given by the equation: 

𝐴 = log(
𝐼𝑖𝑛

𝐼𝑜𝑢𝑡
⁄ )           (16) 

In this work I was responsible for the measurements of the absorbance spectra for the planar 

samples and their analysis. The measurements were carried out using spectrophotometer 

Lambda 35 Perkin-Elmer operating at a scanning speed of 120 nm min−1 with slit width of 

2 nm. The spectra were recorded in the wavelength range of 320−900 nm. 

 

6.5.7 Fourier transform infrared spectroscopy  

Fourier transform infrared spectroscopy (FTIR) is an analysis technique used for 

determining the chemical bonds present in the sample. This method is based on the interaction 

between infrared light (i.e. light with a wavelength between 780 nm and 1 mm) and matter. 

Light with specific IR frequencies is absorbed when illuminating the sample. These frequencies 

are either removed from the original IR beam or transmitted to the upstream detector with an 

intensity much lower than that of the incident beam. This brings atoms in the sample to the 

constant vibration. There are six different vibrational modes that can occur namely, the 

symmetric stretch, the antisymmetric stretch, the deformation or bending vibration, rocking, 

twisting, and wagging. The main component of the FTIR equipment is the interferometer as 

shown in Figure 37. Roughly, 50 % of the incident IR light is reflected towards a stationary 

mirror by the beam splitter. The other 50 % of light is transmitted towards the movable mirror 

(Figure 37). Both beams are reflected by the mirrors (i.e. stationary mirror and movable mirror) 

to the beam splitter where they recombine and interfere. The difference in path length between 

those two light beams at the beam splitter is called the retardation. The interference is recorded 

by the detector and converted into a digital signal. Due to constantly changing position of the 

moveable mirror, the dependency of the interference on the retardation is recorded and 

converted into a recorded electric signal. This interference is known as the interferogram. 

A specific software transforms the obtained digital signal into a plot of absorbance against 

wavenumber by Fourier transformation. 
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Figure 37. The scheme of FTIR spectrometer with its main components. 

 

FTIR spectra were recorded by: Prof. PhD DSc Eng. Anna Dołęga from Department of 

Inorganic Chemistry, Gdańsk University of Technology, Narutowicza 11/12 St, 80-233 

Gdańsk, Poland.  

Used equipment: Nicolet iS50 FT-IR spectrometer. The instrument is equipped with 

a   diamond single-reflection Special Quest ATR accessory. The measurement was performed 

in the wavenumber range of 3500–400 cm−1. The recorded spectra were analysed using OMNIC 

software. 

I was responsible for the analysis of the obtained data. 

 

6.6 Electrochemical and photoelectrochemical characterisation methods 

The electrochemical and photoelectrochemical activities of the fabricated 

semitransparent electrodes were studied using cyclic voltammetry, linear sweep voltammetry, 

and electrochemical impedance spectroscopy techniques. The setup dedicated for the 

measurements is composed of an Autolab PGSTAT302N potentiostat-galvanostat system 

(Methrom,) connected to a three-electrode electrochemical cell with a quartz window depicted 

in Figure 38.  
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Figure 38. Schematic illustration of the measurement setup. (REF: reference electrode; 

WE: working electrode; CE: counter electrode; 1. electrochemical workstation: 

potentiostat-galvanostat; 2. electrochemical cell; 3. cut-off optical filter; 

4. xenon lamp as solar simulator; 5. argon gas bottle. 

 

The electrochemical cell consists of:  

 platinum mesh (Pt) as the counter electrode, 

 Ag/AgCl/0.1 M KCl as the reference electrode, 

 the semitransparent titania nanotube substrates as a working electrode, 

 0.5 M Na2SO4 electrolyte in which electrodes were immersed. 

Prior to each measurement, the electrolyte was deaerated by argon gas flow for 30 min. During 

the experimental measurements the flow of argon was kept above the electrolyte to hamper the 

access of oxygen to the electrolyte. For the photoelectrochemical measurements a   xenon lamp 

simulator (Osram XBO 150), with a light intensity of 100 mW/cm2 was used as the light source. 

Incident light calibration was performed by adjusting the distance between the light source and 

the electrochemical cell by using a calibrated reference cell (RERA solution). The 

characteristics of the used reference cell are: material: silicon, calibration value: 64.7 mV . The 

measurements carried out in the visible region were conducted by placing a cut-off optical filter 

(AM 1.5 Filter, λ>420 nm, Schott) between the light source and the electrochemical cell, as 
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shown in Figure 38. It is worth mentioning that for both types of measurements: 

electrochemical and photoelectrochemical measurements, the same setup presented in 

Figure  38 was used. The only difference was that during the electrochemical test carried out 

in darkness, sample was not exposed to the light originating from solar simulator. 

Other photoelectrochemical tests such as intensity-modulated photocurrent 

spectroscopy (IMPS), quantum efficiency measurements i.e. incident-photon-to-current 

efficiency (IPCE) and photoluminescence (PL) measurements were carried out as well. 

Information about the equipment used for the IMPS, IPCE and PL measurements is provided 

in the subsections 6.5.5, 6.5.6 and 6.5.7, respectively. 

Those subsections aim to provide clear explanation on key parameters investigated in 

each method, as well as the description of the principle of those techniques. 

 

6.6.1 Cyclic voltammetry 

Cyclic voltammetry (CV) technique provides important information such as the 

thermodynamics of redox reaction, kinetics of heterogeneous electron-transfer reactions, the 

potential window of the electrode, the adsorption or diffusion processes of the active 

material.145 The reaction of the electrodes during CV measurement involves different 

elementary steps. Those steps include the transfer of electrons at the electrode and/or the 

adsorption of species on the electrode and/or the transfer of mass in the electrolyte. In particular, 

when the electron transfer process predominates over the mass transfer process, that is, the rate 

of electron transfer is sufficiently higher than that of mass transfer, the electrode reaction is 

called reversible.146 In this case the electrode potential is expressed by the Nernst equation: 

𝐸 =  𝐸𝑂 + 
𝑅𝑇

𝑛𝐹
ln (

𝐶𝑂

𝐶𝑅
)         (16) 

where E0  is the formal potential, R is the gas constant, T is temperature in K, n is the 

stoichiometric number of electrons involved in the process, F is the Faraday constant, CO is the 

concentration of the oxidant and CR is the concentration of the reductant. The formal potential 

is a measure of the potential of a cell where both oxidised and reduced species are present at 

equal concentration (i.e. average midpoint potential of cathodic and anodic peak potential).147  

During cyclic voltammetry measurements, the potential of the working electrode (i.e., 

TNT grown on the glass substrates) is varied linearly with respect to time at a scan rate ѵ 

forward to a switching potential, at which point the potential is swept in reverse direction at the 

same rate (Figure 39). 
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Figure 39. Potential applied to the cell versus time during (I) forward scan; (II) reverse scan. 

 

The current response is recorded and plotted as a function of the applied potential to 

obtain the voltammetry cycle. The scan rate defines how fast the potential of the working 

electrode is changed. A faster scan leads to the decrease in the size of the diffusion layer 148 and 

in consequence the capacitive current decreases. 148 Indeed, at higher scan rates the ions in the 

electrolyte do not have sufficient time to fill both the outer and inner pore surfaces of the 

electrodes.149 In this work on the basis of the already reported works and preliminary 

measurements, 50 mVs-1 was selected for the CV measurements. CV test were carried out in 

0.5 M Na2SO4 electrolyte. In particular for TNT grown out of TiAg film, CV was also 

performed in 0.5 M Na2SO4 containing 10 mM K3Fe(CN)6 to study the kinetics of the 

[Fe(CN)6]
3-/4- redox couple at the electrodes by using Randles-Sevcik equation: 

𝑖𝑝 = 0.4463𝐹𝐴𝐶𝑂√
𝐹𝐷ѵ

𝑅𝑇
         (17) 

where ip is the peak current, R is the gas constant, T is temperature in K, A is the electrode 

surface area in cm2, F is the Faraday constant, CO is the concentration of the redox species in 

mol cm-3, D is the diffusion coefficient in cm2 s−1 and ѵ is the scan rate in V s−1.146 

 

In general, this analysis is conducted first by recording the CV at different scan rates, 

then plotting the peak current ip as a function of the square root of the scan rate ѵ. An illustration 

is shown in Figure 40 for ITO coated glass electrode. In general two cases can be observed. If 

the plot shows a linear increase of the peak current density jp with ѵ1/2, as it is in Figure 40 (b). 
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This implies that the kinetic of the ferricyanide species is predominantly under diffusion 

control, and the diffusion coefficients are determined using the equation (17).150 Whereas, if 

the curve jp vs. ѵ1/2 does not shows any linear relation it indicates that the electron transfer 

occurs by surface adsorbed species.148 

 

 

Figure 40. (a) Voltammogram of bare ITO-coated glass in 0.5 M Na2SO4 + 10 mM 

K3Fe(CN)6  recorded within the scan rate range of 10 - 150 mV s−1. 

(b) corresponding plot of peak current density vs. ѵ1/2. 

 

6.6.2 Linear sweep voltammetry 

In this technique, similar to the CV measurements, the potential of the working 

electrodes is varied linearly with respect to time and the current that flows in response to the 

change in potential is recorded. However, during LSV measurements the potential is only 

scanned in one direction, i.e. the potential is swept either to the anodic or to the cathodic 

direction, depending on the investigated process. In this work, LSV technique was used to 

characterise the photoactivity of the synthesized materials. The photoresponse tests were carried 

out by recording the LSV curves for the working electrodes under chopped light irradiation. 

Chopped irradiation means that the electrode was exposed to light and then kept in dark, while 

each step lasts established time (I used 5 s). The principle of this measurement is explained as 

followed, when the light illuminates the photoactive material (i.e., the light turns on), the 

recorded current density increases to a maximum value, reaches saturation level and then 

returns to the initial, dark current value when the light is off. The photocurrent is determined 

by subtracting the current density measured under light illumination by the current density in 

the dark. The shapes of the photocurrent run during on/off actions reported in the literature 

during LSV measurements are presented in Figure 41. 
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Figure 41. Possible options of photocurrent density response for an illuminated 

semiconductor electrode. On means that the irradiation of the electrode was initiated whereas 

off means that the exposition of the electrode to irradiation was stopped. 

 

According to the various photoresponse runs given in Figure. 41, following situations can 

occur: 

(I) When the material is not photoactive, there is no increase in the recorded current density 

upon turning on the light. 

(II) Upon turning on the light, the photocurrent exhibits a rapid increase before an 

exponential drop to reach a steady state photocurrent. Then, the current drops to its basic 

value when the light is turned off. The occurrence of those spikes is due to the recombination 

of the photogenerated electrons with the surface-trapped holes.151 

(III) Two spikes can be present during one on/off irradiation cycle, i.e. one when the light 

is turned on and the other when the light is turned off. The occurrence of the spike observed 

when the light is turned on is explained as followed: the photogenerated holes are trapped at 

the semiconductor/electrolyte interface under illumination. Then, once the light is turned off, 

these holes are oxidized, resulting in a sharp peak before the current returns to its background 

level.152 
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(IV) There are no spikes when light is turned on and/ or off. This almost rectangular shape 

of the photocurrent suggests that there is no recombination of electrons with holes and the 

number of recombination centres in the material is very limited. This case is considered as 

the most desired for the fabricated photoelectrode. 

(V) When turning on the light, one can observe a rapid rise followed by a slower increase in 

the photocurrent to reach the maximum value. This slow dynamic of the photocurrent to 

reach the steady state is associated with the presence of trap filling phenomena, i.e. 

trapping/detrapping processes.89,153  

(VI) When the exposition of the material to light is stopped, the longer photocurrent tail is 

seen. This shape is attributed to the time required for the charges to be detrapped after the 

light is turned off.154  

 

6.6.3 Electrochemical impedance spectroscopy 

Electrochemical impedance spectroscopy technique was used in this work for detailed 

studies of the charge transfer kinetics at the electrode/electrolyte interface. The impedance is 

defined as the resistance to the passage of an alternating current through the material. In this 

technique, a stimulus potential v(t) of amplitude of a few millivolts, thus small alternating 

potential, is applied to the sample and the alternating current response i(t) is measured. Small 

alternating potential (few millivolts) is then applied to the working electrode to ensure the 

linearity of the current response to the alternating potential.155 Both, the alternating potential 

and its current response have the same frequency, but are shifted in phase. The impedance 

depends on the frequency of the alternating signal applied to the material and is defined by the 

equation (18):155 

𝑧 =  
v(t)

i(t)
            (18) 

The total impedance can be also given in the complex form (equation 19): 

Z =  Z’ +  jZ”           (19) 

where Z’ and Z” are respectively the real and imaginary part of Z. 

The graphical representation of the imaginary part −Z” together with the real part Z’ of 

the impedance is known as the Nyquist plot. The negative sign of the imaginary part of the 

impedance is simply to keep the Nyquist plot in the first quadrant of the Cartesian plane. 

Analysis of Nyquist plot can provide information on the kinetics and mass transport at the 

semiconductor/electrolyte interface as well as the corrosion level of conductive materials. As 
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shown in Figure 42, for the most cases of electrode materials, the corresponding Nyquist 

spectra consists of two regions, namely the kinetic control region at high frequencies and the 

mass transfer region at the intermediate and at low frequency regions. 156 

 

Figure 42. Nyquist plot for electrode (with faradic reaction at the electrode/electrolyte 

interface) with the indication of the key regions, namely, the kinetic control region and the 

mass transfer region (Reproduced from 156, under CC BY-NC 3 license). 

