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List of acronyms and abbreviations

ACL — anion-contaminated layer

Ebg — energy bandgap

HER — hydrogen evolution reaction

NTs — nanotubes

OER — oxygen evolution reaction

SEM — scanning electron microscope
TEM — transmission electron microscope
TiO2 — titanium dioxide

TiO2NTs — titanium dioxide nanotubes

XPS — X-ray photoelectron spectroscopy

XRD — X-ray diffraction



Abstract

The following dissertation contains a comprehensive study of the synthesis steps
necessary to create electrodes for water electrolysis based on titania nanotubes using
scalable processing and modification techniques. The presented work is divided into three
chapters, each outlining one of the crucial steps of the process. The first chapter delves
into the mechanism of the formation of titania nanotubes, as well as the analysis
of parameters critical for their growth. It further analyzes the size-dependent effects
of the nanotubes based on the experimental data. Chapter two discusses the interactions
of the pulsed nanosecond laser with the matter, and consequently, with the titania
nanotubes. The impact of three different laser wavelengths is analyzed and the physical
changes in the material are noted. Moreover, the novel method for creating titania
capsules from the nanotubes is described. The final chapter discusses the basis
of electrochemical water-splitting and the requirements for the electrode materials.
The obtained, laser-treated electrodes covered with transition metal species are evaluated
for hydrogen- and oxygen evolution reactions. Moreover, the theory encompassing
the role of the particular metal species as well as the effects of the laser treatment
is derived from the experimental results and literature data. The findings of this
dissertation can be used to design and produce more efficient electrodes while utilizing

commonly available technologies.



Abstrakt

Ponizsza rozprawa zawiera kompleksowy opis procesu wytwarzania wydajnej elektrody
do rozktadu wody bazujac na modyfikowanym metalami przejsciowymi tlenku tytanu
Z uzyciem impulsowej wiazki laserowej. Ze wzgledu na szeroko$¢ poruszanych
zagadnien, praca zostata podzielona na trzy rozdziatly, z ktorych kazdy opisuje konkretny
etap wytwarzania. W pierwszym rozdziale opisany zostal mechanizm anodyzacji folii
tytanowej i wyznaczone zostaly najistotniejsze parametry wptywajace na jej przebieg.
Bazujac na danych eksperymentalnych, opisany zostal wptyw geometrii otrzymanych
nanostruktur na ich wilasciwos$ci fizyczne 1 chemiczne. Drugi rozdziat skupia si¢ na
oddziatywaniach nanosekundowego lasera z podlozem z warstwa uporzadkowanych
nanorurek tlenku tytanu. Poréwnane jest oddziatywanie trzech réznych dtugosci fali na
podstawie zmian w geometrii modyfikowanych nanostruktur, jak rowniez roznicy we
wlasciwosciach fizycznych i chemicznych materiatu. Ponadto, po raz pierwszy zostata
opracowana metoda laserowego zamykania nanorurek. Ostatni rozdziat opisuje
wymagania, ktore musi spetni¢ materiat, aby mozliwy byt efektywny rozktad wody.
Wytworzone elektrody, ktore zostalty zmodyfikowane metalami przejSciowymi
i wigzka laserowg zostaly poddane ewaluacji pod katem zdolnosci do wytwarzania tlenu
jak 1 wodoru. Ponadto, bazujac na literaturze oraz wynikach eksperymentalnych
zaproponowano mechanizm przeniesienia tadunku oparty na teorii zlgcza p-n,
uwzgledniajacy zarowno funkcje lasera jak i réznice wynikajace z zastosowania réznych
metali przejSciowych. Sumarycznie, oddziatywania opisane w rozprawie mogg miec

zastosowanie w projektowaniu coraz wydajniejszych elektrod do rozktadu wody.



Aims and objectives

Due to the rising worldwide demands for clean and affordable devices for hydrogen
production, the primary aim of the research undertaken in the following dissertation was
to create an electrode material for efficient water splitting. The work described herein

tackles the subject by following the three main objectives:

e Preparation of the substrate material consisting of the free-standing titania
nanotubes and evaluation of their properties,

e Optimization of the processing parameters of the pulsed nanosecond laser for
modification of the titania substrates,

e Introduction of the sputtered transition metals from the 4™ period to the surface

of the electrodes and their evaluation for water electrolysis.

The secondary goal of the thesis was to fill the gaps of knowledge in fundamental research
related to the topics involved in the dissertation. These include: exploring the dependence
between anodization parameters and properties of the grown titania nanotubes,
investigating pulsed laser interactions with titania nanotubes, and analyzing

the mechanism of water splitting on the metal-oxide electrodes.



Chapter one

Anodization and oxide growth

Titanium dioxide or TiO2 is a common mineral that, despite having multiple polymorphs,
is most commonly used in its crystalline phase called anatase, due to its stability in normal
conditions. Because of the naturally forming oxygen vacancies in its crystal lattice, the
anatase TiO; is an intrinsic n-type semiconductor with a bandgap of 3.2 eV in the bulk
material [1]. It is mostly known for its good corrosion resistance [2], biocompatibility [3],
and photoactivity in UV light [4]. However, one of the most interesting properties
of titania is its ability to form hollow cylindrical shapes when created through the
oxidation of titanium. Although they were first created nearly four decades ago by
Assefpour-Dezfuly et al. [5], the titania nanotubes fascinate scientists to this day, finding
applications in, for example, water treatment [6], dye-sensitized solar cells [7],
and implants [8]. Although there are few other ways to synthesize titania nanotubes
(TiIO2NTS) [5,9], the anodization of the titanium foil remains the most common method
nowadays as it allows for relatively simple control over the final geometry of the
nanotubes. The process itself relies on the forced current flow between two electrodes
through the conducting medium, where the cathode typically consists of platinum and the

titanium foil positioned as an anode is being oxidized (Figure 1).
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Figure 1: Scheme of a typical two-electrode system used in anodization of titania

The exact mechanism of nanotube formation, however, to this day remains a point
of contention among researchers. The most common theory suggests a state of
equilibrium between the formation of the oxide layer and its dissolution, where the tubular
forms are created through random cracks. Here, the applied electric field facilitates the
movement of the Ti**/O? ions through the oxide, especially in places where the cavities
are formed. Later in the process, the field-assisted oxidation within the nanotubes should
equalize with their dissolution rate. However, the formation of randomly dispersed
crevices does not align with the even distribution of the nanotubes or the formation of
spaces between individual nanostructures [10]. Furthermore, the alternative route of the

formation of the nanotubes has been supported by recent discoveries [11-14].
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In the so-called “bubble mold” model, three stages of growth of the nanotubes can
be distinguished (Figure 2). In the first phase, the rapidly decaying anodization current
can be attributed to the flow of Ti** and O ions that create the barrier oxide layer [15],
thus self-limiting their diffusion rate. The oxide is shown to grow both in the direction of
the titanium substrate and the electrolyte, however, the part grown closer to the solution
becomes contaminated with fluoride and hydroxide anions. As the process enters stage
two, the oxygen evolution between barrier oxide and anion contaminated layer (ACL)
gives rise to the proto-bubbles which, when expanding, deform neighboring oxides. This
corresponds to the rise of the electronic current and the release of the bubbles breaking
through the overlying oxide layer. The electrolyte then fills the pits, creating more anion-
contaminated layer at its bottom. In the last stage, consecutive oxide bubbles evolving
at the bottom of the cavities still exert pressure when growing, creating a stress-induced

plastic flow of the oxide, which forms the walls of the nanotubes.
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Figure 2: Stages of the titanium dioxide nanotube growth on the anodized titanium sheet

(A). Mechanism of the nanotube formation (B).

The balance between ionic and electronic current responsible for oxide growth and
oxygen evolution respectively is heavily reliant on the composition of the electrolyte,
which is reflected in the different morphologies of the four so-called “generations” of the
nanotubes [16,17]. The 1% one relied on the aqueous hydrogen fluoride solution which,
due to its aggressive dissolution of the oxide layer and large water content, yielded NTs

only up to 500 nm long. The 2" generation solution utilized inorganic fluoride salts
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(such as NH4F) instead of HF to reduce acidity and slow the breakdown of the nanotubes.
Although it allowed the synthesis of the structures up to 5 um long, they suffered from
the same rippled structure as the 1%, which came from the oxygen bubbles forming on the
anode during anodization. In the following 3" generation, the water content in the solution
was therefore significantly limited. Instead, organic electrolytes such as ethylene glycol
served as a primary medium, with the amount of fluoride ions and water being variables
controlling the geometry. Careful adjustment of the electrolyte content and anodization
parameters can result in smooth structures as tall as 1 mm [18]. The 4" generation
pathways of the nanotube synthesis encase novel, sometimes entirely different ways.
This includes waterless anodization, rapid breakdown anodization in fluoride-free
solution, and microwave-assisted [9,19,20]. Although some of these methods can be
much quicker than the first three generations, they also suffer from a much higher
variance of the obtained geometry. Nonetheless, the 4" generation synthesis is used both
as a way to create nanotube powders and well-organized membranes (Figure 3).
Furthermore, due to the scalability of the anodization process, it can be performed just

as easily on a large-scale, regardless of the generation of the electrolyte used [21].
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Figure 3: SEM images of the titania nanotubes formed in four generations of electrolytes

[20,22-24].
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Work one: The geometry of free-standing titania nanotubes as a critical

factor controlling their optical and photoelectrochemical performance

Manipulation and fine-tuning of the nanotubes’ geometry is an interesting and complex
topic. However, as the physical properties of the nanomaterials are heavily dependent
on the size of their features, very few works investigated in detail the relation between
the two [25]. Those that do, however, are very difficult to interpret because of the
differences between electrolytes and anodizing conditions, as the effects of some
parameters are intertwined. For example, when comparing the effects of HF vs NH4F,
one should note that the HF solution is aqueous, therefore, in reality, such a comparison
is made between NH4F and HF with H.O. Furthermore, the water content affects the total
length of the nanotubes but, to a varying degree, so does time and ambient pressure
[15,26-28]. Therefore, the initial analysis comprised of the determination of the effects
of the seven most important parameters to the nanotube growth, as well as their
boundaries for feasible growth of nanotubes. The influence of the amount of water, HF,
and NHa4F, set potential, time, temperature, pressure, and electrolyte media was therefore

evaluated.