The physical interpretation of this spectra is carried out according to the electric 

equivalent circuit (EQC), where each element and the relation between elements represent the 

electrochemical system feature. In the kinetic control region, the distance from the origin of the 

cartesian plane to the intercept of the Nyquist plot with the x-axis is assigned to the equivalent 

series resistance (Rs) also known as the internal resistance. This resistance takes into account 

the resistances of the electrolyte, the electrode, and the contact resistance between the electrode 

and the current collector.157 In general, the diameter of the semicircle is attributed to the charge 

transfer resistance at the semiconductor/electrolyte interface.157 The charge transfer resistance 

(Rct) represents the insulating features at the electrode/electrolyte interface.158 This means that 

Rct affects the charge separation kinetic at the interface between electrode surface and the 

electrolyte.159 The lower values of charge transfer resistance indicate fast electron transfer in 

this region. It is worth mentioning that although one semicircle is usually obtained, it is also 

possible to obtain not ideally hemispheric shape of the spectrum as well as two or more 

semicircles at lower frequencies can be present. This indicates that different electrochemical 

processes contribute to the overall charge transport at the electrode/electrolyte interface. For 
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example, the presence of the second semicircle in the lower frequency region can be attributed 

to the adsorption and desorption processes of ions at the electrode/electrolyte interface.156 As 

the frequency decreases, the mass transfer process becomes predominant. The non-vertical line 

at low frequencies is assigned to the ion transport from the electrolyte to the porous electrode 

layer. This resistance is also known as Warburg impedance.157 In the EQC, the Warburg 

diffusion can be described by finite or infinite diffusion models. The infinite model is 

considered when  the distance and time of the diffusion are smaller compared to the dimensions 

of the system. The Warburg impedance is given by the equation (20)160: 

Zw =  
σ√2

jω0.5
           (20) 

where σ is the resistance associated with diffusion as a function of concentration of charge 

carriers and their diffusion coefficients: 

 𝜎 =  
𝑅𝑇

(𝑛𝐹)2𝐴√2
(

1

𝐶𝑜𝑥𝐷𝑜𝑥
0.5 +

1

𝐶𝑟𝑒𝑑𝐷𝑟𝑒𝑑
0.5 )        (21) 

where R is the gas constant, T is temperature in K, A is the electrode surface area, F is the 

Faraday constant, Cox and Cred are the concentration of the redox species, Dox and Dred are the 

diffusion coefficients.160 

Considering the Warburg diffusion in a finite thickness layer, two situations can be 

distinguished. In one, the contact at the electrode/electrolyte interface can be reflecting (open) 

i.e. no mass transfer occurs through this interface from the electrolyte to the electrode. The 

corresponding Warburg impedance is described by the equation (21) 160: 

Zwo =  
σ√2

(jω)0.5
coth[

L

𝐷0.5
(jω)0.5]        (21) 

In the other, there is a mass transfer that occurs across the solid/electrolyte interface from the 

electrolyte to the electrode. The corresponding Warburg impedance is described by the equation 

(22): 

Zws =  
σ√2

(jω)0.5
tanh[

L

𝐷0.5
(jω)0.5]        (22) 

where L is the finite thickness of the diffusion layer and D is the diffusion coefficient of the 

mobile charge carrier.  

Typically quantitative analysis of the impedance data is realized through the fitting 

procedure on the basis of the proposed electric equivalent circuit using dedicated software, for 
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example provided by the producer of potentiostat-galvanostat equipment or other research 

groups like EIS Analyzer.161 The fitting of the impedance data enables determination of the 

magnitude of the equivalent series resistance, charge transfer resistance and the Warburg 

impedance as well the magnitude of other electrical components present in the EQC and 

required for the analysis of the electrochemical behaviour of the electrode. As an example the 

EQC of Randles equivalent circuit model of Nyquist plot for electrodes with conductive surface 

is depicted in Figure 43. 

 

 

Figure 43. The simple models of electric equivalent circuits: (a) without faradic reaction at 

the electrode/electrolyte interface, (b) with faradic reaction at the electrode/electrolyte 

interface. 

Instead of an ideal capacitor it is common to find a constant phase element (CPE) that is 

characterized by the equation (23):  

𝑧𝐶𝑃𝐸 =  
1

(𝑄(𝑗𝑤))𝑛          (23) 

where ω represents the angular frequency. For n = 1, Q is identified as capacitance. 

In this work the fitting of Nyquist plots were done using the EIS Spectrum Analyzer program. 

The modified Powell algorithm was used with amplitude weighting ra:  

𝑟𝑎(𝜔, 𝑃1 … 𝑃𝑀) = 𝑟𝐶
2/(𝑁 − 𝑀)         (24) 

where N is the number of points, M is the number of parameters, ω is the angular frequency, 

P1...PM are parameters. Parameter rc is defined as: 

𝑟𝑐
2 = ∑

(𝑍′
𝑖−𝑍′

𝑖𝑐𝑎𝑙𝑐
)2+(𝑍"𝑖−𝑍"𝑖𝑐𝑎𝑙𝑐

)2

𝑍′𝑖
2+𝑍′𝑖𝑐𝑎𝑙𝑐

2
𝑁
𝑖=1        (25) 
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6.6.4 Mott-Schottky analysis 

Mott-Schottky analysis is one of the widely used technique for the determination of 

important parameters of semiconductor, namely the flat-band potential, the donor concentration 

(n-type semiconductor), or acceptor concentration, (p-type semiconductor). For better 

understanding the meaning of the flat band potential, it should be related with the Fermi energy. 

The Fermi energy is one of the features characterizing semiconductors, defined as the highest 

occupied energy level of a material at absolute zero temperature.162 When the semiconductor is 

immersed in the electrolyte, a built-in electric field is generated at the electrode/electrolyte 

interface This can result from the charge carrier diffusion between the semiconductor and the 

electrolyte. The migration of the charge carriers is due to the difference in the work functions 

of the solid phase (semiconductor) and the liquid phase (electrolyte). The diffusion of the charge 

carriers at the semiconductor/electrolyte interface occurs until the electrochemical equilibrium 

between the solid phase and the liquid phase is reached. 163,164 This means that the work function 

of the electrolyte (i.e., the redox potential of the electrolyte) is equal to the work function of the 

semiconductor (i.e. the Fermi level).163,164 The bending of the band edges of the semiconductor 

takes place in the space charge region due to the built-in electric field. In the case of the n-type 

semiconductor, electrons migrate from the electrode to the electrolyte, leaving a positive charge 

in the space charge region. This causes an upward bending of the band edges, whereas for p-

type semiconductor, electrons are transferred from the electrolyte to the electrode, thus bending 

the band edges is present downward. The bending of the band edges can be altered by applying 

an external bias potential. The required potential that must be applied to the electrode so that 

no net transfer of charge can occur at the semiconductor/electrolyte interface and, therefore, no 

band edges bending can occur is defined as flat band potential.163,164 The effect of varying the 

applied potential on the band edges of an n-type and p-type semiconductor is depicted in 

Figure  44. 
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Figure 44. Effect of varying the applied potential on the band edges of an n-type 

semiconductor: (a) E > EFB, (b) E = EFB, (c) E < EFB and for a p-type semiconductor: 

(d) E > EFB, (b) E = EFB, (c) E < EFB. (DL: depletion layer; AL: accumulation layer). 

 

Since the flat band potential has been defined, its importance in the charge transfer 

process at the semiconductor/electrode will be now evoked. The discussion will be conducted 

for the n-type semiconductor, but can be also easily done for the p-type semiconductor using 

similar explanations as was clearly given by Bott et al.165. When a potential is applied to the n-

type semiconductor, three different situations that can happen are presented in Figure 44. If the 

applied potential is greater than the flat band potential as presented in Figure 44 (a), the 

formation of a depletion region occurs at the semiconductor/electrolyte interface. This means 

that the majority of charge carriers of the n-type semiconductor, i.e. electrons, has been removed 

from the space charge layer. In consequence, the material will exhibit poor electrical 

conductivity and the transport of charge carriers at the semiconductor/electrolyte interface will 

be slow. If the applied potential is equal to the flat band potential i.e. in the situation in 

Figure  44(b), the semiconductor and the electrolyte are in equilibrium i.e. no charge transfer 

can occur at the electrode/electrolyte interface. If the applied potential is smaller than the flat 

band potential, accumulation of electrons occur at the semiconductor/electrolyte interface as 
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shown in Figure 44 (c). This indicates that more electrons are available to improve the electrical 

conductivity of the semiconductor. In addition, the charge carrier transfer at the 

semiconductor/electrolyte interface is faster. 

Both the charge carrier density i.e. donor density (for n-type semiconductor) or acceptor 

density (for p-type semiconductor) and the flat band potential can be determined through Mott-

Schottky plot. The Mott-Schottky relation for a n-type semiconductor is given in the 

equation (26) and for the p-type in the equation (27): 

𝐶−2 =  (
2

eεε0𝑁𝐷
)(𝑉 − 𝑉𝑓𝑏  −  

𝑘𝑇

𝑒
)        (26) 

𝐶−2 =  (
2

eεε0𝑁𝐴
)(𝑉 + 𝑉𝑓𝑏  −  

𝑘𝑇

𝑒
)        (27) 

where C is the space charge capacitance, ε is the permittivity of the anatase titania 

(ε = 38)166, ε0 (8. 85∙10-14 F cm-1) is the permittivity of free space, e is the electron charge, 

ND and NA are the donor and acceptor densities respectively, V is the applied potential, 

Vfb is the flat band potential, k is the Boltzmann constant, and T is the temperature.7 

The capacitance for each potential can be then calculated using the equation (28):  

𝐶 =
1

2πfZ”
            (28) 

where f is the frequency of the AC signal, and Z” is the imaginary part of the impedance. 

Typically for measurements a relatively high frequency of 1000 Hz is selected. This 

choice of calculating the capacitance at higher frequency is explained as follows. From 

a physical point of view, at high frequencies, the electron transport process freezes due 

to phenomenon known as finite inertia.167 Thus, the low current detected at high 

frequencies comes only from the displacement associated with the charge of the 

geometric capacitance.167 This implies that at high frequencies, the calculated 

capacitance approaches a constant value equal to that of the capacitance of geometrical 

area.167 By considering the equation (28), the curve C-2 vs. the applied potential is plotted and 

the flat band potential can be determined as the intersection of the tangent of the linear regions 

of the curve with the potential axis. An example of the extrapolation of the linear region of the 

Mott-Schottky plot for semitransparent aligned titania nanotubes grown by anodic oxidation is 

presented in Figure 45. 
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Figure 45. Mott-Schottky plot of semitransparent aligned titania nanotubes in 0.5 M Na2SO4. 

The donor density, 𝑁𝐷 is then calculated from the equation (29):7  

𝑁𝐷 =  (
2

𝑒𝜀𝜀0
)(

𝑑𝐸

𝑑𝐶2)          (29) 

Another importance of the the flat band potential is it utilization in estimating the edges position 

of the forbidden band of the semiconductor, i.e. the bottom of the conduction band VCBM and 

the top of the valence band VVBM through the equations (30) and (31):168 

𝑉𝐶𝐵𝑀 = 𝑉𝑓𝑏 + ΔV − 0.059 ∙ (7 –  pH)       (30) 

𝑉𝑉𝐵𝑀 = 𝑉𝐶𝐵 +
𝐸𝑔

𝑒
          (31) 

where ΔV = +0.21 V is the potential of Ag/AgCl pseudoelectrode against normal hydrogen 

electrode (NHE)168, e is the electron charge, and Eg the bandgap of the materials. 

In this work Mott-Schottky plots were obtained by recording the impedance data (Z’, -Z”) of 

the samples in 0.5 M Na2SO4 at a constant frequency of 1 kHz, in the potential range from +0.1 

to -1.2 V vs Ag/ AgCl/0.1 M KCl. 

 

6.6.5 Intensity-modulated photocurrent spectroscopy (IMPS) 

Intensity-modulated photocurrent spectroscopy technique is used to study the charge 

carriers dynamic in semiconductor electrodes exposed to illumination of given wavelength. In 
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this technique, a small ac potential perturbation is superimposed onto the DC potential which 

is applied to the photoelectrode.169 Then, the electrode is illuminated by a light of modulated 

intensity. The perturbed photocurrent response due to the modulated incident light intensity is 

recorded, and plotted as a function of the frequency of the incident light resulting in the 

formation of IMPS spectrum. Similarly to the total impedance Z in electrochemical impedance 

spectroscopy, in the IMPS method, transfer function H is defined from the resulting 

photocurrent response. This function stays as  the ratio of the light modulation intensity to the 

recorded alternating photocurrent density. 

The light intensity of the incident stimulus L(t) is described as: 

L(t)  =  L +  ΔL sin (2𝜋ft)         (32) 

where L is the steady-state light intensity (in photons cm-2 s-1), ΔL the light modulation 

amplitude and f the frequency of the modulated light.170 The current density response Jph(t) is 

in the form: 

𝐽𝑝ℎ(t)  =  J +  ΔJ sin (2𝜋ft +  φ)        (33) 

where J is the response of the steady-state photocurrent density, ΔJ the amplitude of the 

alternating photocurrent density and φ the phase difference between the modulated light and 

the alternating current density. Hence, the transfer function of the system is given by the 

equation (34)171: 

 𝐻 =  
ΔJ sin (2𝜋ft + φ)

ΔL sin (2𝜋ft)
          (34) 

However, in the literature, it is common to discuss IMPS results in terms of current density 

response only instead of transfer function, because according to equation (34) the two quantities 

are proportional. 

The transfer function depends on the frequency of the modulated light. In general, the spectra 

obtained at the high-frequency modulations are associated with the faster processes (i.e. charge 

separation and surface recombination processes), whereas the information regarding the slower 

processes can be found at the low-frequency modulations.172 At the frequency minimum of the 

spectrum, the electron - hole separation process predominates over the recombination process. 

Therefore, at this frequency the average charge transfer time, also known as charge transit time, 

can be calculated using following equation: 173 
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𝜏 =
1

2𝜋𝑓𝑚𝑖𝑛
           (35) 

The low-frequency loop formed in the quadrant (a) for the p-type photoelectrode (or in the 

quadrant (e) for the n-type photoelectrode) is associated with the competition between the 

charge transfer and surface recombination processes (Figure 46).172 Indeed, this loop 

disappears when the charge transfer rate is much higher than that of surface recombination. The 

high frequency loops recorded in quadrants (c) and (d) in Figure 46 (for a p-type 

photoelectrode), and in the in quadrants (g) and (h) (for an n-type photoelectrode) are related to 

the time constant of the cell.172  

 

Figure 46. The examples of IMPS spectra for a p-type and n-type photoelectrode. 

I performed IMPS measurements by using electrochemical spectrometer (Instytut Fotonowy, 

Poland) connected to a 373 nm LED and a potentiostat. The IMPS spectra were recorded in the 

light frequency range from 1000 to 0.1 Hz. 

6.6.6 Incident-photon-to-current efficiency (IPCE)  

Incident photon-to-electron conversion measurements were carried out to track the 

efficiency of the semitransparent layer depending on the absorbed photon energy corresponding 

to the particular wavelength reaching the electrode surface. As depicted in Figure 47 the main 

components of the IPCE setup includes xenon lamp, lamp controller, optical fiber, 

monochromator, filter wheel, electrochemical cell and potentiostat. Before the measurement, 

the light source was calibrated using the silicon photodiode. 

 



83 
 

 

Figure 47. Schematic of the IPCE photoelectric spectrometer setup. 

During the measurement, the monochromator is responsible for the illumination of the 

photoelectrode with a single wavelength. For a given wavelength λ, incident photons whose 

energy is greater than the bandgap of the semiconductor result in the generation of electron-

hole pairs. Moreover, not all photogenerated electrons will be collected as the current due to 

the recombination process occurring in active layer and at the various interfaces. Thus, IPCE 

(λ) is expressed as the ratio of the number of effective electrons excited (ΔN) by the photons 

(and collected in the circuit) to the number of incident photons (ΔP) of the incident light 

source174: 

IPCE(λ) =
ΔN

ΔP
           (36) 

It can be as also given as: 

IPCE(λ) =
j

P
ℏω          (37) 

where j is the photocurrent density, P is light intensity and ℏω is photon energy. 