The goal of the first work was to prepare the substrate material for further studies.
To allow the modification of the outer walls of the nanotubes, diethylene glycol was
chosen as an electrolyte media, as its viscosity allows the creation of a distinct spacing
between them. The remaining parameters were chosen based on the multi-criteria analysis
of the literature data, as well as preliminary experiments. As a result, the electrolyte was
composed (by weight percent) of 7% water, 0.5% HF, and 0.3% NH4F in diethylene
glycol, whereas the temperature was set to 40°C, and the synthesis was done at ambient
pressure. Because the applied voltage affects the scale of the grown structures (so, their

length, diameter, and spacing) for the purpose of this study it was considered a variable.
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Therefore, the investigation of the structures grown in the first work was done in the
potential range of 20 — 60 V. Moreover, two times of anodization (2 and 5h) were
investigated to see whether prolonged anodization has a meaningful impact on the

performance of the obtained samples (see Attachment 1).

The investigation of the obtained substrates reveals no significant difference
in nanotubes’ morphology between investigated anodization times. The anodization
voltage, however, greatly affects the geometrical features of the obtained substrates and
thus, their physical properties. The NTs synthesized at higher voltages were taller, more
separated, and exhibited a lower energy bandgap. Interestingly though, while the changes
in the 20 — 40 V range show a linear dependence on potential, they are much smaller past
the 40 V mark. This phenomenon can be associated with the effect of quantum
confinement, which is especially pronounced for nanostructures with very small
geometrical features — the nanotube walls in this case. As the anodization voltage rises,
so does the wall thickness and thus its impact is lower. Nevertheless, the sample anodized
at 40 V has shown the highest photocurrent density and thus was chosen

for further electrochemical studies.
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ARTICLE INFO ABSTRACT

Titanium dioxide nanotubes are regarded as one of the most important functional materials and due to their
unique electronic properties, chemical stability and photocorrosion resistance, they find applications in, for
example, highly efficient photocatalysis or perovskite solar cells. Nevertheless, modification of TiO, nanotubes is
required to overcome their main drawback, i.e. large energy bandgap (> 3.2 eV) limiting their ability to capture
solar light. In this work, we report the changes in optical and photoelectrochemical properties of well-separated
TiO, nanotubes that are tuned by varying the geometry of the material. The ordered tubular titania is formed via
anodization in the presence of fluoride ions in diethylene glycol at elevated temperature. Length, inner diameter,
wall thickness, and separation distance are described in function of synthesis parameters such as applied voltage
and duration. The morphology and optical properties are characterized by means of scanning electron micro-
scopy and UV-Vis spectroscopy techniques, respectively, while cyclic voltammetry, linear voltammetry and
chronoamperometry are used to determine electrochemical/photoelectrochemical activity in different light
conditions. The obtained results suggest a link between specific surface area, the width of the band-gap, and
photoactivity, each of which could be individually optimised via anodization conditions. Moreover, the beha-
viour of the Mott-Schottky plot before and after 3 min of irradiation is studied indicating the positive shift of the
flat band position and an increase in donor density values for all the obtained materials. The Mott-Schottky
analysis was correlated with the linear voltammetry scans suggesting the important role of surface trapped holes.
Presented in here results significantly supplement the current state-of-art regarding separated TiO, nanotubes
that are considered as not fully investigated and unappreciated class of titania materials which due to the
exposure of inner and outer wall can be used for further modifications.

Keywords:

Spaced titania nanotubes
Photoactivity

Tauc plot

Flat band position
Surface trapped holes

1. Introduction

Today, titanium dioxide nanotubes (TiO,NTs) can be placed among
the most researched nanomaterials and substrates used for further
modification. So far, the attention has been put on studies regarding
environmental protection [1], gas sensing [2,3], photocatalysis [4-6],
and solar cells [7-10]. Due to their remarkable corrosion resistance
[11], chemical stability, and developed surface area [12], the number
of papers dedicated to them grows year by year. TiO,NTs can be syn-
thesized hydrothermally [13], via atomic layer deposition of titania
over the porous alumina template [14], or anodization of the titanium
foil under particular conditions [15]. However, the electrochemical

* Corresponding author.
E-mail address: kgrochowska@imp.gda.pl (K. Grochowska).

https://doi.org/10.1016/j.surfcoat.2020.125628

procedure stands out among other routes, because of its simplicity and
quite low equipment requirements. To fabricate titania NTs, the ar-
rangement of two electrodes placed opposite of each other and im-
mersion in the electrolyte containing fluoride ions is used while the
voltage applied between them stays as a driving force of the whole
process. Such a synthesis enables the formation of the nanostructured
material directly onto the conducting substrate and thus no further
immobilization method is required to reach the form adequate for
further characterization, especially for the electrochemical measure-
ments. Particularly distinctive in comparison to other listed preparation
routes, is that by adjusting electrolyte composition and temperature as
well as process parameters - for example, applied voltage or the

Received 29 December 2019; Received in revised form 18 February 2020; Accepted 11 March 2020

Available online 12 March 2020
0257-8972/ © 2020 Elsevier B.V. All rights reserved.
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distance between electrodes - various NT geometry can be reached. It
should be also strongly emphasized that every geometric dimension of
NT can be tuned: length, internal diameter and wall thickness [16,17],
that makes such material an ideal candidate for further modification,
depending on desired application. It has been already shown that, the
distance between tubes [17] can be regulated and even well separated,
upright standing NTs can be formed. While closely-packed nanotubes
can be obtained via anodization in water/ethylene glycol mixtures
[18], employing diethylene glycol or dimethyl sulfoxide as an organic
solvent can result in free-standing morphologies [19]. According to
Kowalski et al. [20], low electric field conditions arising during in-
itiation of NT growth plays an important role in the formation of in-
dividual tubular structures. Comparing to the densely packed nano-
tubes that can be grown even up to several tens of um, the length of
spaced TiO,NTs (s-TiO,NTs) does not usually exceed few pm and only
in some cases over 10 um is reached [21]. Such layer thickness is mostly
limited due to synthesis conditions and the fact that single NT is not
supported by neighbouring NTs, which often results in their collapse. It
should be also underlined that the internal diameter of spaced TiO,
could be as wide as 600 nm when very high voltage is applied (120 V).
According to Mohammadpour et al. [22], titania NTs with a diameter as
wide as the wavelength can show well-defined Fabry-Perot interference
fringes. Moreover, particularly broad pores can act as nanodepots ready
to host other material which can be useful especially for biological
agents, e.g. growth factors, antibiotics genes and even proteins [23].
Although the s-TiO,NTs can be characterized by unique morphological
features, the synthesis of free-standing titania substrates have been
presented in reports only since 2014 [20] and has been mastered mostly
within the Schmuki research group [17,24,25]. However, when
tracking the publication record for s-TiO,NTs, they can still be regarded
as a less explored class of titania NTs. Until now, the characterization of
laterally spaced titania concerns the comparison of their optical prop-
erties and photoactivity to the packed titania NTs or compact layer
composed of TiO, nanoparticles [19]. Basing on the reflectance spectra
recorded for different titania classes, it was indicated that due to the
spacing, light is absorbed in much deeper parts of the tubular layer
which could be beneficial for the photoconversion efficiency. Other
reports only cover elaboration about critical parameters, anodization
voltage, water content [25], electrolyte temperature [21], and synthesis
duration [17] affecting the final synthesis product. Those systematically
performed anodization processes enable identification of the boundary
conditions where the spaced TiO,NTs could be obtained and when
exceeding the particular value results in the unordered porous layer.
Moreover, the spaced titania offers other very unique feature compared
to the packed NTs, namely exposed surface area of outer tube wall
available for further modification. The presence of the interconnecting
space was cleverly used for deposition of Pt or PdPtAg alloy [26] for
hydrogen generation [27], decoration by Fe,O5 applied in Li-ion bat-
tery [28], or coating with Nb,O3 for supercapacitor application [29].
Regarding solar driven water splitting, it was proven that the usage of
spaced TiO,NTs substrate enables more efficient hydrogen production
in comparison to the hexagonally packed titania NTs or the porous film.
According to Necula et al. [30] it was indicated that lateral spacing
impacted the biological applications regarding osteoblast cell adhesion
and morphology as well as cytoskeleton organization. Nevertheless, still
the studies onto the spaced titania NTs cover only several selected as-
pects and, to the best of our knowledge the relationship between the
morphology and the optical properties as well as the electrochemical
behaviour of the irradiated material has not been investigated so far.
Herein, we focus onto the fabrication of the series of titania samples
where nanotubes are well separated but still exhibit a high degree of
ordering and cylindrical shape. The anodization process was carried out
in two time regimes and under different voltages in the range of
20-60 V while keeping other parameters constant. On the basis of the
recorded SEM images, the in-depth analysis of morphological changes
was carried out. The morphology inspection was compiled with the

Surface & Coatings Technology 389 (2020) 125628

optical properties investigated using UV-vis absorbance spectroscopy.
We would like to show that following the changes in geometry, both the
shape of reflectance spectra and bandgap value are tuned without the
introduction of any dopant atoms. In order to indicate that the photo-
electrochemical activity follows the morphology of spaced titania na-
notubes, linear voltammetry curves were registered under electrode
irradiation by the solar simulator. The flat band position as well as
donor concentration for each titania NT layer was revealed based on the
Mott-Schottky plot. Finally, the electrochemical behaviour of the sam-
ples in dark and under irradiation was compared to indicate the most
photoactive electrode and to identify factors that significantly de-
termines improved photoresponse.

2. Experimental
2.1. Sample preparation

The free-standing titanium dioxide nanotube arrays were synthe-
sized via electrochemical oxidation in a cylindrical cell in a two-elec-
trode system. Please note that by free-standing, we understand laterally
separated nanotubes attached to the Ti substrate. The anode consisted
of titanium foil (99.7% pure, 0.127 mm thick, Strem) piece
(35 x 25 mm) and platinum net (20 x 25 mm) acted as a cathode.
Prior to the anodization, the foil was ultrasonically cleaned for 10 min
in acetone (p.a. Protolab), ethanol (96%, Chempur) and deionized
water (0.08 pS, Hydrolab) respectively, then rinsed with isopropanol
(p.a. POCH) and dried in air. The electrolyte consisted of 0.3 wt% NH4F
(p.a. Chempur), 0.5 wt% HF (p.a. Chempur), and 7.0 wt% of deionized
water in diethylene glycol (p.a. Chempur). The electrolyte temperature
was maintained at 40 °C with the use of thermostat (Julabo F-12). Two
sets of samples were fabricated during different anodization times: 2
and 5 h, while within each set the voltages were in the range of
20-60 V. The electrical conditions were controlled by the driver built
in-house and supplied by a voltage generator (MPS-600-5 L-2). Both
ramp-up and ramp-down voltages were set to 0.1 V/s. After the process,
the substrates were rinsed with and submerged in ethanol for c.a. 1 h
after which they were dried in the ambient air. In order to obtain the
crystalline phase, the titanium foil with TiO,NTs was then placed in a
furnace (Nabertherm) and gradual heating was applied with 2 °C/min
rate enabled reaching 450°. The samples were kept for 2 h in elevated
temperature whereas the post-calcination cooling was let freely to room
temperature.

Scanning Electron Microscope FE-SEM, FEI Quanta FEG 250 with a
secondary electron detector was used to obtain images of produced
nanotubes. The pictures were taken using acceleration voltage of 10 kV
in various places on the surface and in couple cross-sections to confirm
uniformity of the material.

The UV-Vis spectra were taken in reflectance mode using
PerkinElmer Lambda 35 dual-beam spectrophotometer in the range of
300-1100 nm with scanning speed set to 120 nm/min.

The study of electrochemical properties was done with Autolab
PGStat 302 N potentiostat-galvanostat (Metrohm, Autolab) system in a
three-electrode system. The synthesized NTs acted as a working elec-
trode (WE), Pt mesh was used as counter electrode and reference
electrode consisted of Ag/AgCl/0.1 M KCl. The electrodes were sub-
merged in deaerated (5 N argon), pH-neutral electrolyte (0.5 M Na,SO4
- p.a. POCH). Investigated material was illuminated by 150 W Xenon
lamp (Osram XBO 150) through AM 1.5 filter and a high-transmittance
quartz window on the side of the electrochemical cell. For studies in
visible light only, additional UV filter was used (GG420, Schott).

The electrochemical results were obtained in the range between
—1.0 and + 1.0 V with the scan rates of 50 mV/s for cyclic voltam-
metry (CV) and 10 mV/s for linear voltammetry (LV). Additionally, the
chronoamperometric (CA) curves were recorded to describe photo-
stability. While CV and LV measurements were conducted in dark,
additional LV and CA sweeps were done under vis and UV-vis
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irradiation to indicate the difference in photoactivity between ex-
amined samples. Chronoamperometry curves were recorded under the
+ 0.5V vs. Ag/AgCl/0.1 M KCI potential when the WE was periodically
irradiated using the motorized shutter with 0.2 Hz frequency.

Moreover, for samples anodized for 2 h, the potentiodynamic elec-
trochemical impedance spectroscopy experiments were carried out at a
frequency of 1000 Hz. The EIS data were recorded for WE polarized
between —0.7 and 1 V. In order to obtain steady-state, before each
measurement, the potential was held still for 1 min. Furthermore, the
space-charge layer capacitance was calculated according to the fol-
lowing equation [31]:

—i
T 2nfZin (€3]

where f stands for the frequency of the AC signal and Z;, is the ima-
ginary part of the impedance. Consequently, according to Mott-
Schottky theory of the space charge capacitance of semiconductor,
donor densities were calculated using the following equation [32]:

-1
1
(2 4)
7 \epee dE
2)

where €0 stands for permittivity of vacuum
(e0 = 8.85 x 10" 2 Fm ™), ¢ is dielectric constant of the anatase TiO»
(e = 38 [33]), e is an electron charge (e = 1.602 x 107'°C), and E
stays for the potential applied.

ol

3. Morphology, structure and chemical nature

Fig. 1 presents morphological features of titania nanotubes anodized
between 20 and 60 V for 2 (Fig. 1A-E) and 5 h (Fig. 1F-J), whereas
graphs presented in Fig. 2 highlight the connection between anodiza-
tion voltage and geometrical features of the NTs. Shown SEM images
indicate that fabricated materials exhibit a high degree of ordering
independently of the applied voltage conditions. Anodization in the
voltage > 60 V, however, leads to the non-uniform nanotube distribu-
tion over the Ti plate, as illustrated in Fig. 3. In the case of substrates
anodized at 70 V, the bottom parts of the titanium foil are free from any
form of nanotubes and only porous oxide is present (Fig. 3A). Moving
upwards, groups of nanotubes begin to form (Fig. 3B), and gradually
become denser, until they cover most of the surface, aside from some
bald patches (Fig. 3C). In the uppermost part of the anodized foil, the
nanotubular structure is present (Fig. 3D). The non-uniform distribu-
tion immensely limits further applications of the foil anodized at vol-
tages =70 V, therefore electrochemical process was carried out within
20-60 V. Additionally, although the nanotubes created employing an-
odization voltages of 50 and 60 V show good uniformity during SEM
investigations, there are different regions present that are visible with
the naked eye, that will be discussed in Optical properties section.

The average inner diameter of the nanotubes synthesized at 20 V for
2 h was measured to be approximately 65 nm, the distances between
nanotubes of c.a. 35 nm, and their height at almost 400 nm. While
increasing potential applied during anodization to 60 V, the NTs radius
increased over 3 times to c.a. 225 nm, the distances between them
exceeded 160 nm ( x 4.5), and their length > 6-fold to nearly 2500 nm
(Figs. 1, 2). Extending anodization time to 5 h has increased size of most
geometrical features by only several percent. The upper wall thickness,
however, was lower in every case. This can be expected, as longer an-
odization times provide fluoride ions within the electrolyte more time
to etch the NTs, especially in regimes directly exposed to them, such as
upper parts of the nanotubes [34]. Additionally, the length of the na-
notubes prepared at 60 V was slightly lower than those anodized when
50 V was applied. Although the relation is not direct, similar reduction
of length by prolonging anodization was described by Ozkan et al. [35]
and Matsuda et al. [36]. It can be ascribed to the phenomenon in which
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the nanotube growth rate at the bottom of the tube becomes slower due
to the increased diffusion resistance of both F~ and the reaction pro-
ducts with the increased tube length. This results in dominance of the
dissolution rate and decrease of the nanotube length with time.

In comparison, Ozkan et al. [17] created wider, more separated
nanotubes of similar length in comparable conditions (voltage, time,
temperature), but have also reported seeing smaller NTs growing in-
between bigger ones, which were not present in our case. The inter-
tubular distances are also similar to those obtained by Kowalski et al.
[20], despite him anodizing for longer times. Although the creation of
much taller, free-standing nanotubes is possible, the use of a different
electrolyte composition is required [37].

To better describe the synthesized nanotubes, a model estimating
their real surface has been proposed, similar to those available in lit-
erature [12,38]. Assuming, that spaced TiO,NTs are hollow cylinders
that grow on a triangular lattice (Fig. 4), we can calculate their specific
surface area (S,) by using the following equation:

47h(r + R)
V3 (2R + 5)? 3)

where s is a spacing between nanotubes, h stands for their height, and r
and R are the inner and outer radius, respectively. The S, values for all
discussed samples are shown in Table 1 where the applied unit concerns
the geometric surface area in cm? For both anodization times, the
available surface area is the smallest when the voltage is set to 20 V,
then rapidly rises through 30 and 40 V, reaching maximum at 50 V. For
the samples anodized at 60 V, the available surface area is again lower.
This is due to the fact, that although the inter-tube distances and inner
tube diameters increase with voltage in its whole spectrum, the growth
rate of the height of the NTs slows between 50 and 60 V. This parameter
is of high importance because developed surface area have enormous
impact onto the photo- [39] and catalytic activity [40] of the nano-
materials.