As shown in Figure 48, a 3D maps of IPCE can be recorded as well by varying both the 

wavelength and potential of working electrode. 
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Figure 48. IPCE 3D maps recorded for anodic titania nanotubes grown out of Ti foil 

decorated by Au nanowires within the wavelength range from 300 nm to 500 nm, and varied 

constant potentials in the range from +0.25 to +1.65 V vs. RHE in a 0.1 M Na2SO4 solution. 

RHE: reversible hydrogen electrode. Reproduced from175, under CC BY 3 license. 

 

In this work, I was responsible for recording of 3D IPCE maps using for this purpose 

a   photoelectric spectrometer (Instytut Fotonowy, Poland) equipped with quartz window and 

the set of three electrodes.  

6.6.7 Photoluminescence (PL) measurements 

Photoluminescence (PL) measurement is another characterization technique for 

evaluating the light emission of the material upon its excitation. The gathered data can provide 

information about the rate of electron-hole recombination within the active layer.176 The system 

used herein for PL measurements was composed of a SHAMROCK spectrograph - SR-303I-A 

(Andor Technology), a 450 mW LED excitation light source (λ = 365 nm), an ICCD camera 

for recording fluorescence spectra and an optical filter, FGUV-11 (Thorlabs) with a GG 400 

(Schott AG) to eliminate unwanted lighting modes. During the measurement, the 450 mW LED 

illuminates the material with light of 365 nm wavelength to excite the electrons to higher energy 

levels. This particular wavelength was selected taking into account the bandgap of titania 

material (anatase TiO2, ca. 3.2 eV) to excite the electron from the valence band to the upper 

energy level. Then, those photoexcited electrons will be quenched to lower energy levels and 

recombine with holes. The transition from higher to lower energy levels is accompanied by 

radiative emission. Different bands can be observed during the radiative electron-hole 

recombination.177 For example the red and green bands emission for titania materials have been 
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already reported.177 The red band results from the radiative recombination of trapped electrons 

present on the Ti3+or Ti4+sites (below the conduction bands) with holes in the valance band 

(hVB
+ + etrapped

−  → hν). 178 Whereas the green band is associated to the radiative recombination 

of electrons with trapped holes (eCB
− + htrapped

+  → hν).178 Figure 49 shows an example of PL 

spectra for TiO2 material. The illustration of the setup dedicated for the PL measurement is 

presented in Figure 50. 

 

 

Figure 49. Example of deconvoluted photoluminescence spectra for (a) bare spaced TiO2 

nanotubes, (b) spaced TiO2 nanotubes treated with 355 nm laser with 30 mJcm-2 fluence. 

(Reproduced179 from, under CC BY 4 license.) 

 

 

Figure 50. Schematic of a PL measurement system. 
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7 Results 

The main results gathered during this PhD studies are described in subsections 

corresponding to the particular articles that I already published. In each part I described the 

most important information, namely fabrication procedure of the material, its morphology, 

structure, as well as optical properties, electrochemical and photoelectrochemical performance. 

I also present here some unpublished data. Despite they were not included in papers in JCR 

journals, they were crucial for me to undertake the next steps in my scientific path. I also would 

like to underline that my thesis is a significant part of the realisation of the research plan of 

CEUS-UNISONO project, no 2020/02/Y/ST8/00030 supported financially by NCN.  

The articles will be labelled A followed by a number for example. A1, A2, A3, A4 and A5. 

A1. Kouao, D.-S.; Grochowska, K.; Siuzdak, K. The Anodization of Thin Titania Layers as 

a Facile Process towards Semitransparent and Ordered Electrode Material. Nanomaterials 

2022, 12 (7), 1131. https://doi.org/10.3390/nano12071131. IF = 5.30 / 100 points. 

A2. Kouao, D.-S.; Hanuš, J.; Kylián, O.; Simerova, R.; Sezemsky, P.; Stranak, V.; Grochowska, 

K.; Siuzdak, K. Double-Sided Semitransparent Titania Photoelectrode with Enhanced 

Light Harvesting. Renewable and Sustainable Energy Reviews 2024, 197, 114390. 

https://doi.org/10.1016/j.rser.2024.114390. IF = 16.79 / 200 points.  

A3. Hanková, A.; Kuzminova, A.; Hanuš, J.; Sezemsky, P.; Simerova, R.; Stranak, V.; 

Grochowska, K.; Kouao, D.-S.; Siuzdak, K.; Procházka, M.; Košutová, T.; Kylián, O. TiO2/Ag 

Nanostructured Coatings as Recyclable Platforms for Surface-Enhanced Raman 

Scattering Detection. Surfaces and Interfaces 2022, 35, 102441. 

https://doi.org/10.1016/j.surfin.2022.102441. IF = 6.20 / 70 points. 

A4. Kouao, D.-S.; Hanuš, J.; Kylián, O.; Simerova, R.; Sezemsky, P.; Stranak, V.; Grochowska, 

K.; Siuzdak, K. Photoelectrochemical and Electrochemical Activity of Anodic 

Semitransparent Aligned and Spaced Titania Nanotubes Formed out of Titanium–Silver 

Alloys. ACS Applied Nano Materials. 2024, 7 (2), 1548–1561. 

https://doi.org/10.1021/acsanm.3c04186. IF = 5.90 / 20 points.  

A5. Kouao, D.-S.; Grochowska, K.; Stranak, V.; Sezemsky, P.; Gumieniak, J.; Kramek, A.; 

Karczewski, J.; Coy, E.; Hanus, J.; Kylian, O.; Sawczak, M.; Siuzdak, K. Laser-Treated 

MXene as an Electrochemical Agent to Boost Properties of Semitransparent 
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Photoelectrode Based on Titania Nanotubes. ACS Nano 2024, 18 (14), 10165–10183. 

https://doi.org/10.1021/acsnano.4c00092. IF = 17.1 / 200 points.  

All journals in which listed articles were published are attributed to the mechanical engineering 

discipline. 

Total sum of IF: 51.29 

Total sum of point: 590 

 

Structure of the results section 

The results section is composed of five subsections structured as follows: 

The first subsection presents the results obtained during the optimization of the 

anodization process to grow the aligned and the spaced TNT architectures out of the deposited 

Ti films onto ITO-glass. First, a brief overview of the review article A1 is provided to show the 

gaps in existing studies in the explored area of semitransparend titania based electrodes. Then, 

taking into account comments and advices from other reported works, the anodization 

parameters such as water content in the electrolyte and the applied potential were tuned to obtain 

crack-free aligned and spaced TNT layers out of the sputtered Ti film. The different steps of 

the optimization process are described and explained. 

After elaborating the optimal anodization conditions resulting in aligned and spaced 

TNT out of the deposited Ti film onto one side of the planar substrate, the next procedure was 

optimized, resulting in growth of the tubular layer on the two sides of the planar substrate and 

on the optical fiber substrate. The physicochemical properties together with the 

photoelectrochemical performance of the as-prepared double-sided materials are discussed in 

the second subsection. In this section one can find the description of method resulting in the 

aligned nanotubes onto the surface of optical fiber. Then such substrate was used by the 

Prof.   M. Śmietana research group from Warsaw University of Technology for opto-

electrochemical diagnostics. Owing to the common realisation of CEUS-UNISONO project, 

herein I show some promising results concerning application of the nanostructured optical fiber 

for the purpose of label-free sensing. 

In general, as has been already underlined in the introduction, the photoactivity of the 

bare titania layer is relatively low, limited mainly to UV region. Therefore, the functionalization 
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of the formed nanotubes layer is required to change the electrochemical and the 

photoelectrochemical activities of the samples. In this regard, in the third subsection 

I   discussed the feasibility to fabricate semitransparent photoelectrodes consisting of aligned 

and spaced nanotubes obtained out of titanium-silver alloy i.e. TiAg film with different Ag 

content. Investigations on the electrochemical and photoelectrochemical activities of the 

semitransparent doped titania layers were carried out as well. 

In the fourth subsection, silver nanoislands sputtered onto aligned titania nanotubes 

(anodically developed onto ITO-glass) acting as sensing layers were discusssed. Investigations 

of the fabricated semitransparent nanotubular/Ag substrate as a potential sensor towards 

surface-enhanced Raman scattering (SERS) detection of organic pollutant i.e. methylene blue 

dye (MB) was carried out. To understand the influence of titania morphology onto the SERS 

enhancement with the use of TiO2/Ag, two other substrates, namely the planar TiO2/Ag 

substrate and the nanoparticle-based TiO2/Ag substrate were fabricated and their performance 

towards SERS based detection of MB was investigated as well. The findings of this study are 

discussed in the fourth subsection. The experiments including SERS were conducted by partner 

from Charles University in Prague, the group led by doc. RNDr. Ondřej Kylián, Ph.D, also 

within the cooperation established for the realization of CEUS-UNISONO project 

2020/02/Y/ST8/00030.  

The fifth section presents the results gathered on the fabrication of a noble metal-free 

heterostructure material i.e. TiO2/Ti3C2Tx obtained by laser ablation method. The feasibility to 

use for the first time such a heterostructure as a decorating agent for the modification of the 

semitransparent tubular layer is also investigated. Herein, details on the physicochemical 

characterization of the laser synthesized TiO2/Ti3C2Tx are presented. Among others, major 

achievements including the photon harvesting properties of the nanotubular titania layer 

functionalized with TiO2/Ti3C2Tx are discussed. 

 

7.1 Fabrication of semitransparent aligned and spaced titania nanotubes 

 

Brief overview of the article A1 

Introduction 
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The solar conversion efficiency of the nanostructure composed of titania tubular layer is 

sensitive to the nanotube dimensions, i.e. length, wall thickness, pore diameter. Unlike the sol-

gel or the hydrothermal methods, in which the final product is in the form of powder composed 

of randomly distributed hierarchical tubes exhibiting multimodal lengths (Figure   51),180 the 

anodic oxidation offers the possibility of controlling both the dimensions and the distribution 

of the nanotubes already on the stable substrate. 

 

Figure 51. Titania nanotubes obtained by hydrothermal method. 

(Reproduced with the permission from reference180). 

 

In this regard, one can find in the literature many approaches targeted to the optimization 

of light conversion efficiency, simply by adjusting the geometry of the tubes (e.g. length and 

diameter), where light can be trapped. It has even been suggested that the photoconversion 

efficiency of titania nanotube-based photoanodes increases with the tube length.181 However, 

Varghese et al.21 achieved a photoconversion efficiency of only 7 % with a photoanode based 

on bare nanotube arrays with the length of 17.6 μm, above which the photoconversion 

efficiency drops despite the tube length increases. Similarly, Beranek et al.181 reported 

a photoconversion efficiency of 6 % for bare nanotubes with a length of 9 μm. They also 

observed that the conversion efficiency drops drastically for photoanodes with a   tube length 

greater than 9 μm. Therefore, it was not possible to increase the conversion efficiency of the 

photoanode above 7 % simply by adjusting the tube dimension of the bare photoactive layer. 

The reason is that the photogenerated electron can be collected efficiently if its diffusion length 

is greater than the tube length.15 With increasing tube length, photogenerated electrons must 

travel for a longer distance to be collected by the current collector.181,182 This increases the rate 

of electron-hole recombination within this tubular path. This very short discussion demonstrates 
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that no significant improvement in the photoactivity of the semitransparent tubular layer can be 

expected simply by tuning the nanotubes geometry. 

Consequently, the first stage of this work was not intended to grow nanotubes with the 

specific dimensions onto the semitransparent substrate, but to elaborate the procedure towards 

formation of stable ordered layer with high translucency. In addition, one of the main 

requirements for the application of the tubular layer in label-free sensing is a smooth and crack-

free layer with well-open pores. Therefore, the first objective of the experimental part in my 

work was to achieve highly ordered crack-free aligned and spaced TNT layers by optimizing 

the anodization conditions. The set of the anodization conditions are presented and discussed. 

Preliminary unpublished results on synthesis of aligned nanotubes out of Ti film 

deposited onto ITO-glass 

For the elaboration of the optimized procedure resulting in fabrication of the aligned 

titania nanotubes the anodization is carried out in ethylene glycol (GE) based electrolyte. 

Among various anodization parameters, the water content and the applied potential were 

reported to be the most influencing parameters that substantially affect the tubular 

morphology183. In this work, the water content in the electrolyte is varied from 2 vol% to 

25  vol%, and the applied potential is changed between 40 V and 60 V. The anodization process 

was stopped when the substrate being initially opaque turns transparent. This is the first, visual 

indication that the transformation of the metallic Ti film into oxide layer occurs. The example 

of the set of the anodization conditions that I tested are presented in Table 4. 

Table 4. The set of anodization conditions used for the optimisation towards formation of the 

semitransparent aligned titania nanotube architecture (a: aligned). 

sample 

label 

temperature 

/ ◦C 

potential 

/ V 

time 

/ s 

electrolyte composition 

[NH4F] 

/ M 

[H3PO4] 

/ M 

vol % 

H2O 

vol % 

GE 

a-TNT-1 23 40 180 0.27 1 2 98 

a-TNT-2 23 50 180 0.27 1 2 98 

a-TNT-3 23 60 163 0.27 1 2 98 

a-TNT-4 23 40 180 0.27 1 5 95 

a-TNT-5 23 50 180 0.27 1 5 95 

a-TNT-6 23 60 157 0.27 1 5 95 
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a-TNT-7 23 40 180 0.27 1 10 90 

a-TNT-8 23 50 138 0.27 1 10 90 

a-TNT-9 23 60 54 0.27 1 10 90 

a-TNT-10 23 40 178 0.27 1 15 85 

a-TNT-11 23 50 116 0.27 1 15 85 

a-TNT-12 23 60 66 0.27 1 15 85 

a-TNT-13 23 40 102 0.27 1 20 80 

a-TNT-14 23 40 88 0.27 1 25 75 

 

The inspection of the morphologies was carried out by examining the tubular layer using 

scanning electron microscopy. Figure 52 shows the SEM images of the anodized substrates at 

relatively low water content i.e. 2 vol% and 5 vol%. 

 

Figure 52. SEM images of titania layer (inset: corresponding high resolution images of the 

prepared materials): (a), (c) and (e) TiO2 layers anodized in EG electrolyte containing 2 vol% 

of water content at the voltage of (a) 40 V, (c) at 50 V, (e) 60 V (some closed end pore are 
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shown in the red circles see in insert ). In the case of (b), (d) and (f) titanium layers were 

anodized in EG bath containing 5 vol% of water content at (b) 40 V, (d) at 50 V, (f) 60 V.  

 

Although the SEM image of the sample anodized at 40 V for 2 vol% of water content 

in the electrolyte shows well visible nanopores, abundant amount of nanograss covers the top 

surface of the sample (Figure 52 (a)). Nanograss is frequently defined in literature as a   mixture 

of collapsed thin tubes and nanoparticles, aggregated on top of the tubular layer.184 The 

collapsed thin tubes are visible in the inset in Figure 52 (a). The presence of nanograss on top 

of the anodized tubular layer at relatively low water content (i.e., 2 vol% or 3 vol%) at 40 V 

was also reported by Broens et al.185, Naduvath et al.186, Seçkin et al.187 and Fraoucene et al. 184 

The generation of such grass-like nanostructures results from the high chemical dissolution of 

the oxide barrier layer due to the high viscosity of the organic solvent based electrolyte. 184–186 

Such morphology is not appropriate from the point of view of electrochemical applications, 

namely as an electrode material, since the nanograss blocks the accessibility of ions inside the 

nanopores. Two different approaches can be found in literature with some advice how to 

remove nanograss stacked over the tubular layer. One of them concerns keeping the water 

content at 2 vol% and increase the applied voltage up to 60 V. 184 Figure 52 (c) and 

Figure   52   (e) show the morphologies of the anodized samples at 50 V and 60 V for 2 vol% 

of H2O. The increase in the applied potential in this work to 50 V significantly reduced the 

formation of those grass-like nanostructures on the top surface of the sample (Figure 52 (c)). 

This removal of the nanograss is explained by the reduction in the high viscosity of the organic 

solvent (i.e., ethylene glycol) with increasing applied potential, which facilitates the diffusion 

of ions present in the electrolyte during the anodization, inhibiting the formation of 

nanograss.184 The further increase in the applied potential to 60 V leads to a smoother surface. 

However, the high resolution SEM image shown in Figure 52 (e) (see the inset) indicates that 

still several pores are closed on the top of the tubular nanostructure (shown in the red circles). 

The other approach refers to the reduction of the viscosity of the organic electrolyte by raising 

the water content in the electrolyte.185,186 Accordingly, I increased the water content in the 

electrolyte to 5 vol%. Figure 52 (b), (d) and (f) show that all titanium layers anodized in the 

electrolyte with 5 vol% of water content exhibit crack-free aligned nanotubes layers regardless 

the applied potential. The sample anodized at 60 V exhibits a smoother surface compared to 

those obtained at 40 V and 50 V. 
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To further investigate the influence of the water content in the electrolyte on the tubular 

morphology, the water content was increased up to 15 vol%. The surface morphologies of the 

samples obtained in such conditions are presented in Figure 53. All titanium films anodized  in 

the electrolyte with 10 vol% of water exhibit well-ordered and crack-free layers regardless to 

applied potential (Figure 53. (a), (c) and (d)). 

 

Figure 53. SEM images of titania layer (Inset: high resolution images of the prepared 

materials). (a), (c) and (e) TiO2 layers anodized in EG electrolyte containing 10 vol% of water 

content at (a) 40 V, (c) at 50 V, (e) 60 V. In the case of (b), (d) and (f) Ti layers were 

anodized in EG bath containing 15 vol% of water content at (b) 40 V, (d) at 50 V, (f) 60 V. 

 

However, by increasing the water content in the electrolyte to 15 vol%, the tubular 

morphology loses its close-packed, arranged architecture. The nanotubes are aggregated then 

into several blocks delimited by large tubular oxide layer fractures, leading to an irregular 
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architecture. In the case of further increase in the water content to 20 vol% the tubular layer 

looks damaged (Figure 54(a)). No nanotube can be detected for 25 vol% of water content 

(Figure 54(b)). 

 

Figure 54. SEM images of anodized Ti films. (Inset: corresponding high resolution images 

of the prepared materials) at 40 V. In the case of (a) 20 vol%  and (b) 25 vol% of water 

content in the electrolyte was present. 

 

Therefore, to achieve well-ordered tubular layer out of the titanium films deposited onto 

ITO substrate, it was essential to keep the water content between 5 vol% and 10 vol%. 

Figure  55 shows the cross section images of the anodized samples at 60 V, for different water 

content in the electrolyte and the corresponding values of the geometrical features are given in 

Table  5.  

 

Figure 55. Cross section SEM images of anodized Ti films at 60 V in EG electrolyte 

containing (a) 2 vol%, (b) 5 vol%, (c) 10 vol% and (d) 15 vol% water content. 
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Table 5. The values of the main geometrical parametres (averaged inner diameters and 

lengths) of obtained titania nanotubes at 60 V for 2 vol % (a-TNT-3), 5 vol% (a-TNT-6), 

10 vol% (a-TNT-9) and 15 vol % (a-TNT-12) water content in the electrolyte. 

sample label average length / µm average inner diameter / nm 

a-TNT-3 2.4  ± 0.03 91 ± 10 

a-TNT-6 2.1 ± 0.04 120 ± 19 

a-TNT-9 1.8 ± 0.05 187 ± 30 

a-TNT-12 1.2 ± 0.07 173 ± 35 

 

Synthesis of spaced nanotubes out of Ti film deposited onto ITO-glass 

The anodization leading to the formation of spaced nanotubes was carried out in 

diethylene glycol (DGE) based electrolyte. The parameters such as the applied potential, the 

water content in the electrolyte and the concentration of ammonium fluoride were optimized in 

order to reach the nanotubular structure well distributed over the entire anodized area. One of 

the exemplary set of anodization conditions that I applied during the optimization of the whole 

process is given in Table 6.  

Table 6. Anodization conditions for the spaced nanotube architecture (s: spaced). 

sample 

label 

temperature 

/ ◦C 

potential 

/ V 

time 

/ s 

electrolyte composition 

[NH4F] 

/ M 

[HF] 

/ M 

vol % 

H2O 

vol % 

DGE 

s-TNT-1 40 20 60 0.15 1 10 90 

s-TNT-2 40 30 52 0.15 1 10 90 

s-TNT-3 40 40 43 0.15 1 10 90 

s-TNT-4 40 50 35 0.15 1 10 90 

s-TNT-5 40 50 41 0.15 0.8 10 90 

s-TNT-6 40 20 50 0.15 0.5 7 93 

s-TNT-7 40 30 42 0.15 0.5 7 93 

s-TNT-8 40 40 44 0.15 0.5 7 93 

s-TNT-9 40 50 38 0.15 0.5 7 93 
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In the first attempt, the water content in the electrolyte was fixed at 10 vol%, and the 

applied potential was increased from 20 V to 50 V. However, only porous structures were 

obtained as shown in Figure 56. Several collapsed nanotubes are visible on the surface of the 

sample anodized at 40 V (Figure 56.(c)). This indicates that the applied anodization condition 

is relatively severe. In another attempt the fluorine ions content was reduced by changing the 

concentration of HF from 1 M to 0.8 M.  

 

 

Figure 56. SEM top images of anodized Ti films when 10 vol% water content was present in 

the electrolyte at (a) 20 V, (b) 30 V, (c) 40 V, (d) 50 V. 

 

Figure 57 shows the SEM image of the material that was obtained with the reduced of 

the HF concentration to 0.8 M. The presence of the tubular forms (Figure 57) made some 

promise that the efforts were carried out in the proper direction. Although the surface of the 

sample is not uniform and also porous irregular nanostructures are detected, well-developed 

nanotubes can be distinguished. The fluorine content was further reduced by changing the 

concentration of HF from 0.8 M even to 0.5 M. 
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Figure 57. SEM top images of anodized Ti films in the electrolyte containing 10 vol% water 

and 0.8 M HF and at the applied voltage of 50 V. 

The water content was also slightly reduced to 7 vol%, and the applied potential was, as 

in the previous case, increased from 20 V to 50 V. The morphologies of the series of samples 

are shown in Figure 58. 

 

Figure 58. SEM images of the top of tubular layer obtained in the electrolyte containing 

7 vol% water and 0.5 M HF at the voltage of (a) 20 V, (b) 30 V, (c) 40 V and (d) 50 V. 
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Well-ordered spaced nanotubes were grown out of Ti film deposited onto ITO-glass 

when the process was carried out in the electrolyte with 7 vol% water content and 0.5 M HF at 

the potential below 50 V. The confirmation of the hierarchical arrangements is presented in 

cross section image of the sample anodized at 40 V in Figure 59. The obtained nanotubes have 

an average length of 906 ± 42 nm with an inner diameter of 129 ± 13 nm. 

 

Figure 59. Cross section SEM image of spaced nanotubes obtained at 40 V in the electrolyte 

composed of diethylene glycol mixed with 0.5 M HF, 0.15 M NH4F and 7 vol% water. 

 

Problems occurred during optimization of the anodizing process towards the 

semitransparent layer 

Besides the cases in Figure 56, showing that after the anodization no tubular layers were 

found in the SEM images, other problems also arose during the anodizing process and could be 

diagnosed even by the naked eye as presented in Figure 60. 

 

Figure 60. Some issues occurred during the optimisation of the anodization process: 

(a) the semitransparency of substrate is not achieved after more than 2 h of anodization in 

following conditions; electrolyte composition: 0.15 M NH4F, 0.5 M H, 7 vol % H2O, 

93 vol % DGE; temperature: 40°C, voltage: 40 V) (b) delamination of Ti layer from 

the substrate (marked by red circles) during the anodization performed in the 

following conditions; electrolyte composition: 0.27 M NH4F,1 M H3PO4 , 

5 vol % H2O, 95 vol % GE, temperature: 23°C, voltage: 60 V. 
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As shown in Figure 60, after more than 2 h of anodization that should lead to the spaced 

architecture, semitransparency was not reached. On the other hand, for Ti films sputtered under 

the same conditions onto the ITO glasses, as shown in Table 6, the anodization time to obtain 

the spaced nanotubes does not exceed one hour. In general, the main reason that the opaque 

bare Ti film did not reach semitransparency, was its poor electrical conductivity. In fact, a good 

conductivity of the sputtered film is essential to drive the anodization process towards formation 

of tubular nanostructure and oxidation the Ti film into a semitransparent TiO2 layer according 

to the equations from (1) to (4) provided in subsection 4.2.2. This problem can be also observed 

during the anodization of TiX alloys (where X is a heterometal) sputtered onto TCO. In this 

case, a relatively high amount of heterometal in the alloy film may be responsible for the non-

transparency of the anodizing substrate. Another problem depicted in Figure 60 (b) is 

delamination of the sputtered Ti film due to its poor adhesion to the ITO/glass substrate. 

 

Structural properties of the tubular layers 

In order to verify the structure of the obtained aligned and spaced TiO2 nanotubes grown 

onto indium tin oxide coated glass before and after the annealing, the Raman spectra were 

recorded, see Figure 61. 

 

Figure 61. Raman spectra of anodized titania films deposited on ITO-glasses: a-TNT: aligned 

nanotubes, s-TNT: spaced nanotubes, annealed at 450 °C for 2 h. 

It is well known that the Raman spectrum of anatase phase of TiO2 exhibits active bands located 

at 144 cm-1, 197 cm-1, 399 cm-1, 516 cm-1 and 639 cm-1, which correspond to Eg(1), Eg(2),  B1g, 

A1g + B1g and Eg(3) modes, respectively. 144 Independently on the tubes arrangement, the Raman 
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spectrum of the TiO2 layer before calcination shows two not so intense bands with maxima 

located at 612 and 1050 cm-1. The broad band at 610 cm-1 is assigned to Ti-O stretching in 

amorphous titania.188 The peak found at 1050 cm−1 observed in both spectra results from ITO-

glass substrate.189 The Raman spectra of the calcined aligned and spaced TNT samples present 

six peaks as it is also shown in Figure 61. The peaks located at 144, 197, 399, 516 and 639 cm-

1 are ascribed to Eg(1), Eg(2), B1g, A1g+B1g and Eg(3) active modes of the anatase phase. 144 The 

observed peaks at 610 cm-1 in the Raman spectra before the calcination disappeared after 

calcination. This analysis evidences the transformation of the amorphous phase of titania to the 

anatase phase after annealing of samples at 450 °C. 

 

Conclusions 

In summary, the fabrication of the aligned and spaced titania nanotubes via anodization 

of Ti film deposited onto ITO-glass have been optimized owing to the numerous attempts 

carried out in various conditions. The selection of the range of the various parameters values 

used in optimisation process and finally reaching this goal was possible due to the detailed 

studies of the current state of art regarding anodization of sputtered titanium films. Indeed, some 

problematic issues took place during the growth of the tubular oxide layer, however they were 

solved taking into account the comments and advices reported in the literature. The influence 

of the water content present in the electrolyte on the quality of the tubular layer, i.e. obtaining 

a crack-free layer with well-open pores, was investigated. The results revealed that for aligned 

nanotubes, regardless of the applied voltage, water content between 5 vol% and 10 vol% is 

essential to avoid the formation of nanograss on the sample surface and the aggregation of 

nanotubes into several regions. In the case of the spaced nanotubes 0.5 M is found to be the 

optimal concentration of hydrofluoric acid to grow the tubular layer. 

The optimized anodization conditions selected for the growth of nanotubes are as following: 

 aligned nanotubes: the mixture of ethylene glycol (95 vol%) and water (5 vol%) 

containing 1 M H3PO4 and 0.27 M NH4F at 23 °C, applied voltage of 60 V; 

 the spaced nanotubes: the mixture of diethylene glycol (93 %) and water (7%) containing 

0.15 M NH4F and 0.5 M HF at 23 °C, applied voltage of 40 V. 
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7.2 Anodization of Ti films sputtered onto the substrate of complex geometries 

 

A brief overview of the article A2 

Introduction 

Over the past decade, research on the growth and practical application of semitransparent 

photoelectrodes based on anodic titania nanotubes has focused on Ti films sputtered only on 

one side of planar substrates. Compared with the single-sided electrode, light harvesting and 

conversion can take place on both sides of the double-sided planar substrate. In addition, the 

double-sided electrode offers a large active surface, twice that of a single-sided one, available 

for further functionalization. However, until now, the study of titania nanotubes grown on both 

sides of planar substrates is still rather inadequate.  

In the previous subsection, the anodization conditions were optimized to grow well-

ordered nanotube layers on one side of the planar substrate. Two optimized anodization 

conditions were determined. One regarding the formation of the aligned nanotubes architecture 

and the other ensuring fabrication of the spaced nanotubes. The objective in this subsection is 

the use of these optimized anodization conditions for the fabrication of the semitransparent 

double-sided photoelectrode, namely where both sides of the planar substrate are overgrown by 

the nanotubes layer. 