To confirm the clystalline phase of TiO,NTs, selected samples (i.e.
amorphous and calcined ones prepared at 40 V for 2 and 5 h) were
investigated by means of Raman spectroscopy, X-ray diffractometry
(XRD) and infrared spectroscopy (FT-IR). As it comes to Raman mea-
surements (Fig. S1 in Supporting Information file), for calcined samples
typical anatase peaks can be identified: E(1 g) at 144, E(2 g) at 197, B
(1 g) at 395, A(1 g) at 519, and E(3 g) at 635 cm ', while for amor-
phous ones broad spectra with no clear peaks can be seen. Obtained
results are in agreement with other researchers works [41-44]. Also X-
ray diffractograms are typical for this kind of material [45] - see Fig.
S2. For amorphous samples only peaks corresponding to Ti acting as a
NTs support can be observed, while for calcined materials patterns re-
lated to TiO, anatase and rutule are clearly seen. Nevertheless, the
formation of rutile oxide layer occurs at the Ti/TiO,NTs interface and
small amount of it is found to be normal [46]. Considering the FT-IR
spectra, we observed two very broad bands centred approximately at
760 (shoulder band) and 460 cm ™! in the case of the amorphous TiO,,
which resolved into four narrower bands at ca. 900 ecm ™!, 780 cm ™',
520 cm ™" and 427 cm ™! for calcined samples (Fig. S3). The change in
the character of the spectra is in agreement with the predicted crystal
phase of the material. With increasing disorder, the characteristic IR or
Raman bands of the semiconductors are generally shifted to lower
wavelengths and substantially broaden. The result may be interpreted
as a loss of crystalline selection rules. [47]. The calcination transforms
the amorphous material into the ordered crystalline structure of anatase
and this alteration resolves the TiO, lattice vibrations at 750 cm ™! and
517 ecm ™, which is clearly observed in Fig. S3. Summerizing, per-
formed measurements confirm the anatase phase of prepared materials.

Moreover, for sample anodized at 40 V for 2, the X-ray photoelec-
tron spectroscopy (XPS) investigation was conducted. The high re-
solution XPS spectra recorded in the binding energy range typical for
titanium and oxygen are shown in Fig. S4. In the case of Ti, the XPS
spectra was fitted by three doublets composed of Ti2p,,» and Ti2p3,,

Sa=1+
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Fig. 1. SEM images presenting topology of the anatase TiO.NTs anodized for 2 (left column) and 5 h (right column) under 20 (A, F), 30 (B,G), 40 V (C, H), 50 V (D, I)

and 60 V (E, J) . Insets presented show their respective cross-sections.

signals characteristic for different Ti oxidation states and present in the
form of: TiO, (458.8 eV), Ti,03 (457.2 eV) and TiO (455.7 eV) [48].
The XPS spectra registered in the binding energy range typical for
oxygen was fitted by two signets with maxima located at 530.1 eV and
531.3 eV attributed to the lattice oxygen [49] and oxygen present in the
surface hydroxyl groups [50] or some carbon contamination, respec-
tively. Those carbon species originate from the adventitious hydro-
carbon from the XPS instrument itself or could be related with some
electrolyte residuals [51] since diethylene glycol is the main component
of the anodization bath.

4. Optical properties

As previously discussed, the changes to NTs morphology were pri-
marily reliant on the anodization voltage, and only slightly on time.
Because of it, only the performance of nanotubes anodized for 2 h will
be discussed in here and the next chapters. Nevertheless, for compar-
ison purposes the optical tests of TIO,NTSs obtained for 5 h are given in
Fig. S5. To indicate the changes in the optical properties depending on
the anodization conditions, the UV-Vis spectra were acquired in the
wide wavelength range (see Fig. 5). In the reflectance spectra, one can
find two characteristic bands, one in the UV range typical for all titania
nanostructures and the second in the visible range. While the first one is
attributed to the bandgap energy, the maxima found within the
450-700 nm range can be interpreted as the result of the specific ar-
chitecture of titania NTs, as some groups report its presence in their
UV-Vis spectra [19,52], while others do not [53,54]. Similar shape for
spaced TiO, was reported by Ozkan et al. [19] and is characterized by
improved light absorption due to the light being able to illuminate
much deeper, exposed parts in spacing between the tubular layer. This
feature of the reflectance band is also related to the back light reflection
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from the underlying Ti metal substrate [55]. Despite overall lower
amount of absorber present in comparison with typically used aligned
nanotubes, the wide absorption band in the visible range can be de-
tected, which can be considered as beneficial for the photoconversion
efficiency.

Regarding the influence of the applied voltage, from Fig. 5 A, we
can see that reflectance of the samples anodized at lower voltages
(namely 20 and 30 V) is significantly higher, than for those anodized at
greater voltages. This, in turn, means that their absorbance is lower,
limiting the possible number of excitons that could be created. In ad-
dition, the maximum of absorption is located at c.a. 550 nm for NTs
anodized at 20 V, but shifts as far as to 660 nm for sample anodized at
40 V. For even higher voltages, the maximum moves back to shorter
wavelengths, to approximately 590 nm at 60 V. Additionally, if we
superimpose normalized solar spectrum onto the absorption spectra and
integrate area underneath the curve, we can calculate the amount of
total light absorbed, which reaches its maximum for sample anodized at
40 V (Fig. 5 B).

The optical bandgap of titania nanotubes was derived from Tauc
plots (Fig. 6A), which were prepared assuming an indirect-allowed type
of transition in anatase TiO,. With an increased anodization voltage,
the E,, values drop exponentially at first, reaching plateau for higher
voltages (Fig. 6). The measured Ep, values were as high as 3.62 eV
(when anodized at 20 V) or as low as 3.11 eV (for sample anodized at
60 V), decreasing the gap values between them by over 0.5 eV. Ad-
ditionally, in samples anodized at 50 and 60 V, an additional absorption
band edge was detected (Fig. 6A, inset) [56]. It is most likely connected
to the uneven distribution of O inside the NTs which leads to the
formation of suboxides, e.g. TiO and Ti,O3, and high valence oxide
(TiO,) in the case of lower and higher concentration, respectively, as
the wall thickness rises with anodization voltage [57]. It is also likely
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Fig. 2. Graphs presenting inner (A) and outer radii (B), separation (C), and height (D) of the anodized TiO,NTs as a function of a voltage applied for 2 and 5 h.
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Fig. 3. Different regimes present in substrates anodized at 70 V. Porous oxide layer (A), groups of nanotubes (B), bald patches in nanotube forest (C), nanotubular

layer (D).

Fig. 4. Schematic representation of the arrangement of TiO,NTs.

related to before mentioned unevenness of the material under optical
investigation. It is noteworthy that, even though bulk anatase has Ejpg
equal to 3.2 eV [58,59], the values we measured were different,

depending on NTs geometrical features - see Fig. 6B. This is supported
both by theoretical and experimental studies of Al-Haddad et al., where
it was proven that the absorption band edge is redshifted with the de-
crease of distance between NTs and with increased diameter [54].
Moreover, Liu et al. [60] theoretically investigated the impact of the
geometrical features of nanotubular structure on their photocatalytic
activity. It has been shown that photocatalytic efficiency increases with
decreasing of inner diameter and wall thickness until it reaches max-
imum value and then drop of efficiency can be observed. In the case of
the length of NTs, the efficiency grows with the length until saturation.
Some groups [19,59], however, have noticed an increase in photo-
catalytic activity without any change to electron bandgap width of the
investigated material. It indicates that Epg value is only one of the
factors responsible for improving the photoactivity of the TiO, nano-
materials.

For deeper understanding of optical and electronic properties,
photolumenscence (PL) spectra for TiO,NTs prepared for 2 h at dif-
ferent voltages in the range from 20 to 60 V (see Fig. $6). The strongest
relationship is observed between green and red emissions versus ap-
plied anodization voltage. It can be observed that the intensity of green
and red band emissions grow with the voltage up to 50 V and then
decreases, while there are no distinct differences for the blue one. It
should be in here highlighted that PL intensity depends on the excited
electrons density and relation between radiative and non-radiative re-
combination transitions. As was already mentioned in the manuscript,
absorption of titania nanotube materials is higher for the ones
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Table 1
Specific surface area (S, given in ecm?/em?) of the titania nanotubes anodized for 2 and 5 h at voltages between 20 and 60 V.
— Voltage (V) = 20 30 40 50 60
| Anodization
Time (h) |
2 10.3 = 5.8 142 + 29 16.4 + 2.3 17.4 = 438 16.1 = 21
5 124 = 31 16.2 + 4.6 16.0 £ 3.8 215 = 29 15.6 + 3.3

fabricated at higher voltages. Therefore, the growth of PL can be at-
tributed to the increase of excited electrons density. Moreover, green
and red bands photoluminescence is stimulated by the recombination of
mobile electrons with trapped on oxygen vacancy sites holes and the
recombination of trapped on Ti®>* electrons with mobile holes respec-
tively, while the blue band emission originates from the recombination
of conducting electron and valence hole [61,62]. It can be then con-
cluded from our results that electron recombination on sites related to
Ti** ions, as revealed by XPS analysis and oxygen vacancies is more
probable than the one via conduction-valence band transition. Ad-
ditionally, taking into account data provided in Fig. 2 and Table 1, the
increase of green and red photoluminescence is ascribed to the growing
number of near-surface defects.