Semitransparent double-sided electrodes were obtained by successive anodization of the 

sides of the planar substrate arranged in the special holder. Two symmetric electrodes consisting 

of aligned (signed (A)) or spaced (signed (S)) nanotubes grown on both sides of ITO-glass were 

synthesized. As a result samples labelled as NT(A)-ITO-NT(A) and NT(S)-ITO-NT(S) were 

obtained. Moreover, one asymmetric electrode material was fabricated by growth of spaced 

nanotubes onto one side and aligned nanotubes onto the other one. This kind of material was 

labelled as NT(A)-ITO-NT(S). The synthesis methods, as well as the morphologies together 

with the electrochemical properties of the prepared electrodes are discussed in the article A2. 

This approach developed in this work is unique since such arrangement has not been reported 

in any work before, and it also allows for the effective control of the tubular architecture on the 

sides of the planar substrates.  

 

Optical and structural properties 

The measure of the absorbance on the sides of the double sided materials has shown that 

the recorded spectra overlap for the symmetric samples (Figure 62 (a)). 
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Figure 62. Absorption spectra of NT(A)-ITO-NT(A), NT(S)-ITO-NT(S) materials annealed 

at 450 °C for 1 h. (b) (αhν)1/2 vs. photon energy (Reproduced from the article A2). F1 and F2 

represent the sides 1 and 2, respectively of the electrodes. 

 

The aligned NT sample exhibits high absorbance intensity in UV region. However, the 

absorbance intensity in the visible range of the spaced NT is relatively higher with respect to 

that of the aligned NT layer. The bandgaps determined on the basis of Tauc plots 

(Figure  62  (b)) for the aligned NT sample is 3.33 eV and 3.26 eV for the spaced NT. 

After annealing the samples at 450 °C for 1 h, the crystallinity on the sides of the 

electrodes was verified in ten different places for each side of the sample (Figure 63). 

 

 

Figure 63. Raman spectra recorded at different positions on the (a) side 1, (b) side 2 of NT(A)-

ITO-NT(A) and on the (c) side 1, (d) side 2 of NT(S)-ITO-NT(S) annealed at 450 °C for 1h. 
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Figure 63 shows that the anatase is present over all the investigated anodized places. In 

fact, for all measurements, there are six (6) peaks in the recorded spectrum, as shown in Figure 

63. The peaks located at 144, 197, 399, 516 and 639cm-1 are ascribed to Eg(1),  Eg(2), B1g, A1g+B1g 

and Eg(3) active modes of the anatase phase of titanium dioxide.144 The peak at 1050  cm−1 

results from the ITO-glass substrate.189 

 

Photoelectrochemical activity of the double-sided material 

Here, additional analysis of the linear sweep voltammetry curves is provided. The 

shapes of the LSV curves were examined to track the photocurrent generation of the double 

sided electrodes under interrupter irradiation. As was shown in article A2 for symmetric 

electrodes, regardless illuminated side, the generated photocurrent is nearly the same. 

Therefore, for each electrode only one LSV plot, shown in Figure 64, is considered for analysis. 

 

 

Figure 64. LSV curves recorded under chopped UV-vis light illumination 

(light/dark every 5 s) of NT(A)-ITO-NT(A) and NT(S)-ITO-NT(S). 

(Reproduced from the data collected for article A2). 

 

For both photoelectrodes, when the light is turned on, there is a rapid increase followed 

by a slow raise in the photocurrent to reach their maximum values. Herein, the photocurrent 

response is not quasi-rectangular in shape. Such behaviour is more pronounced for the aligned 

nanotubes comparing the spaced one. The slow dynamic of the photocurrent to reach the steady 

state is associated with the presence of trap filling phenomena along the tubular layer.89,153 In 

other words, the photogenerated electron undergoes several trapping and de-trapping processes 

(i.e. the trapped electron moves from one trap state to another after being detrapped) within the 

nanotubes before reaching the current collector. Those not desired processes hamper reaching 
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the maximum value of the photocurrent.190 Additionally, when the light is turned off, the current 

recorded for the sample with spaced nanotubes drops sharply to its black current value, whereas 

the aligned nanotubes material exhibits a longer photocurrent tail (Figure 64). The occurrence 

of this long photocurrent tail is attributed to the slow detrapping of electrons.191 This analysis 

of the shape of the photocurrent versus potential curve indicates that the transport of the 

photogenerated charge within the bare double-sided material predominantly occurs via electron 

hopping between localized trap states within the tubular layer.  

 

Anodization of Ti film sputtered onto optical fiber 

In the first attempt, the fiber was anodized in a two-electrode setup using a platinum 

mesh as the cathode and the fiber as the anode. The distance between the fiber and the platinum 

mesh was 2 cm. The anodization was carried out in the mixture of ethylene glycol (95%) with 

water (5%) containing 1 M H3PO4 and 0.27 M NH4F, thermostated at 23 °C at the voltage of 

60 V. The scheme of the experimental setup and the morphology of the anodized layer is shown 

in Figure 65. 

 

 

Figure 65. (a) Anodization setup for formation of titania nanotubes on the optical fiber 

(b) low resolution SEM image of the anodized region and  high resolution SEM of (c) top 

image and (d) cross section image of the tubular oxide layer grown on the fiber.  
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Although a tubular layer was obtained, the top image shows an irregular morphology. The 

surface on top of the nanotubes is not ideally smooth, but rather looks as sponge-like, porous 

structure. Due to that, such nanostructure is no suitable for label-free sensing. A smooth and 

crack-free layer with well-open pores is required for this kind of application, according to the 

feedback or our partner from Warsaw University of Technology, experts in label-free optical 

sensing. In addition, according to Sun et al.192, the anodization of substrates with cylindrical 

geometry by using the traditional two electrode setup leads to a significant variation in the 

length of the nanotubes over the entire surface of the substrate. As illustrated in Figure 66, it is 

a consequence of the non-uniform distribution of the electric field on the surface of optical fiber 

substrate characterized by cylindrical geometry.192 Following that, the growth rate of the 

nanotube gradually decreases along the surface being far from the side facing the platinum 

mesh, to its back.192 

 

Figure 66. Scheme showing distribution of electric lines in the electrolyte for 

an anode with tubular geometry in a two electrode setup. 

(Reproduce with the permission from the reference192) 

 

To uniform the electrochemically driven etching over the entire surface of the 

cylindrical fiber, another configuration, but still very simple was proposed. This time the fiber 

was placed in the center between two platinum meshes. In this configuration, the distance 

between the two platinum meshes was optimized to obtain the tubular morphology. Indeed, 

when the Pt meshes were relatively close to the fiber, any tubular nanostructure was obtained 

due to a strong chemical dissolution of the oxide layer. For each anodization trial, the distance 

between the Pt meshes are given in Table 7, while the scheme of the anodization setup together 

with SEM images are presented in Figure 67. 
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Table 7. Distance between the Pt meshes and the description of 

the morphology obtained for each anodized sample. 

electrode distance between Pt meshes / cm obtained morphology  

Fiber 1 2 porous layer 

Fiber 2 2.5 porous layer 

Fiber 3 3 porous layer 

Fiber 4 3.5 tubular layer 

 

 

Figure 67 (a) Experimental setup arrangement using two platinum meshes as the cathode 

dedicated for the anodization of the optical fiber. SEM images of the sample anodized using 

two platinum meshes being at the distance of (b) 2 cm (c) 2.5 cm (d) 3 cm (e) 3.5 cm. 

(f) Corresponding cross section image of the tubular layer obtained when 

the platinum meshes were 3.5 cm far from each other. 
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Figure 67 (e) shows image of uniform and smooth top of the fabricated material, which is 

adequate for application in label-free sensing. The tube growth as anodization proceeded was 

analysed through the current versus time profile depicted in Figure 68. 

 

 

Figure 68. Current-time plot registered during anodization of Ti film 

deposited onto the optical fiber. 

 

The current-time (i-t) profile recorded during anodization is similar to those already 

reported for the planar titanium substrate when only one Pt mesh was used as a cathode. Three 

stages can be distinguished along the i-t curve. The initial sharp increase in the anodization 

current (in stage I) is due to the increase in the ionic current occurring due to the decomposition 

of the water present in the electrolyte into 2H+ and O2-. This increase in current is followed by 

a sudden drop resulting from the growth of the TiO2 oxide barrier layer. In the stage II, the 

current undergoes a slow decrease to a steady state, followed by another sharp drop in current 

due to the continued growth of the oxide layer. The slow decrease in the current observed at 

this stage is due to the formation of pores within the oxide barrier layer. Finally, the current (in 

the stage III) reaches a steady state resulting from some kind of the competition between anodic 

oxide formation and chemical dissolution of the oxide as soluble fluoride complexes. Thus, in 

this stage the formation of the tubular morphology occurs. 

 

Optical fiber overgrown by titania nanotubes for label-free sensing 

It is well known that ITO-LMR (linear molecular resonance) i.e. optical fiber sensors 

make it possible to measure the refractive index of the medium. It has been observed 
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experimentally that when the optical fiber is covered with a Ti film, the fiber loses its sensing 

feature. Here, the Ti film is first sputtered onto the naked optical fiber (without cladding) and 

then anodized to form a semitransparent tubular oxide layer on the fiber. The objective is to 

study the influence of the presence of the tubular oxide layer on the detection properties of the 

sensor and this part was realized by the prof. Mateusz Śmietana group from Warsaw University 

of Technology. Herein just an example of the results collected by PhD student Emil Pituła is 

shown to indicate the potential application aspect. However, I would like to underline that those 

measurements were carried out by Mr E. Pituła and will become part of his PhD thesis. The 

fiber overgrown by the nanotubes that I prepared, was tested in five liquid media of different 

refractive index and the results are presented in Figure 69. 

 

 

Figure 69. Optical measurements of the ITO-LMR sensor with nanotubes in solutions with 

different refractive index. (FIT: fitted curve). 

 

Although a relatively thick tubular layer of about 500 nm was formed on the fiber, the 

presence of maxima is visible in the spectra recorded upon immersing the anodized part of the 

sensor in different liquid media. The first maxima can be clearly observed between 525 nm and 

575 nm. In addition, there is an upward shift in resonance maxima with gradually increasing 

refractive index. The sensitivity to refractive index changes of the sensors in aqueous solutions 

was 260   nm/RIU. As it was mentioned, it is only a small part of the data gathered by other 

scientific group but it indicates the potential application of the unique coating of the optical 

fiber for sensing purpose. 
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Conclusion 

Aligned and spaced TNT were successfully grown on both sides of the planar substrate. 

Raman measurements revealed that anatase titanium oxide is present on the anodized area on 

both sides of the planar substrate after annealing at 450 °C for one hour. Although the spaced 

NT sample has a narrower bandgap (3.26 eV) compared to the aligned NT (3.33 eV), the LSV 

measurements indicate the larger photocurrent for the aligned NT material. This difference 

results from the higher amount of the photoactive material present on the surface, since in the 

case of the aligned arrangement more nanotubes cover particular area. 

Regarding to the optical fiber, aligned titania nanotubes were grown over the whole anodized 

part of surface of the fibers owing to the new arrangement of  traditional two-electrode 

anodization setup. Indeed, semitransparent uniform and smooth tubular layers were obtained 

by keeping the fibers at the center between two Pt meshes. Several samples were prepared using 

this same anodization conditions and setup configuration to check reproducibility and were sent 

to our partner in Warsaw University of Technology to perform label-free sensing of gases and 

liquids. Promising results were gathered when as-prepared fibers were used and additional tests 

and characterizations towards further investigations on the influence of nanotubular geometry 

of the optical fiber coating exhibiting different thickness on the sensing performance of the fiber 

are going on.  

As the photoactivity of the bare semitransparent titania material is relatively low 

(4.6  µAcm- 2), the modification of the tubular layer with a selected compound can raise its 

overall photoactivity. Before investigating the modification of the tubular layer grown onto the 

both sides of the planar substrate, the optimization of the surface functionalization was carried 

out using the single-sided electrode. Two different decorating agents were investigated in this 

work. First, the modification of the tubular layer with silver was explored (see subsection 7.3). 

The next subsection (i.e. 7.3) discusses the photoelectrochemical and electrochemical activity 

of semitransparent anodic aligned and spaced nanotubes formed out of TiAg film. Then, in the 

last subsection (see subsection 7.5), the feasibility to decorate the tubular layer with laser treated 

titanium carbide MXene (Ti3C2Tx) was investigated as well, as a noble metal-free compound to 

improve the photoactivity of the metal oxide semiconductor. 
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7.3 Anodization of TiAg alloy films deposited onto ITO-glass 

 

A brief overview of the article A3  

Introduction 

In the previous subsections the growth of the tubular structure out of Ti film deposited 

onto one side and the two sides of the planar substrate was described. In general, the 

photoactivity of the pure tubular layer is relatively low due to the absorbance of light in the UV 

region of solar radiation. The raise of the photoelectrochemical activity of those electrodes is 

mostly related with the modification of the nanotubes layer, that can be realized via doping of 

non-metal and metal atoms or formation of the heterojunction together with highly photoactive 

material. In this work, the growth of aligned and spaced nanotubes out of titanium-silver 

deposited onto ITO-glass was investigated. The feasibility to grow tubular structure out of 

various Ti alloys film has been investigated by different research groups. Indeed, the 

anodization of alloys film such as TiNb 25, TiCo 26, TiFe 27,28, TiMo 29, TiW 30, TiCu 31, TiAg 

32 have been reported. However, among all of those reports only the architecture composed of 

aligned nanotubes has been fabricated out of the deposited alloy films. Moreover, the 

investigation on the influence of the heteroatom content on the formation of the spaced 

nanotubes architecture has not been provided so far. Here, the anodization procedure was 

optimized towards formation of the aligned and spaced arrangement of nanotubes using as 

a substrate the alloy films, and the influence of tubular architecture and presence of the 

heteroatom on the photoactivity was also studied. 

 

Processing conditions and morphology analysis of the anodized tubular layer 

Aligned and spaced nanotubes were grown after the anodization of the TiAg films obtained 

from the prof. Vitezslav Stranak group from Czech Republic. The prepared samples were 

labelled a-xAg-TNT (for aligned nanotubes) and s-xAg-TNT (for the spaced nanotubes) where 

x is defined as silver content in the initial deposited TiAg film (x = 1.7, 3.5 and 5 %). The 

anodization conditions for the aligned and the spaced architecture optimized for pure Ti 

obtained in the first subsection (i.e. in paragraph 7.1) were used and the anodization was stopped 

when the substrates became transparent. The obtained tubular morphologies, i.e. the SEM top 

and cross section images, are shown in Figure 70 and Figure 71 for the aligned TNT samples 

and in Figure 72 and Figure 73 for the spaced TNT. 
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Figure 70. SEM top images of the anodized samples: (a) a-TNT, (b) a-1.7Ag-TNT, 

(c) a-3.5Ag-TNT and (d) a-5Ag-TNT. (Reproduced from article A3). 

 

Figure 71. SEM cross-section images of the anodized samples: (a) a-TNT, (b) a-1.7Ag-TNT, 

(c) a-3.5Ag-TNT and (d) a-5Ag-TNT. (Reproduced from article A3). 
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Figure 72. SEM images of the anodized samples: (a) s-TNT , (b) s-1.7Ag-TNT,  

(c) s-3.5Ag-TNT and (d) s-5Ag-TNT. (Reproduced from article A3). 

 

Figure 73. SEM cross-section images of the anodized samples: (a) s-TNT , (b) s-1.7Ag-TNT, 

(c) s-3.5Ag-TNT and (d) s-5Ag-TNT. (Reproduced from article A3). 
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Additional information about the geometry characteristics of the samples are provided. 

The geometrical features of the TNT are summarized in Table 8. 

Table 8. Averaged inner diameters and lengths of as-prepared TNT.  

aligned nanotubes spaced nanotubes 

sample inner 

diameter 

/nm 

nanotube 

length/ nm 

sample inner 

diameter 

/nm 

nanotube 

length /nm 

a-TNT 61 ± 10 1200 ± 26 s-TNT 129 ± 13 590 ± 29 

a-1.7Ag-TNT 59 ± 9 1127 ± 23 s-1.7Ag-TNT 105 ± 18 544 ± 68 

a-3.5Ag-TNT 60 ± 10 1113 ± 30 s-3.5Ag-TNT 110 ± 20 494 ± 51 

a-5Ag-TNT 77 ± 10 1049 ± 30 s-5Ag-TNT 102 ± 24 451 ± 46 

 

There is no significant change in the pore diameters of the a-1.7Ag-TNT and 

a -3.5Ag-TNT samples, compared to the pure aligned TNT material (a-TNT). The 

increase of the Ag content to 5 % in the deposited film leads to an abrupt increase of the 

pore diameter of about 16 nm with respect to that of a-TNT. Although the tube length 

decreases slightly with the increase of Ag content in the deposited TiAg alloys, it is 

worth noting that the obtained average lengths for the a-TNT, a-1.7Ag-TNT, a -3.5Ag-

TNT, and a-5Ag-TNT materials are roughly 2 times greater than the initial deposited 

TiAg film thickness (ca. 500 nm). As shown in Table 8, both the tube diameters and 

lengths of the s-1.7Ag-TNT, s-3.5Ag-TNT and a-5Ag-TNT materials are shorter 

comparing to s-TNT. Moreover, the average tube lengths of the s -3.5Ag -TNT and a-

5Ag-TNT samples are found to be smaller than the deposited TiAg film thickness (Table 

8). This may be related with the electrolyte composition, particularly the HF content in 

the electrolyte. Similar observations were reported by Premchand et al.193 It was shown 

that a tube length of 560 nm was achieved when anodizing 1.92 µm thick Ti film 

deposited onto Si substrates in an electrolyte containing 0.5 wt% HF. Yoriya et al.194 

also demonstrated that the presence of HF in the electrolyte results in relatively faster 

dissolution of the oxide layer forming at the top, thus limiting the nanotube length. This 

severe etching at the pore mouth can also explain the large pore diameters of the spaced 

TNT (102 ± 24 nm - 129 ± 13 nm) comparing to the aligned materials (61   ±   13   nm - 

77 ± 16 nm). 
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Structural properties 

Figure 74 depicts the Raman spectra of the prepared titania materials after annealing at 

450 °C. 

 

Figure 74 Raman spectra recorded for: (a) a-TNT, a-1.7Ag-TNT, a-3.5Ag-TNT, a -5Ag-

TNT, (b) s-TNT, s-1.7Ag-TNT, s-3.5Ag-TNT, s-5Ag-TNT. (Reproduced from article A3). 

The spectra recorded for all aligned TNT samples show the series of peaks characteristic 

for anatase found at 144, 398, 515, and 640 cm-1, which are associated to the active vibrational 

modes of E1g, B1g, A1g, and E3g, respectively. In the case of the spaced titania, the Raman 

spectrum of s-1.7Ag-TNT shows only the most intense anatase peak at 143 cm-1. Raman spectra 

of the spaced TNT obtained for a Ag content above 1.7 % indicated that s-3.5Ag-TNT and s-

5Ag-TNT samples are amorphous. In the article A3, XRD data were also given for the spaced 

TNT samples. The results indicated the presence of some trace amount of anatase titania in the 

s-3.5Ag-TNT and s-5Ag-TNT samples. This demonstrates that although all spaced TNT 

samples were calcined under the same conditions, s-3.5Ag-TNT and s-5Ag-TNT are not 

completely crystalline in the whole volume. 

Electrochemical response of the anodized alloy samples 

Details of the investigation on the photoactivity of the anodized alloy films are discussed in 

the article A3. However, this subsection not only concerns the influence of the nanotube 

architecture and heterometal content on the photoactivity of the semitransparent material, but 

also the unique electrochemical response of the obtained tubular layer out of the alloy films, 

which are unknown for nanotubes developed from the pure Ti film. The ordered nanostructures 

obtained after anodizing the alloy films exhibit significantly higher voltammetric currents than 

the bare layers i.e. a-TNT and s-TNT. In addition, all active layers formed out of the alloys 
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exhibit redox peaks that are not observed for the tubular layer obtained with the pure Ti films. 

In agreement with the literature, namely Krysa et al. 195, one can find the experimental evidence 

that the pure TiO2 layer deposited onto TCO (i.e. FTO) does not exhibit redox peaks when the 

electrode is immersed in the neutral electrolyte i.e. KCl solution containing K3Fe(CN)6. Briefly, 

Krysa et al. 195 sputtered Ti film onto FTO substrate and then converted this Ti film into TiO2 

layer by thermal oxidation at different temperatures leading to formation of FTO/TiO2. The 

XRD analysis as well as semitransparency has confirmed the complete conversion of the 

titanium film into crystalline TiO2 layer. Electrochemical tests performed in KCl based 

electrolyte containing a ferricyanide redox pair have shown that on the contrary to bare FTO 

electrode, the prepared FTO/TiO2 does not exhibit any redox behaviour due to the 

semiconducting behaviour of titania. As discussed in the article A2, the TCO substrates such 

as ITO or FTO, exhibit the redox behaviour because they are characterized with very good 

conductivity (sheet resistance of ~10 Ω). For each architecture of titania nanotubes cyclic 

voltammetry curves were recorded and CV for a-TNT, a-5Ag-TNT, s-TNT and s-5Ag-TNT 

samples are presented in Figure 75.  

 

Figure 75. Cyclic voltammograms of (a) a-TNT and a-5Ag-TNT and (b) s-TNT and 

s -5Ag -TNT recorded in 0.5 M Na2SO4 + 10 mM K3Fe(CN)6 at 50 mVs-1. (Reproduced from 

article A3). 

It should be mentioned that EDX elemental analysis showed that about 60 % of the 

initial Ag content is still present in the tubular layer of the aligned nanotube samples, while the 

Ag content in the spaced nanotube samples is out of detection limit. However, the peak-to-peak 

separation distance for the spaced nanotubes sample is 0.2 V vs. Ag/AgCl/0.1 M KCl, which is 

smaller comparing to that of the aligned nanotubes sample (0.3 V vs. Ag/AgCl/0.1 M KCl). 
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This indicated that s-5Ag-TNT exhibits high electrochemical reversibility, although no Ag was 

found in its nanotube layers. Therefore, the appearance of these peaks is associated rather with 

the redox reaction occurring on the ITO surface with the ferricyanide redox active species. 

Indeed, contact angle measurements have shown that the tubular layer produced out of the 

alloys films exhibits better wetting properties comparing to the bare TNT layers. 

 

Photoelectrochemical response of the anodized alloy samples 

In the next step, characterisation of the photoresponse of the fabricated electrode 

materials was carried out. The LSV curves recorded under chopped light are shown in 

Figure 76. Photoelectrode based on aligned TNT (i.e. 3.5 % of Ag content) exhibited about 

3 times higher photocurrents than its counterpart formed out of pure Ti films. This is probably 

due to the fact that generated electrons resulting from the light-induced oxidation of Ag 

atoms are embedded within the tubular layer, namely Ag → Ag+ + e-. In the case of 

spaced TNT, as shown on the LSV curve (Figure 76 (b)), for deposited TiAg films with 

Ag content above 1.7 %, the prepared TNT are no longer photoactive. As shown in 

Raman spectra given in Figure 74, this can be attributed to the presence of amorphous 

phase in s-3.5Ag-TNT and s-5Ag-TNT samples after their annealing. Indeed, disordered 

amorphous structure hamper the percolation of electrons leading to a substantial increase of the 

recombination rate of electron-hole pair. 

 

 

Figure 76. LSV curves registered under chopped UV-vis light illumination (light and dark 

periods last 5 s) of (a) a-TNT, a-1.7Ag-TNT, a-3.5Ag-TNT, a-5Ag-TNT; (b) s-TNT, 

s-1.7Ag-TNT, s-3.5Ag-TNT, s-5Ag-TNT in 0.5 M Na2SO4. 
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The quantum efficiency measurements for the photoactive materials have been also 

carried out. Three-fold increase in the incident photon-to-current conversion efficiency was 

reached for the most photoactive sample compared to the bare tubular layer. The recorded 

spectra are shown in Figure 77.  

 

Figure 77. IPCE 3D map for (a) a-TNT and (b) a-3.5Ag-TNT. (Reproduced from article A3). 

This increase in the IPCE can be associated to the presence of silver within the anodized 

tubular layer as mentioned in the discussion on the LSV. In fact, as shown in the article A3, 

there are shifts of the flat band potentials for all titania nanotubes prepared out of the TiAg 

alloys with respect to their pure counterparts. As discussed by Garlisi et al. 159 the presence of 

heteroatoms and the structural defects within the material are responsible for the shifting of its 

flat band potential. Although an increase in the photon-to electron conversion efficiency is 

achieved by anodizing the TiAg alloy films as compared to the bare material, its overall light 

harvesting efficiency was still below 1 %. This led our research group to explore other 

electrochemical decorating agents, namely the two-dimensional transition metal carbides and 

nitrides known as MXenes. Ti3C2Tx MXene was selected to avoid the widely used and 

expensive noble metals (i.e. Ag and Au). 

 

Conclusion 

This subsection focuses on the synthesis and characterization of photoelectrochemical 

and electrochemical properties of the tubular layer formed out of the alloy metallic films. The 

results have shown that both aligned and spaced nanotubes can be grown out of the titanium - 

silver alloy layers containing up to 5 % of Ag in the initial deposited film. The obtained 

materials especially, a-3.5Ag-TNT sample exhibits a 3-fold increase in the photocurrent density 
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as compared to bare TNT. Investigation on the electrochemical activity of the prepared 

materials in the presence of ferricyanide redox species in the electrolyte has revealed that for 

some Ag content in TNT, reversible redox reaction occurs that was not found for bare TNT, 

exhibiting purely semiconducting activity that does not allow to rise both oxidation and 

reduction peak during cyclic voltammetry. This demonstrates that semitransparent TNT 

electrodes (i.e. aligned and spaced TNT) formed out of TiAg films exhibit unique features 

unknown for pure titania and they can be considered as a promising materials not only for 

solar-driven processes but also those where the feriicyanide redox couple acts as a probe 

molecule. However, although an increase in the photoresponse can be noted for the tubular 

layer obtained out of the alloy film comparing to its counterpart obtained by anodizing the pure 

Ti film, the overall performance is still very low for practical application. Other chemical 

compound, namely transition-metal carbide MXenes was also investigated for the modification 

of the tubular layer and the obtained results are presented in the subsection 7.5.  
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7.4 Semitransparent electrode based on aligned nanotubes for methylene blue sensing 

 

A brief overview of the article A4  

Introduction 

Surface-enhanced Raman scattering (SERS) is one of the widely used analytical 

spectroscopic techniques for organic chemicals, biomolecules and environmental pollutants 

sensing. The principle of this method is based on a huge enhancement of the Raman scattering 

of molecules situated in close proximity to a substrate. In this work the SERS activity of the 

anodic aligned tubular layer grown on ITO-glass towards methylene blue (MB) is investigated. 

A comparative study on the detection ability of ITO/TiO2/Ag coatings with three different TiO2 

morphologies i.e. planar, tubular and nanoparticle is carried out to understand the influence of 

TiO2 morphology on its sensing performance. 

Fabrication of the sensors 

Three sensors were fabricated according to the procedure described in Figure 78. 

 

 

Figure 78. Schematic of the procedures for the fabrication of TiO2 layer decorated by silver. 

(i) planar Ag/TiO2 substrate (left), (ii) nanotubular Ag/TiO2 substrate (middle) and 

(iii) nanoparticle-based Ag/TiO2 substrate (right). (Reproduced from article A4). 
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There were prepared three different materials used later on in SERS measurements: 

(i) The fabrication of the planar Ag/TiO2 substrate was carried out first by depositing 

1   µm Ti film onto ITO-glass followed by the annealing of the deposited film at 450 °C for 1h. 

Then, the obtained layer was decorated with Ag nanoislands. 

(ii) The fabrication of the nanotubular Ag/TiO2 substrate was carried out first by 

depositing 1 µm Ti film onto ITO-glass followed by anodizing of the Ti film using the 

anodization conditions optimized to obtain aligned nanotubes. Then, the obtained material was 

annealed at 450 °C for 1 h. In the last step, Ag was sputtered on top of the tubular layer forming 

silver nanoislands. 

(iii) The fabrication of the nanoparticle Ag/TiO2 substrate was carried out first by 

depositing 1 µm layer of Ti nanoparticles onto ITO-glass followed by the annealing of the 

substrate at 450 °C for 1h. Then, the obtained layer was decorated with Ag nanoislands. 

 

Morphology of the prepared sensors 

The morphologies of the prepared materials are presented in Figure 79. Figure 79 (a), shows 

the planar TiO2 film decorated with Ag nanoparticles. The silver nanoislands deposited on top 

of the tubular layer (1.6 µm long) are shown is Figure 79 (b). This highly porous layer of 

spherical TiO2 nanoparticles (with an average diameter of 50 nm) decorated with silver 

nanoislands is depicted in Figure 79 (c).  

 

Figure 79. SEM images of the TiO2 layer decorated by silver. (a) SEM top image of planar 

Ag/TiO2 substrate. (b) SEM top and cross section images of nanotubular Ag/TiO2 substrate. 