5. Electrochemical activity

In order to study the electrochemical response, cyclic voltammetry
measurements were carried out for the whole series of the titania NTs
anodized for 2 h. As it can be seen from Fig. 7 A, very similar shape and
current density values were recorded for all tested materials within the
whole potential range. Analysing the electrochemical behaviour, one
may distinguish two regimes: a) above —0.3 V vs. Ag/AgCl/0.1 M KCl
where very low capacitive currents are observed and b) from —1.0 to
—0.3 V vs. Ag/AgCl/0.1 M KCl, where the developing reduction of the
Ti'™ to Ti' takes place [63]. This process is attributed do the conduc-
tion-band filling accompanied by the proton insertion that could be
given as Ti"V0, + e~ + H* (aq) — Ti"'O(OH) [64,65]. Here, the H*
represents a counter ion that is responsible for the compensation of the
negative charge when the Ti"" donor centres arise at the electrode.

Further measurements covering the collection of EIS data were
limited to the range from +1.0 V to —0.6 V taking into account poor
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faradaic activity in wide potential processing window. The EIS mea-
surements were carried out twice in dark conditions, before and after
3 min irradiation period and observed changes will be discussed later
on. In both cases, basing on the value of the imaginary part of the
impedance and the relation provided in the experimental section (Eq.
(1)), Mott-Schottky plots were prepared. As the run of all the prepared
plots for the investigated samples is similar, only the ones for TiO,NTs
fabricated at 40 V are presented in Fig. 7B. The positions of flat band
potentials were depicted in Fig. 8A and are in the range from —0.26 V
to —0.22 V vs. Ag/AgCl/0.1 M KCI, while the most negative values are
found for the samples obtained at the lowest anodization voltage and
the most anodically shifted belongs to the sample anodized at 40 V.
Those slight changes in the localization of flat band potential within the
investigated set of samples could be related to the variation of oxygen
vacancies and hydroxyl ions that is strongly related to the material
surface area. Those species involve the formation of some Ti suboxides
within the tubular structure. According to the functional density cal-
culations [66], the OH™ insertion and generation of oxygen vacancies in
the TiO, lattice, identified on high resolution XPS spectra, can affect
energetic states under the titania conduction band. Apart from the Eg,
values, the tangent to the Mott-Schottky function guided in the vicinity
of its inflexion was used to determine the donor density basing on the
relation (Eq. (2)) and the value of particular constants. The trend of the
calculated donor densities depends on the applied anodization voltage
and is provided in Fig. 8B. In general, the obtained values are typical
since they fit the standard range 10'°-10%° cm ™3 [67,68]. The lowest
slope and in consequence the highest Ny is determined for sample an-
odized at only 20 V, whereas the lowest value was found for the ma-
terial obtained at 40 V. The observed relation between Ny and the an-
odization voltage approximately overlaps with the change of the
specific surface area and greatly depends on the preparation conditions,
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Fig. 5. Reflectance spectra of the titania nanotubes anodized for 2 h at a different voltages (A) and calculated amount of the solar spectra absorbed by each substrate

(B) - results for samples anodized for 5 h are given for comparison.
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Fig. 6. Calculated Tauc plots of anodized TiO,NTs with respective Ey, values marked (A) and the change in the value of NT walls thickness and E;,; depending on the
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voltage (B).

namely the voltage listed in Table 1. Generally, higher N4 values induce
larger upward shift of the Fermi level, resulting in a significant energy
band bending at the oxide surface which can help efficient charge se-
paration at the working electrode/electrolyte interface [69]. According
to Acevedo et al. [70], these separation centres could be attributed to
the presence of different Ti species (Ti’™, Ti** and Ti**) or oxygen
defects and therefore more disordered material. Following that, higher
Ny could positively impact onto the conductivity of the semiconductor
and enhances photoactivity. Thus, taking into account only this para-
meter, one may expect recording of the highest photocurrents for
TiO,NTs obtained at 20 V, since they exhibit the highest Ng. Comparing
the relation between values of developed surface area and Eg, within
the investigated set of samples, a similar trend was reported by Giorgi
et al. [71], where higher specific surface area results rather in lower Ngq
values.

The second round of EIS measurements, preceded by 3 min long
illumination, results in the positive shift of the flat band potential and
some increase of donor density value for all the investigated TiO,NTs.
Such a behaviour is rarely reported since usually impedance data are
collected only once, prior to the exposure of the material to light.
Nevertheless, the detailed investigations that have been already carried

—30V

40V
15 —50V
— 60 V
-20 4 v v v v
-1.0 -0.5 1.0

i 0.0 0.5
E (V vs. Ag/AgC1/0.1M KCI)

out by Chen et al. [72] also indicates such a positive movement of the
Eg, position of the material after a period of its illumination. As was
proposed by Chen et al., this shift is due to the preservation of accu-
mulated holes at the electrode/electrolyte interface and thus, the
Nerstian behaviour is maintained. This interesting phenomenon reflects
the efficient storage of some of the photoinduced holes in surface states
of TiO,NTs/solution interface despite stopping the irradiation. This
surface trapped holes (STH) are characterized by high stability, since
the initial position of the Eg, was not ideally preserved after a certain
illumination period. When the electrode is irradiated, the photooxida-
tion of water molecules takes place, which results in the formation of
two types of intermediate species: hydroxyl radicals and peroxide
species. Regarding their stability, the hydroxide species are much less
stable than peroxide ones, that impacts significantly onto the kinetics of
reactions occurring at the electrode/electrolyte interface. Taking into
account Chen et al. results, one may conclude that those changes are
due to the long-living STHs identified as relatively stable peroxide
species. They are usually noted as Ti;-O-O-Tis, Tis-O-O-H or Tig-H,0,,
where Ti; stands for surface titanium. Their undisturbed accumulation
suggests that the rate-determining step could be ascribed as follows: Ti,-
0-O-Tig + 2 h™ + 2H,0 — 2Ti;0~ + O, + 4H™. According to Chen

0
-0.6

-04 -0.2 0.0 0.2

05 0. 1.0

0 0.5
E (V vs. Ag/AgCl/0.1M KCl)

Fig. 7. Cyclic voltammetry curves registered at 50 mV/s scan rate (A) and Mott-Schottky plot prepared from data collected before and after irradiation of the

TiO,NTs anodized at 40 V (B).
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Fig. 8. The change of the calculated values of flat band potential (A), and donor densities before and after working electrode irradiation (B).

et al., the release of accumulated holes, and therefore inhibition of the
flat band variation, can be achieved by the introduction of additional
species into the electrolyte. Nevertheless, in comparison to the case
described by Chen et al., the shift found for our samples is not as sig-
nificant, but its presence cannot be neglected. Taking into account
above discussion and the analysis of geometric factors delivered in the
previous section, especially the specific surface area (see Table 1), the
difference between the Eg, before and after material irradiation (AEy,)
is more pronounced for samples exhibiting the greatest S, value (ano-
dized at 40-60 V) since accumulated holes in those cases have more
area to occupy.

On the other hand, it should be remembered that the value of de-
veloped surface area considered here as a geometric space (topography)
that has a direct contact with outer environment is not the same as the
space charge layer and the surface states affecting the real situation at
the semiconductor-electrolyte interface [73] Moreover, the detailed
analysis of the band bending depends rather on the thickness of the
TiO2 wall while the surface area is not regarded in this case as a key
factor. It is in agreement with Pu et al. [74] who indicated that the
thickness of the tube walls significantly affects semiconducting prop-
erties of the material, namely the potential drop across the tube walls.
Depending on the wall thickness (w) the space charge layer (Lsc) could
be modulated. For the thin walls, when w/2 < Lgc the flat band
conditions are present within the tube wall and band bending can only
occur at the bottom of the tubes. In opposite case, when the wall is
thicker (w/2 > Lgc) the band bending may extend to a few tens of nm
throughout the half thickness of the wall in the wide potential range
depending on the donor level. Taking above into account and knowing
that photogenerated e — h pairs could be more or less effectively se-
parated, depending on the relation between the width of the depletion
layer and the half thickness of the tube wall, the difference in the be-
haviour of the series of the TiO,NTs material of various wall thickness is
expected. According to the mechanism described by Sang et al. [75] the
wider the depletion layer, the farther the photoinduced electrons will
be driven, which thus benefits the photoelectrical properties. Com-
paring the value of wall thickness given in Fig. 6b for particular ano-
dization voltages and the difference in Eg, depicted in Fig. 8a, one can

observe that the both trends overlap, namely the wider the thickness
the higher changes in Eg, value.

Following the changes in the Eg, towards the anodic regime, much
higher amount of oxygen vacancies could be found in the material
[76-78], but still the lowest value is calculated for the material ano-
dized at 40 V. It may indicate the lowest number of different Ti species
or surface defects which are recognized to play crucial role in efficient
charge separation affecting overall photoconversion efficiency. As has
been already mentioned, those defects generally enhance electrical
conductivity as well as charge transport in TiO, [79].