(c) SEM top images (low and high resolution images) of nanoparticle-based Ag/TiO2 

substrate. (Reproduced from article A4). 
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Sensing performance of the fabricated Ag/TiO2 substrate 

During the test, methylene blue was used as the SERS probe. A given amount of MB 

aqueous solution was dropped on top of the Ag/TiO2 substrates and dried at ambient 

temperature. Then, recording of Raman spectrum was carried out on the sample. In the article 

A4, it was shown that all three fabricated Ag/TiO2 substrates are SERS active and can detect 

methylene blue molecules at the concentration of 1 × 10- 6 M. It is well known that silver-free 

TiO2 does not exhibit SERS activity towards MB sensing. Therefore, the enhancement of the 

SERS signal results from the localized plasmon resonance occurring due to the presence of 

silver nanoislands and the chemical enhancement mechanism is negligible. The different TiO2 

substrates only serve here as a nanostructured platform for the deposition of the Ag silver 

nanoislands. However, since all the fabricated titania substrates offer different surface area 

available for the Ag silver nanoislands deposition, the SERS signal intensities can be correlated 

with the TiO2 morphology (as shown in Figure 80). 

 

Figure 80. Dependence of SERS spectra on TiO2 morphology (1 × 10- 6 M MB). 

(Reproduced from article A4). 

 

Among all prepared substrates, the nanotubular Ag/TiO2 exhibits the lowest intensities of SERS 

signal. The main reason mentioned in article A4 is as follows: during the deposition of Ag 

nanoislands, the compact structure of the aligned TNT does not allow the deposition of Ag on 
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the outer surface of the nanotubes. In addition, the pore diameter is relatively small, around 

100 nm. Those small pores do not allow efficient decoration of the interior of the nanotubes 

with Ag nanoislands. Thus, only the top surface of the tubular layer can be decorated 

effectively, as shown in the top SEM images. 

After the SERS test, the possibility of recycling the SERS-active substrates was 

investigated. The recyclability test was performed by irradiating the substrates (i.e., nanotubular 

Ag/TiO2, planar Ag/TiO2, and nanoparticulate Ag/TiO2) in air by a UV lamp (SankyoDenki 

G15T8, Hg, 253.7 nm, 15 W, irradiation time up to 120 min) to clean them from the organic 

pollutant, i.e., MB. Subsequently, Raman spectra were recorded before and after adding new 

MB droplets onto the samples. The results indicate that despite the fact that the Ag/TiO2 

nanotubular substrate exhibits the lowest SERS signal intensities compared to the planar 

Ag/TiO2 and nanoparticulate Ag/TiO2 substrates, this tubular structure demonstrated superior 

recyclability by UV radiation. 

 

Conclusion 

In the article A4, another method was employed for the modification of the 

semitransparent tubular layers and their further utilization. In this approach the silver 

nanoparticles were sputtered on top of the titania nanotubes. The resultant material was used 

for the surface-enhanced Raman scattering detection of methylene blue. The sample based on 

the tubular layer modified with Ag has a relatively lower SERS activity comparing to the 

nanoparticle one. However, this sample exhibited the superior recyclability by UV radiation 

over all prepared SERS active platforms. 

It is worth mentioning that Ag is highly antibacterial therefore the nanotubular Ag/TiO2 

substrates can be also used as antibacterial surfaces for local therapy in biomedical implant. 

However this particular application is out of our research area. 
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7.5 Functionalization of semitransparent tubular layer with laser-treated MXene 

 

A brief overview of the article A5 

Introduction 

Recently, the usage of the two-dimensional transition metal carbide MXene to improve 

photoconversion of the TiO2 photoanode for direct applications in dye-sensitized solar cells and 

photochemistry was initiated by He et al.37, Lemos et al. 36 and Khatun et al. 38 Those pioneering 

works are encouraging in terms of increasing the photoactivity of the bare TiO2. Indeed, a 30 

% increase in photocurrent density compared to that of the bare TiO2 sample was reported for 

150 μL dispersed solution of Ti3C2Tx MXene spin coated on TiO2 material. 38 It was shown that 

bringing together titania nanotubes and MXene increases the value of donor density of the 

whole nanostructure while during the sample irradiation MXene exhibit surface plasmon 

resonance effect that via injection of electrons to the titania conduction band leads to the 

improved photoresponse. However, during using the spin-coating method for the decoration of 

the highly porous, tubular-like morphology, the problem of the uniform distribution of the 

catalyst particles in the tubular layer may arise. Typically authors provide only SEM images of 

a small surface area indicating particles accumulated in some parts of the porous material that 

suggests that the deposition stage requires optimization. Additionally, it should be evoked that 

the catalytic properties of Ti3C2Tx MXene can be further increased by appropriate heat 

treatment through the conversion of as-synthesized Ti3C2Tx into Ti3C2Tx/TiO2 heterostructure, 

but continuous heat delivery can lead to complete oxidation to titania. Therefore, it seemed 

reasonable to take the advantage from the synergistic effect between the outstanding electrical 

conductivity of Ti3C2Tx and the photostability of TiO2 material that can be modified via 

different approaches, to produce an efficient noble metal-free photoelectrode. On the other 

hand, there are known methods basing on the TiCl4 hydrothermal treatment of titania 

nanotubes196 leading to the increased surface area supporting the improvement of the 

photoconversion efficiency. This kind of surface engineering could be considered as a way to 

bring together small amount of nano- and microparticles together with the nanostructured 

substrate leading to their homogenous distribution. 

Taking into account promising achievements already reported in the literature regarding 

MXene as a decorating agent and realising that the elaboration of the modification procedure is 

crucial to take advantage from the product of such process, I put my efforts trying to both 

integrate MXene and titania nanotubes and reach the uniform composite photoelectrode. The 

obtained results are discussed in the article A5. 



195 
 

Synthesis of Ti3C2Tx/TiO2 heterostructure 

Details of all the steps involved in the synthesis of the Ti3C2Tx/TiO2 heterostructure are 

provided in the experimental part of the article A5. Herein, the scheme of the laser ablation 

process employed in this work is provided together with a brief description of the whole 

synthesis method. 

In order to obtain the Ti3C2Tx/TiO2 heterojunction, Ti3C2Tx was first synthesized by the 

etching of the Al layers out of the MAX phase in a mixed solution of 2 mL HF/18 mL HCl for 

24 h to produce Ti3C2Tx MXene multilayer. Then, the multilayered material was delaminated 

in 0.5 M Na2SO4. The SEM image of the as-prepared material before laser annealing is 

presented in Figure 15 (in the subsection 4.6.1). The Ti3C2Tx/TiO2 heterostructure was obtained 

by laser ablation method. Briefly, 400 mg of Ti3C2Tx MXene powder was mixed with 1 mL of 

water and frozen using liquid nitrogen. 15 mL of isopropanol was poured onto the frozen 

material, and then the material was ablated by a laser beam of 1064 nm wavelength. The steps 

involved in the laser treatment of the Ti3C2Tx material, and the laser parameters are shown in 

Figure 81.  

 

Figure. 81. Schematic of the steps of the synthesis method for Ti3C2Tx/TiO2  
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Morphology and chemical composition of the Ti3C2Tx/TiO2 heterostructure 

The morphology of the prepared sample was examined by TEM (Figure 82).  

 

 

Figure. 82. (a) Low resolution and (b) high resolution TEM images of the laser treated 

Ti3C2Tx MXene. (c) EDX elemental mapping for all the selected elements, (d-e) 

distribution mapping recorded for (d) Al, (e) O, (f) C, and (g) Ti of the laser annealed 

Ti3C2Tx. (Reproduced from the data collected for article A5). 

 

The high resolution TEM images show the presence of spherical particles in the material 

after the laser treatment of the frozen MXene pellet. The high resolution TEM image shows 

the impact of the laser beam on the MXene surface, namely one can observe spherical 

particles that arise due to the laser-matter interaction out of the initially layered 
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nanostructure. The chemical composition of the resultant material was analysed by energy 

dispersive X-ray technique. As shown in Figure 82 (c-g), the EDX mapping indicates that 

the spherical particles included in the obtained material after the laser annealing are mainly 

composed of titanium oxides. It is also worth mentioning that all elements initially present 

in the sample before the laser treatment, i.e. carbon and titanium, were detected in the laser 

ablated sample. Different diagnostics methods, such as Raman and X-ray photoelectron 

spectroscopies as well as X-ray diffractometry studies performed before and after the laser 

treatment of Ti3C2Tx revealed that the product of laser treatment is a mixture of crystallized 

TiO2 and MXene phase. 

Structural properties of the as-synthesis Ti3C2Tx/TiO2 heterostructure 

The XRD patterns of Ti3AlC2 MAX phase and Ti3C2Tx before and after laser ablation 

are shown in Figure 83. 

 

 

Figure 83. XRD patterns of Ti3AlC2 MAX phase and Ti3C2Tx before and after laser ablation 

(M: Ti3C2Tx MXene). (Reproduced from the data collected for article A5). 

 

The XRD pattern of the Ti3AlC2 MAX phase exhibits peaks at 9.77°, 19.34°, 34.24°, 

36.98°, 39.01°, 41.77°, 48.60°, 52.41°, 56.54°, and 60.32°. The recorded pattern is in the 

accordance with XRD standard JCPDS card no. 52-0875 for titanium aluminium carbide. 
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The sharp decrease of the diffraction signal at 39.01° in the diffractogram registered for 

Ti3C2Tx confirms that the most of Al species were removed from the MAX phase.197,198 The 

peak at 9.20° was shifted towards 7° and became relatively broad, confirming the 

enlargement of the lattice spacing after the etching process.197,198 Due to the laser annealing 

five peaks appeared on the recorded XRD pattern. The three peaks found at 27.71°, 36.24° 

and 41.85° are associated with the planes (110), (101) and (111) of the rutile phase of TiO2 

(JCPDS 21-1276), while that at 54.30° corresponds to the plane (105) of the anatase phase 

(JCPDS 21-1272). This result confirms the presence of a mixture of anatase and rutile 

crystalline phases of titania in the annealed sample. The peak at 7° present in the XRD 

pattern of Ti3C2Tx before its laser ablation is still visible in the diffractogram of the laser-

treated sample. Since the XRD patterns of anatase and rutile titania do not exhibit diffraction 

peaks below 20° according to the data in JCPDS card no.  21-1272 (anatase) and 21-1276 

(rutile) the presence of this peak confirms the presence of Ti3C2Tx in the final product after 

laser annealing. 

 

Decoration of semitransparent anodic nanotubes with the obtained 

Ti3C2Tx/TiO2 heterostructure 

 

A mixed solution of x μL (x = 100, 200 and 300 μL) of the Ti3C2Tx/TiO2 heterostructure 

suspension in water and 25 mL of 0.1 M TiCl4 in water was stored in an ice bath. 5 ml of 

this solution was dropped gently onto the top of the nanotubular layer previously placed in 

a beaker. The beaker was kept on the hot plate at 100 °C. After 30  min the substrate was 

rinsed with deionized water. This procedure was repeated four more times, giving in total 5 

cycles, and finally the materials were calcined in air at 450 °C for one hour. Afterwards the 

morphology diagnostics was carried out and the top SEM images of the modified tubular 

layer with Ti3C2Tx/TiO2 taken at different resolutions are provided in Figure 84. The 

modified samples were labelled 1M-TiCl4@TNT, 2M-TiCl4@TNT and 3M-TiCl4@TNT 

corresponding to the tubular layers modified with 0.1 M TiCl4 containing 100 μL, 200 μL 

and 300 μL of the Ti3C2Tx/TiO2 (suspension in water), respectively. The SEM images of the 

samples show that at relatively low Ti3C2Tx/TiO2 amount i.e. 100 μL and 200 μL any nano- 

or microparticles are hardly visible on top of the decorated samples.  
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Figure 84. SEM images of the modified tubular layer with Ti3C2Tx/TiO2 taken at different 

resolution for (a) and (b) 1M-TiCl4@TNT, (c) and (d) 2M-TiCl4@TNT and (e) and (f) 

3M-TiCl4@TNT. Spongy spherical particles are indicated in the red circle for the high 

resolution SEM images. (Reproduced from the data collected for article A5). 

 

The presence of spherical particles trapped between the walls of the nanotubes can be 

seen in the relatively low resolution SEM images for 2M-TiCl4@TNT (i.e. Figure. 84 (d)). 
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Further increase of the amount of the solution with spherical heterostructures to 300 μL led 

to the presence of the spongy spherical particles, both between the walls of the nanotubes 

and on top of the tubular layer. The diagnostics of the morphology of obtained materials 

indicated that the developed decoration method is effective in controlling the presence of 

decorating compound only between the tubular walls. This way, any agglomerated structures 

does not inhibit interaction between the incident light and the tubular surface, since having 

an opaque particles layer on top of the nanotubes can reduce the accessibility of light to the 

nanotubes. The cross-section images of the samples are provided in Figure 85 and the 

geometrical features of the samples are depicted in Table 9. 

 

Figure 85. SEM cross-section images of (a) TiCl4@TNT, (b) 1M-TiCl4@TNT, (c) 

2M-TiCl4@TNT and (d) 3M-TiCl4@TNT. (Reproduced from the data collected for 

article  A5). 

 

Table 9. Averaged nanotube wall thicknesses and lengths of as-prepared TNT. 

sample nanotube wall thickness [nm] nanotube length [nm] 

TNT 32 ± 4 906 ± 42 

TiCl4@TNT 126 ± 14 953 ± 50 

1M-TiCl4@TNT 133 ± 16 955 ± 42 

2M-TiCl4@TNT 141 ± 15 963 ± 50 

3M-TiCl4@TNT 150 ± 18 967 ± 53 
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Photoresponse of titania modified with Ti3C2Tx/TiO2 

 

 The LSV measurement recorded under chopped light indicates that the most photoactive 

tubular layer modified with Ti3C2Tx/TiO2 exhibits five-fold increase in the photocurrent 

compared to the bare TiO2 layer (Figure 86). The LSV curves of all samples are provided in 

the article A5. 

 

 

Figure 86. Linear sweep voltammetry in chopped UV-vis light (light/dark changes 

every 5 s) recorded for TNT and 2M-TiCl4@TNT. 

Mott-Schottky measurements were conducted to analyse in detail the electrical properties of 

the samples. The plotted data have revealed the presence of two flat band potentials for    

1M-TiCl4@TNT and 2M-TiCl4@TNT samples. These results indicate the presence of 

sub-band levels within the semiconductor bandgap. Consideration of the Mott-Schottky 

analysis in explaining the photoactivity enhancement can be understood through the 

electron-hole separation mechanism shown in Figure 87.  
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Figure 87. Mechanism of the electron-hole separation in the semiconductor (a) without sub-

band levels in the bandgap and (b) with the presence of sub-band levels in the bandgap. 

(Reproduced from the data collected for article A5). 