However, it should be pointed out that it is one set of factors that
can be responsible for better or worse photoresponse and the estimated
Ny amount when the electrode is kept in darkness does not determine
further enhancement in photoresponse [80]. It should be also high-
lighted, that similarly to other authors, in our calculations we apply the
facile assumption that electrode material composed of NTs is flat [81]
and therefore the obtained donor density does not provide accurate
information for the highly porous TiO, nanostructures. Comparing the
values listed in Table 1 with the donor concentration values, one may
observe that the lowest Ng was estimated for the material exhibiting
one of the highest developed area. According to many reports [81-84],
Mott-Schottky analysis is regarded rather as a surface analysing tech-
nique, which could rather indicate the electrical conductivity trends
reflecting the composition of the tubes at the surface than at the NTs/
substrate interface. Thus, concerning well-separated nanotubes with a
particularly wide inner diameter and both inner and outer walls ex-
posed to the electrolyte species, the simplified approach towards Ny
determination should be carefully analysed.

In order to verify the effect of the developed surface area, optical
properties, the position of flat band potential, and finally donor density
onto the material photoactivity, the linear voltammetry curves (see
Fig. 9) were registered under three various conditions: in dark and
under electrode exposition to vis and UV-vis irradiation. When the
material was kept in the dark, as was in the case of cyclic voltammetry
curves, the recorded current is very low and almost no difference be-
tween tested samples was observed. The same measuring protocol was
applied during the working electrode irradiation with the visible light
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Fig. 9. Linear voltammetry curves recorded for the set of TiO,NTs samples in
0.5 M Na,SO, with 10 mV/s scan rate in different conditions: in dark and under
electrode irradiation by visible and UV-vis light. 1st run is presented as solid
lines, while 2nd one as dotted.

and the slight increase of current is noticed above + 0.1 V vs. Ag/AgCl/
0.1 M KCI (see inset of Fig. 9). Such a small photoresponse is justified by
the wide bandgap energy of titania that corresponds to the UV light.
Thus, even though the titania materials exhibit strong absorption
within the visible range of 400-700 nm it does not contribute to the
significant photocurrent increase. Nevertheless, among others, the
sample fabricated at 40 V exhibits the highest enhancement. The con-
firmation of such increase, as well as photostability, was revealed by
3 min long chronoamperometry curves recorded upon chopped vis/
dark irradiation given in Fig. 10A.

Further electrochemical measurements were performed when the
material was exposed to the full solar spectrum. The registered LV and
adequate CA graphs are shown in Figs. 9 and 10B, respectively. Ac-
cording to the information provided in the experimental section, the LV
scans were carried out twice, before and after 3 min long exposition of
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the TiO,NTs electrodes to the solar radiation. As can be observed in
Fig. 9, the shapes of both runs of LV curves are very similar but do not
overlap. Nevertheless, the material that exhibits the highest photo-
conversion efficiency expressed here as the highest photocurrent, is
again the one fabricated via anodization at the 40 V.

As it is known the photoelectrocatalytic performance is a several-
step process and the overall enhancement depends on many different
factors, namely strong light absorption, efficient charge separation and
their low recombination efficiency. The first phenomenon that occurs
when the light interacts with the material is their absorption, then
formation of an exciton and its dissociation into opposite charges and
finally charge percolation, electrons to the contact Ti substrate and
holes at the electrode/electrolyte interface where they take part in
oxidation process (in our case it is water molecule). Following that, the
outstanding properties of this sample could be ascribed to the sy-
nergistic effect related with the value of E,g morphology features -
especially highly developed surface area (16.4 cm? per 1 cm? of the flat
surface), the most positive flatband energy and the presence of the
surface trapped holes. Especially, the higher population of oxygen va-
cancies and mobile holes for the materials obtained above 40 V, as
confirmed by the photluminescece data, can effectively contribute to
the management of photogenerated charges.

When it comes to the anodic shift and some changes in the shape of
the LV curve above + 0.2 V vs. Ag/AgCl/0.1 M KCl, the explanation of
such behaviour has been already discussed above. As was reported by
Cheng et al. [72] the photoinduced flat band potential shift can occur
despite the dark conditions were once again provided due to the pre-
sence of the holes trapped at the electrode/electrolyte surface. Ana-
lysing the difference between LV recorded during the first and the
second run, one may conclude that these STH can play crucial role
leading to another favourable pathway for indirect charge transfer and
a new undesirable recombination pathway [85,86]. Similar behaviour
of LV curves was simulated by Bertoluzzi et al. and following his results
the first run is attributed to the direct transfer of holes from the valence
band while the second run can be interpreted as a competition of the
direct hole transfer with the indirect charge transfer from the surface
states. In this case, the photo-anodic currents grow up when those
surface states assist in hampering the recombination processes, namely
when the population of trapped electrons decreases. Therefore, it is of
great interest to distinctly detect the surface states present on the

=100] ! [UV-vis[ dark]
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Fig. 10. Chronoamperometry curves recorded for the set of titania NTs samples at +0.5 V vs. Ag/AgCl/0.1 M KCl under intermitted vis and UV-vis illumination.
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photoelectrodes and to deeply understand the key role they play in still
explored class of free-standing TiO,NTs, that provide both inner and
outer tube walls to form the electrode/electrolyte interface.

Regarding the current stability when the samples are alternately
illuminated by the whole solar spectrum, for none of the materials any
obvious current diminution is observed. Nevertheless, as in the case
with visible light, the highest photoresponse was observed for the
material fabricated at 40 V, while the lowest currents were recorded
when the anodization was carried out at 20 and 30 V. This trend is in
line with the run of the potentiodynamic LV curves. Concluding, the
difference in the materials photoactivity is mostly caused by the
amount of the developed surface area and the bandgap energy, while
surface trapped holes, as identified by analysis of optical properties and
electrochemical activity, can support the charge transfer during pho-
tooxidation processes that occur at the interface of electrode/electro-
lyte species.

6. Conclusions

In the present manuscript, we investigated the influence of the two
selected anodization parameters, namely duration and the value of the
applied voltage onto the geometry, optical properties as well as elec-
trochemical activity and photostability of the fabricated samples. Due
to the applied optimization approach of the Ti electrochemical oxida-
tion, the process resulted in the formation of highly ordered but well
separated TiO2 nanotubes. Such tubular arrangement differs from the
typically used aligned TiO, since both inner and outer wall surface is
easily available. As a consequence, the penetration of light and elec-
trolyte species to the deeper parts of the TiO,NTs layer is facilitated.
According to the detailed analysis of the changes of TiO,NTs mor-
phology forced by the electric field present during anodization, we
showed that relation between the applied voltage in the range of
20-60 V and the inner and outer radius of TiO,NTs as well and se-
paration distance is almost linear. What is of particular interest, the
elongation of the anodization time from 2 to 5 h, does not impact sig-
nificantly onto the tube length. Moreover, taking into account proposed
simplified relationship including the values of the geometrical para-
meters, specific surface area was estimated. Following that, the highest
developed area of tubular layer covering particular geometric surface
was obtained when 50 V was applied during anodization. However,
optical characterization covering the analysis of both the shape of the
reflectance spectra and bandgap energy values, indicates that even with
a slightly wider bandgap comparing to above mentioned sample, the
titania fabricated at 40 V has the best overall light absorption. Finally,
the series of samples obtained via 2 h-long electrochemical oxidation
were subjected to the electrochemical testing. The recorded cyclic
voltammetry scans for investigated titania NTs almost overlap while
Mott-Schottky analysis points out some differences in flatband positions
and the donor concentrations. Once again for TiO,NTs fabricated at
40 V, the local maxima or minima was obtained regarding the highest
(the most anodic) Eg, and the lowest Ny, respectively. The most anodic
shifted E, was ascribed to the presence of the oxygen vacancies or other
Ti species playing very important role in photoelectrochemical activity.
Indeed, such properties found in the dark conditions affect the recorded
photocurrents both in vis and UV-vis radiation. Within the series of
samples, TiOoNTs formed at 40 V generated the highest current in both
light conditions. In our work we also showed the significant impact of
the surface holes traps onto the overall photo-performance revealed as a
shift in flat band potential as well as the shape and current density
values observed on the linear voltammetry scans registered before and
after short exposition of working electrode to the full solar spectrum.
Summarizing, we widen the knowledge about the unique properties of
spaced TiO, nanotubes and we believe that their application will gain
as much attention as aligned titania.
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Chapter two

Laser interactions with matter

When propagating light encounters an interface between two media, it can be either
reflected or can continue its propagation through the new media. Depending on the
permittivity of the medium, it can also be absorbed through the interactions with the
matter it passes. The primary factors determining light interactions with the material are:
wavelength, fluence, and the time of interaction. The wavelength determines if and how
the light is absorbed, as the response of the different compounds varies, depending
on their surface and molecular composition. On the other hand, fluence and time
of irradiation along with the thermal conductivity determine the magnitude of the

light-induced interactions [29].