 

The photocurrent increases when the photogenerated electrons are efficiently collected at 

ITO acting here as a current collector. Related to this, a strategy to increase the photoexited 

electrons within the conduction band and then their facilitated transfer to the current collector 

is of fundamental importance.199 In the case of the unmodified samples i.e. TNT and 

TiCl4@TNT only one flat band potential was found by the Mott-Schottky analysis with the 

donor density of 0.7× 1020 cm-3 and 1.1× 1020 cm-3, respectively. For those two samples, under 

light illumination the conduction band is enriched only by the photogenerated electrons from 

the valance band as illustrated in Figure 87 (a). However, in the case of the modified samples 

two flat band potentials were found with donor densities of 2.5 × 1020 cm-3 and 0.9 × 1020 cm-3 

for 1M-TiCl4@TNT sample, and with donor densities of 3.2 × 1020 cm-3 and 1.7 × 1020 cm-3 for 

2M-TiCl4@TNT sample. For those two samples, as explained by both Fang et al.199 and 

Nishikawa et al.200, under illumination not only the electron from the valence band but also the 

electrons accumulated in the sub-band level are injected in their conduction bands. The 

electron-hole separation mechanism under light illumination is illustrated in Figure 87 (b). In 

this case more photoelectrons are available in the conduction band of titania that can be 

transferred to the current collector. In consequence, increase in photocurrent density of the 

material can be observed.  

The investigation of the quantum efficiency of the samples was carried out as well. 

2M-TiCl4@TNT sample exhibits an IPCE of 13.3 %, which is an order of magnitude higher 
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comparing to that of TNT (1.7 %) and TiCl4@TNT (2.0 %). The photoluminescence 

measurements provided in the article A5, have shown that the PL signal intensities of all 

modified samples with Ti3C2Tx/TiO2 are lower than those of TNT and TiCl4@TNT samples. 

This indicates that the tubular layer exhibits a low electron-hole recombination rate after its 

modification with the Ti3C2Tx/TiO2 heterojunction. Moreover, the recorded electrochemical 

impedance spectra of the samples show a substantial decrease in the charge transfer resistance 

in dark conditions as well as under visible light illumination for 1M-TiCl4@TNT and 

2M-TiCl4@TNT samples compared to TNT and TiCl4@TNT (see Table S3 in the 

supporting information file linked to article A5). In addition, all modified samples with 

Ti3C2Tx/TiO2 exhibit enhanced light absorption capacity in both UV and visible regions. This 

improvement in both the conductivity and the absorbance properties of the tubular layer after 

its modification with the Ti3C2Tx/TiO2 heterostructure can effectively explain the increase of 

the IPCE recorded for the modified samples, presented in Figure 88. 

 

Figure 88. IPCE curves of the samples: bare titania and those modified with laser treated 

MXene, recorded at +0.5 V vs. Ag/AgCl/0.1 M KCl in 0.5 M Na2SO4. 

(Reproduced from the data collected for article A5). 

 

Conclusions 

Laser ablation of the frozen MXene powder leads to the formation of TiO2 sphere/Ti3C2Tx 

that was captured in the isopropanol present in the liquid form above the frozen target. In order 

to integrate spherical heterojunction with titania nanotubes, the TiCl4-assisted hydrothermal 
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approach has been proposed. Elaborated functionalization strategy of semitransparent anodic 

titania nanotubes with the laser prepared heterostructures led to remarkably improved 

photoelectrochemical performance of nanotubular platform while its semitransparency was 

preserved. Indeed, the IPCE measurement of the fabricated TNT modified with TiO2 

sphere/Ti3C2Tx heterostructures has revealed an increase in the photon to electron conversion 

efficiency of about one order of magnitude comparing to the bare TNT. This change results 

from the improvement of both the electrical and optical properties of the sample after its 

modification with the Ti3C2Tx/TiO2 heterostructure as discussed in the Article A5. It was also 

demonstrated that all samples exhibit good photostability under visible illumination without 

significant decay up to 300 s. These results show the great potential of the TiO2 sphere/Ti3C2Tx 

as a novel decorating agent to increase the photoconversion efficiency of semiconducting 

nanostructures with limited photoresponse. This can also arouse much interest in exploring not 

only MXene itself, but TiO2/Ti3C2Tx heterostructure as a noble metal-free material towards 

photoelectrochemical applications.  
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8 General conclusion 

 

This PhD dissertation consists of three parts namely, the theoretical section, then the 

section dedicated to methods used for synthesis and characterisation and finally the part 

describing gathered results with attached published articles. The theoretical part includes the 

description of the main aim of undertaken studies and state of art regarding the areas where 

research works were carried out. In the introduction I focused on the fabrication procedures of 

highly organised nanostructures on the semitransparent substrates for light conversion 

application. Such semitransparent electrode materials but able for efficient photoconversion can 

be especially useful to provide renewable energy electronic wearables. In particular, since the 

photoactivity depends on both morphology and structure of nanomaterials, different 

nanotubular architectures of titania were described here. The literature studies provide 

information about the fabrication steps of the semitransparent material consisting of the titania 

anodically developed onto the transparent conducting oxides including (a) deposition 

techniques of the thin films (i.e. magnetron sputtering) and (b) the anodization process. In this 

part, the challenges associated with use of this type of photoelectrodes as well as the already 

reported modification techniques of the tubular layers intended to raise their performance are 

also discussed. In the section dedicated to various methods, the experimental setups and 

working principles of the different equipment used in this work for characterization of 

fabricated materials are presented. Since numerous physicochemical characterization 

techniques were carried out, I described briefly scanning electron microscopy and transmission 

electron microscopy for morphology inspection, energy dispersive X-rays for elemental 

analysis, X-ray photoelectron spectroscopy providing information about surface chemistry, X-

ray diffraction and Raman spectroscopy for verification of the crystal structure, UV-vis 

spectrophotometry to gain information about optical properties and the Fourier transform 

infrared spectroscopy that enables me to study surface species, particularly chemical bonds. 

The part of this paragraph was dedicated also to the electrochemical and photoelectrochemical 

characterization techniques such as cyclic voltammetry, linear sweep voltammetry, and 

electrochemical impedance spectroscopy and intensity-modulated photocurrent spectroscopy 

that provide a lot of data important for analysis of the stability of the material immersed in the 

electrolyte as well as its response to light. In addition, the working principle of experimental 

setup dedicated for the quantum efficiency (i.e. IPCE) and the photoluminescence 

measurements were discussed as well. The experimental section is subdivided into five 
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subsections. In each subsection, the published article as well as some of the unpublished data 

are presented. 

Taking into account the comment and advices discussed in the review article A1. The first 

subsection focusses on the optimization of the anodization process of Ti film sputtered onto 

ITO coated glass substrate resulting in highly ordered and crack-free semitransparent tubular 

layers characterized with aligned and spaced arrangement. Titanium film sputtered on one side 

of ITO-glass was anodized in ethylene glycol based electrolyte to grow aligned nanotubes and 

in diethylene glycol electrolyte, to obtain tubular layer where some distance between tubes is 

ensured. The composition of the electrolyte used for anodization, such as water content (crucial 

to obtain aligned nanotubes) and the concentration of the hydrofluoric acid (important in the 

case of the spaced nanotubes) are adjusted to produce highly ordered semitransparent tubular 

layers out of the deposited Ti film. The results obtained during this stage indicate that to reach 

well aligned nanotubes, a water content less than or equal to 10 vol% in the electrolyte is 

required. Above this threshold value (i.e. 10 vol%), either an irregular morphology is formed 

or any single nanotube is grown. In the case of the spaced nanotubes, 0.5 M is found to be the 

optimal concentration of hydrofluoric acid resulting in well-ordered separated nanotubes out of 

the sputtered Ti film. 

Since the selection of the optimal anodization conditions leading to the aligned and spaced 

nanotubes on the one side of the planar substrate was discussed, the second article A2 describes 

the methodology resulting in uniform growth of the ordered tubular structures on both sides of 

the planar substrate. The double-sided electrode was fabricated through the anodization of the 

both sides of the planar substrate coated with Ti film independently owing to the specially 

designed sample holder. This approach enabled effective control of the tubular architecture on 

the sides of the planar substrate, each side independently. In result two symmetric and one 

asymmetric double-sided electrodes have been successfully obtained. Owing to the fabrication 

procedure the unique combinations were achieved: (i) aligned nanotubes onto both sides , (ii) 

spaced nanotubes on both sides, and (iii) one side covered by aligned and the other by spaced 

nanotubes. The photoelectrochemical measurements showed that the photoelectrode overgrown 

by aligned nanotubes on its both sides exhibits a photocurrent density approximatively 2 times 

higher comparing to the substrate overgrown symmetrically by spaced nanotubes. Such 

performance is the consequence of the large tubes density, identified as the number of 

nanotubes per unit area, for the aligned nanotubes (0.32×1011 nanotubes per cm2) comparing to 
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spaced counterpart (0.36×1010 nanotubes per cm-2), providing higher surface area and more 

channels for charge percolation.  

Elaboration of anodization strategy enabling the formation of tubular layer on optical fiber 

was also achieved. The experimental setup designed for the anodization of the fiber is composed 

of two platinum meshes connected together and acting as the cathode. The fiber with titanium 

coating acting as an anode was placed in the centre between those Pt  meshes, while the distance 

between them has been optimized via diagnostics of the morphology of as-anodized substrate. 

The results indicated that 3.5 cm is the appropriate distance between the Pt meshes that results 

in the formation of semitransparent tubular layer on the surface of optical fiber. Such unique, 

nanostructured morphology has never been achieved for that kind of substrate like optical fiber. 

The fabricated sensor exhibits a sensitivity to refractive index changes in aqueous solutions of 

about 260 nm/RIU and is utilized by the prof. Mateusz Śmietana group from Warsaw University 

of Technology for opto-electrochemical sensing. 

In the section dedicated to the article A3, investigation on the improvement of the 

electrochemical and photoelectrochemical performance of the semitransparent tubular layers 

via introduction of heteroatoms was described. The next type of semitransparent photoelectrode 

material, namely tubular layer modified with silver was fabricated by anodizing TiAg alloy 

films with different Ag content. Elemental analysis performed using Energy dispersive X-ray 

showed that in the case of aligned nanotubes, about 60 % of the initial Ag content present in 

deposited TiAg alloy is preserved after anodization. However, when it comes to the spaced 

nanotubes the Ag content is below the detection limit. Despite no Ag species were detected, the 

cyclic voltammograms of the spaced nanotube layers obtained after the anodization of the alloy 

films exhibit higher voltammetric current with the reversible behaviour in presence of redox 

species in the electrolyte. Such electrochemical performance is unusual for the bare tubular 

titania layer that due to the position of the valence and conduction bands does not show 

reversible behaviour. In addition, a three-fold increase in the incident photon-to-current 

conversion efficiency (IPCE) for the aligned nanotubes grown out of the TiAg alloy films 

containing 3.5 % of Ag was obtained with the respect to bare oxide layer of the same tubular 

architecture. It is worth to underline that all tubular layers prepared out of the TiAg alloys 

exhibit good photostability up to 2 h exposure to illumination. In fact, chronoamperometry 

curves given in supporting information file of article A3 showed that after an exponential decay 

(about 500 s) due to recombination processes, the current density holds stable value. 
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The article A4 discusses the applicability of the tubular layer decorated with Ag 

nanoislands for the SERS detection of methylene blue. The sensing surface was fabricated by 

sputtering of Ag onto the top of the semitransparent aligned nanotubes. The obtained material 

exhibits the highest recyclability among all the fabricated materials. 

In the last article A5, the feasibility to raise the IPCE of the semitransparent electrode 

material through the modification by Ti3C2Tx/TiO2 heterostructure was briefly described. The 

heterostructure was obtained by the laser ablation of the Ti3C2Tx solid target being in contact 

with the liquid isopropanol. The integration of this noble metal free, laser treated catalyst with 

the highly organised tubular titania layer results in lower intensity of signals contributing to the 

photoluminescence spectra compared to bare titania sample. This indicates that the presence of 

the Ti3C2Tx/TiO2 in the titania based photoanode inhibits the radiative recombination of the 

photoinduced electron-hole pairs. In addition, modified oxide layer has smaller charge transfer 

resistance compared to the bare sample that was confirmed by the analysis of the collected 

electrochemical impedance spectra. The improvement of the electrical properties recorded for 

the tubular oxide based heterojunction resulted in a substantial, nearly ten time increase in the 

IPCE value compared to the bare substrate. 

In summary, the results gathered in this PhD work provide a set of processing parameters 

that enable formation of unique, semitransparent electrode materials and their complex 

diagnostics covering morphology, structure, optical properties, chemical nature of elements, 

possibility of modification to provide new functionalities, as well as electrochemical and 

photoelectrochemical testing enabling the verification of photoactivity and sensing features. 

This study contributes to the fundamental research towards fabrication and improved 

performance of semitransparent photoanodes based on titania nanotubes applicable for light-

driven processes and crucial for novel generations of solar cells, especially important for smart 

wearables were semitransparent display can also be the source of renewable energy used for 

charging purposes. 
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Best poster award for the poster presentation in the Symposium O “MXenes and related 

materials” during the 2024 Fall Meeting of the European Materials Research Society (E-MRS), 

2024. 

Other scientific activities 

1. Participation in training in hydrothermal synthesis of nanomaterial under the supervision 

of PhD DSc Agata Szczeszak, Department of Rare Earths, Faculty of Chemistry, Adam 

Mickiewicz University, Poznań . 11.03.2024 – 16.03.2024. 

2. Participation in Advances in Functional Materials Summer School, organized by Gdańsk 

University of Technology, Gdańsk . 26.07.2023 – 28.07.2023. 

3. Photocatalytic measurements for samples obtained from the Sobex company. Tests 

performed under the supervision of PhD DSc Eng. Katarzyna Siuzdak, 2023 

4. Participation in e-SPARK: International Summer School on Experimental 

Electrochemistry, organized by Institute of Physical Chemistry Polish Academy of Sciences, 

Warsaw . 05.05.2022 – 11.05.2022. 

 

Scientific project 

PhD student in the international project CEUS-UNISONO (2020/02/Y/ST8/00030) 

Semitransparent titania nanostructures on complex geometry surfaces for enhanced light 

harvesting and sensing financed by National Science Centre in Poland, PI: PhD DSc Eng. 

Katarzyna Siuzdak, 05.2021 – present. 

 

Patent 

Co-author of invention entitled: Oxygen enriched plant based activated carbon composition 

and method of  preparation thereof (application No.202111007490 A; date of filling of 

Application: 23.02.2021).  

Name of Applicant: Sharda University 

Address of Applicant: Plot No. 32 & 34, Knowledge Park III, Greater Noida, Uttar Pradesh, 

201310, India. Uttar Pradesh India 

Name of Inventors: Dr. Meenal Gupta; Dr. Yogesh Kumar; Dr. Ashwani Kumar; Purushottam 

Panta; Kouao Dujearic-Stephane 
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Scientific activity in numbers 

Name Dujearic-Stephane Kouao 

h-index 

(Web of Science, 12.09.2024) 

4 

Citations 

(Web of Science, 04.09.2024) 

90 

Conference activities 4 posters, 9 oral presentations 

Number of articles 10 

Participation in scientific projects 1 

 

  



243 
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