In principle, valence electrons interact with incident photons absorbing them. Depending
on the amount of energy transferred, the electron can either move to the excited state,
get launched further into the crystal lattice as a hot electron, or be ejected from the surface
in a photoelectric effect. Naturally, the added energy creates a non-equilibrium state,
therefore after some time excited electron recombines creating a photon (radiative
recombination) or dissipating into heat via phonons (non-radiative recombination) [30].
Typically, the relaxation in semiconductors occurs between the 102 and 10 s of the
excitement [31,32], so depending on the laser type and pulse duration, the excited carriers
may or may not be able to thermalize obtained energy. Within the constraints of this work,
only the nanosecond pulsed laser radiation (10 s) is considered, which allows repeated
excitation and thermalization of the surface electrons during a single pulse. Therefore, the

thermal equilibrium between electrons and phonons can be assumed and only the thermal
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effects of the laser radiation are taken into the account [29,32]. These include heating,
melting, and ablation from the surface. Because of the highly localized heating provided
by the nanosecond laser radiation, they are commonly used in, for example, cutting,

welding, and surface treatment [32,33].
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Work two: Formation of the hollow nanopillar arrays through the laser-

induced transformation of TiO2 nanotubes

Although pulsed lasers are commonly used on titania, it is usually done to ablate, melt,
or structure titania layers and powders [34-37]. The effects of laser irradiation on the
titania nanotubes were, however, investigated only briefly in the attempts to crystallize
amorphous TiO2 and boost their photoactivity. Although partial crystallization was
achieved through the use of pulsed lasers, the continuous heat sources provided a much
more reliable phase transformation, while preserving the original tubular morphology
[38,39]. The investigation into the effects of laser treatment on the photoelectrochemical
performance of the densely packed, crystalline titania nanotubes revealed that it can have
beneficial effects on the photocurrent densities under simulated solar radiation [40,41].
Interestingly though, the effects were exactly opposite in the case of spaced NTs, chosen

as a substrate for modification (Figure 4).
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Figure 4: Linear voltamperograms of the spaced titania nanotubes treated with three
different wavelengths of the pulsed laser in the 0 — 50 md/cm? fluence range.

The investigation was done with chopped AM 1.5 illumination in 0.5 M NazSOa.

The investigation of the effects of different laser wavelengths on the geometry and
properties of the nanotubes conducted in a work two revealed significant differences
between the wavelengths and energies used (see Attachment 2). Most notably, within the
investigated fluence range (0 — 50 mJ/cm?) irradiation with photons of energy lower than
the materials bandgap did not affect its physical properties. After the modification with
the wavelengths from the UV range (266, 355 nm), however, the substrates displayed
a varying degree of melting and some alteration of their physical properties. The UV-vis
spectra  reveal the presence of the interference  fringes  created
by the reflection of the light from the sealed caps [42] and significantly lower UV
absorption which suggests the possible creation of oxygen vacancies [6]. The profile

of the deconvoluted photoluminescence spectra revealed a slight shift of emission from
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blue to green light, which hints at the increased presence of trapped holes (so, the oxygen

vacancies in the case of TiOy) [43].

However, the most interesting finding of the work reveals that the use of 355 nm
wavelength at the fluence of 30 mJ/cm?, results in an elegant encapsulation of the
nanotubes without their excessive melting or merging with neighboring structures.
The structure itself is especially intriguing, as the tight seal over the nanotube completely
isolates its interior. The unique geometry of the nanopillars allows the possibility
of embedding different compounds inside them before encapsulation. This could lead to

the creation of interesting titania-based nanocapsules or photonic structures.
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In the following article, we present a simple, two-step method of creating spaced, hollow nanopillars,
from the titania nanotube arrays via pulsed laser-treatment. Due to the high ordering of the structure,
the prepared material exhibits photonic properties, which has been shown to increase the overall
photoefficiency. The optical and morphological changes in the titania nanotubes after pulsed laser-
treatment with 532, 355, and 266 nm wavelengths in the 10-50 mJ/cm? fluence range are studied.
The investigation reveals, that by using appropriate wavelength and energy, the number of surface
defects, geometrical features, or both can be tailored.

Due to rising worldwide energy demand and increasing awareness about the dangers of using fossil fuels, more
and more attention is being paid to renewable sources of power. The titanium dioxide nanotubes (TiO,NTs) have
been excessively studied for years since their first synthesis by Assefpour-Dezfuly et al.' due to their excellent
photocorrosion resistance?, non-toxicity, and outstanding optical properties®. Moreover, the TiO,NTs exhibit
very high surface area and have easily tuneable nanotube length?, spacing™’, and pore size’"’, all influencing
properties of the nanotube array. Because of that, they have found immense success in research involving gas
sensors'?, filtering systems'!, solar cells'?, and photocatalysis'*'*.

However, one of the biggest drawbacks of TiO,NTs is their wide bandgap of 3.2 eV limiting their absorption
to the UV range, which represents only a small part of the solar spectrum. To successfully employ titania nano-
tubes in solar-driven applications, various methods of widening absorption band have been discussed in the
literature. Modifications with non-metals or organics primarily focus on employing narrow bandgap materials
which help in exciton generation over a broader light spectrum'>'®. On the other hand, doping with noble metals,
which strongly interact with light in the visible spectrum through plasmonic resonance, allows the injection of
hot-electrons into nanotube arrays improving their overall photoactivity'”'®.

Interestingly though, structural and morphological changes have also been shown to be a key factor in band-
gap engineering'®. The synthesis of TiO,N'Ts with the high surface-to-volume ratio results in improved radiation
harvesting. Simultaneously, optimization of the length of the TiO,NTs is crucial to avoid excessive recombination
of generated charge carriers™.

It should be highlighted that those methods do not rely on the incorporation of foreign atoms into the struc-
ture of titania, but rather modify existing one to broaden the absorbance spectra. It is done through so-called
self-doping and relies heavily on the creation of structural defects such as oxygen vacancies and employs various
methods, e.g. microwave or laser irradiation®'**. Likewise, the additional absorbance bands can be created or
widened by adjusting TiO,NTs spatial distribution, similarly to how it is done in photonic structures’.

Recently, the use of titania nanotubes as photonic crystal (PC) arrays gains increased traction in
literature'®***?”. Due to the high refractive index of TiO, structures, and regular spatial distribution of the nano-
tubes, the TiO,NTs are clear candidates for use as photonic materials. Coupled with the scattering of incident
light on top of the tubular layer, the total material absorption could be greatly improved while retaining their
charge percolation capabilities?°.
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Figure 1. SEM image of the anodized TiO,NTs with their cross-section shown in the inset.

In our work, we present a blueprint for the creation of an array of empty, evenly spaced, self-standing TiO,
nanopillars. The proposed smart laser treatment of an open tube TiO,NTs results in their closing and formation
of the tight cap over the hollow tube. Although they exhibit photonic properties by themselves, they can also
serve as a base for further modifications, allowing encapsulation of different materials inside, potentially serving
as a shell in novel core-shell type of photonic nanostructures.

Results and discussion

Morphology. As-anodized TiO,NTs have an inner radius of about 60 nm, the wall thickness of 12 nm, they
are evenly distributed with the average distance between them of 70 nm, and have 1 um in length (Fig. 1). The
calcination process does not affect their morphology in any way, and they retain all their geometrical features.
The effects of laser irradiation of different wavelengths within a fluence range of 10-50 mJ/cm? are presented
in Fig. 2. The first column shows the effects of modification with 4th harmonics generator crystal (\=266 nm),
representing photon energy (~4.6 eV) well above the bandgap of the material (E,,=3.3 eV). In the case of the
lowest fluence used, no meaningful changes to TiO,NTs morphology can be observed (Fig. 2A). However, as the
pulse energy rises, some nanotube tops begin to melt, forming connected platforms made of two or three closest
nanotubes, resulting in non-uniform surface morphologies. Although the degree of their melting in the upper
region varies clearly, the height of the TiO,NTs modified with A=266 nm changes only slightly with the energy
used. While TiO,NTs irradiated with 20 m]/cm? are about 750 nm in length, those treated with 50 mJ/cm? are
only about 150 nm shorter.

Considering laser-modifications with 3rd harmonics and photon energy (3.5 eV) close to the bandgap of the
material, the degree of changes seems to be much more uniform across energies used (Fig. 2F-]). In the case
of the lowest fluence applied, the nanotubes tops melt slightly inwards, forming half-open cylinders. Regard-
ing fluences of 20 and 30 mJ/cm?, the upper parts of the nanotubes are fully closed and the vast majority of the
nanotubes are self-standing, not merging with neighboring ones. Using higher energies results in gradually more
interconnections between TiO,NTs. The nanotubes have shortened to about 840 nm after irradiation with 10 m}/
cm?, and were approximately 65 nm shorter each time the fluence was increased, down to 575 nm at 50 mJ/cm?’.

Modification with photon energies (2.3 V) much lower than the electron bandgap did not result in any
changes in overall nanotubes length within the investigated range of fluences. There were, however, visible dis-
tortions in the nanotube openings when fluence 50 mJ/cm? was reached.

The TEM images confirm the empty core of the nanotubes (Fig. 3A) and show a tight cap in their upper
region. Notice, that the beam has enough energy to cross the cap and reveal the internal section of the tubes.
The images indicate, that the melted cap is approximately 170 nm thick, and there is still nearly 700 nm of the
empty nanotube core underneath (Fig. 3D). Moreover, the evidence of the anatase crystalline phase have been
found, as the Fast-Fourier Transform of the close-ups of the cap (Fig. 3B,E) reveal d(,(,,=0.35, d(,3=0.24, and
d(195y=0.17 nm peaks (Fig. 3C,F). This shows that the majority of the anatase phase is undisturbed by laser
modification.

To our knowledge, such structures have not been yet reported in the literature. Although few works regarding
laser-modification of TiO,N'Ts are available???*3!2, all of the investigators have focused on the densely packed
nanotube arrays, where melting of neighboring nanotubes caused their individual features to disappear. Irradia-
tion of differently spaced nanotubes™ with A =355 nm and 30 m]/cm?, however, is a reliable method of TiO,NT
encapsulation (Fig. 4).

Optical properties. Reflectance spectra. The reflectance spectra for investigated samples are shown in
Fig. 5. In the case of modification with A=266 and 355 nm, the interference fringes can be seen. They form due
to interference of the light-waves reflected from the closed, upper parts of the TiO,NTs and those propagating
through the TiO,NT film, reflected at the bottom. Chiarello et al.* have proposed an equation that allows calcu-
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Figure 2. SEM images of the laser-modified TiO,NTs. The columns show different wavelengths used (266, 355,
and 532 respectively) while rows represent fluence used (10-50 mJ/cm?).
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Figure 3. TEM images of the nanotubes irradiated with 30 mJ/cm? with the A\=355 nm. (A) shows the top view
of the TiO,NTs. (B) Close-up of the internal section of the TiO,NTs. (C) The FFT image of (B). (D) Shows a
removed TiO,NT, laying down on the Cu grid allowing for visualization of the cap. (E) Shows a close up of the
cap and (F) the FFT image of Panel E).

Figure 4. SEM images of the TiO,NTs anodized at 40 (A), 50 (B), and 60 V (C) post laser-treatment
(A=355 nm, 30 mJ/cm?).

lation of the TiO,NT length, using two consecutive fringe positions. Regarding the irradiation at a normal angle
of incidence, it can be simplified to:

A2

T 2n(iy — A1)

where d is the thickness of the layer, n is the refractive index of the anatase (approximately 2.2 between 450 and
600 nm), and A, and X, are the positions of the respective fringes. The equation correlates well into experimental
data regarding both geometric and optical features, explaining the periodic nature of the spectrum. Moreover,
the presence of the fringes or lack of thereof can be explained by the amount of the material present in the upper
nanotube region, i.e. in the cap (Figs. 2, 5). The exception, in this case, would be modification with A =355 nm
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Figure 5. Reflectance spectra of the reference and TiO,NTs modified with three different laser wavelengths
within the fluence range of 10-50 m]/cm?.
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Figure 6. Calculated Tauc plots with dashed lines indicating bandgap values.

with 10 and 20 mJ/cm?, where although capping of the TiO,N'Ts is present, the periodic nature of the spectra is
not distinguished. It may be explained by the very thin capping layer and a negligible amount of light reflecting
from the cap. Interestingly, whereas Chiarello et al.** observed fringes for spectra recorded for TiO,NT layers as
thick as 2 pm, we could not define them for the reference material with half the thickness. In this case, the defined
spacing between the TiO,NTs could be the determining factor responsible for the shape of the reflectance spectra.
Interestingly, the changes in the UV region of the reflectance spectra are, except fringes, unrelated to the degree
of morphological changes in the TiO,NTs (see Fig. 2). An increase in the UV reflectance is present in samples
irradiated with 266 and 355 nm lasers. Although in the case of irradiation with 4th harmonics the absorbance
drops rapidly, slowing in the upper energy regime, a significant increase in 3rd harmonics is present only when
fluence over 30 mJ/cm? is used. As the light absorption in this region is mainly attributed to the electron transi-
tions from O”~ orbital to the Ti** %, an increased presence of oxygen vacancies can result in the rise of radiative
recombination seen as the increment in the reflectance spectra.

Figure 6 shows Tauc plots of the laser-modified TiO,NTs accompanied with the untreated sample. The band-
gap of the reference sample equals approximately 3.3 eV, slightly higher than for bulk anatase, due to the so-
called electron-confinement effect, often present in nanomaterials**~**. The E,,, shifts towards lower values with
increased fluence for both irradiation with 266 and 355 nm, whereas it drops only slightly when the wavelength
of 532 nm is applied during the modification. The narrowing of the Ey values is likely related to the creation of
additional localized states within the bandgap allowing lower-energy photons to be absorbed*’.

Photoluminescence. Taking into account resolved photoluminescence (PL) spectra reported by other authors,
obtained data points were fitted into distinctive emission bands (Fig. 7) using parameters listed in Table 1 **-*,
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Figure 7. Deconvoluted photoluminescence spectra for unmodified sample (A) and the sample modified by
355 nm laser with 30 mJ/cm? (B).
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Table 1. Fitting parameters used to perform deconvolution of photoluminescence spectra.
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Figure 8. Intensities of the blue, green, and red photoluminescence of the samples as a function of laser fluence
used for modification. Insets show the contribution to the total emission.

Analysis of the photoluminescence results, in general, shows that laser annealing of the TiO,NTs changes
their overall emissivity spectrum. The strongest influence of laser treatment can be observed for the green light
emission (Fig. 8) after irradiation of titania with 266 and 355 nm lasers. Although in the case of 4th harmonics
the enhancement of emissivity is evident even when the low fluence is used, it quickly saturates at 20 mJ/cm? and
a further increase in laser energy does not affect the total green emission. Changes induced by 3rd harmonics are,
on the other hand, minimal for fluences up to 20 mJ/cm?, but rise and saturate at higher investigated energies.
Moreover, a slight increase in the total blue emissivity was observed in the case of modification via both 3rd and
4th harmonics in their respective processing thresholds. However, none of the applied laser wavelengths modu-
lates the red-emission sector and the usage of 2nd harmonics does not noticeably affect the emission spectrum.

In TiO,NTs, the blue photoluminescence band is related to electron-hole recombination between conduction
and valence bands, green is the effect of recombination of mobile electrons with trapped holes, and red arises due
to the recombination of electrons trapped on Ti** ions with valence band*#°. Thus, the increment of the green PL
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Figure 9. CIE xy chromaticity diagram marked with positions of investigated samples. The inset presents a
close-up of the color spectrum and the arrow indicates an increase in fluence.

after the treatment with A =266 and 355 nm may be explained by the growing number of trapped holes related
to the increasing number of oxygen vacancies regarding as the tuning factor of the electronic properties of the
TiO, nanostructures*. The laser-induced increase of the number of oxygen vacancies was further confirmed
by the high-resolution X-ray photoelectron spectra recorded within binding energy of Ti2p (see Figure S1 with
appropriate analysis provided in ESI file)*"*,

Colorimetry.  Apart from the typical analysis of the reflectance spectra, we performed colorimetric analysis and
the results were summarized as particular points on a CIE 1931 chromaticity diagram (see Fig. 9). The colori-
metric investigation lines up with previously observed effects verified via reflectance measurements. In the series
representing the shortest wavelength used for titania treatment, the sample color changes rapidly towards the
center of the map (white) and reaching almost the same coordinates at the high-end of measured fluence range.
Modification with 355 nm laser pulses affects color only slightly for fluences of 10 and 20 mJ/cm?, but the skip
on the CIE chart for 30 m]/cm? is very definitive. Interestingly, the color is changing as well for samples modified
with 2nd harmonics. Although no apparent huge shift could be observed via the naked eye, the change from the
reference sample towards green color is present and saturates for fluences above 30 mJ/cm? Similar behavior
was found for chromium coatings after their exposure to the energetic photons from various laser sources. It
confirms that laser modification could be regarded as not fully used, but a powerful tool for optical tuning of thin
films*’. Therefore, without the introduction of any metal or non-metal atoms to the titania structure, optimized
laser treatment provides intriguing light-matter interaction behaviors.

Conclusion

Summarizing, in the frames of this work a unique approach of obtaining free-standing, nanotube-based, hol-
low titania nanopillars has been shown. In the first step, self-standing titania nanotubes were fabricated via
an optimized anodization process, followed by calcination which ensured crystallization. Next, three different
wavelengths of a pulsed laser, namely 266, 355 and 532 nm, were used to tailor the upper part of the TiO,NTs.
Analysis of the SEM/TEM images confirms that the treatment with 355 nm led to the formation of crystalline
caps over each hollow pillar, while the photon energies at 266 and 532 nm were either too high or too low result-
ing in overmelting of the nanotubes or simply preservation of their original geometry. Optical measurements
reveal that materials exposed to laser radiation exhibit the nature of photonic crystal. Moreover, the increased
number of oxygen vacancies with increased fluence for 266 and 355 nm wavelengths was confirmed by the pho-
toluminescence spectra fitting approach, while colorimetric analysis indicates the possibility of color switching
depending on the applied processing parameters. Obtained results strongly suggest that laser interaction with
TiO, nanotubes can lead not only to change of their geometrical features but also opens up the possibility of
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tuning their optical behavior with preserving the crystalline phase and the hollow interior. To the best of our
knowledge, such an approach has been shown for the very first time. Additionally, due to the chemical stability
of the titania, we believe that prepared material can be adapted for many purposes, especially as a platform for
encapsulation of other materials.

Experimental section

Sample preparation. Titanium foil (99.7% pure, 0.127 mm thick, Strem) was cut into 35x25 mm pieces
and degreased ultrasonically for 10 min in acetone (p.a. Protolab), ethanol (96%, Chempur) and deionized (DI)
water (0.08 pS, Hydrolab) respectively. After drying in air, it was used as a working electrode in the electrochemi-
cal oxidation process to create free-standing TiO,NTs, whereas platinum net (25 x 25 mm) was used as a counter
electrode. The electrolyte in which both electrodes were submerged consisted of NH,F (0.3 wt%, p.a. Chempur),
HF (0.5 wt%, p.a. Chempur), and of deionized water (7.0 wt%) in diethylene glycol (p.a. Chempur). Anodization
was performed at 30 V, with ramp-up and ramp-down voltages set to 0.1 V/s and controlled by in-house built
hardware which was supplied by a constant voltage generator (MPS-600-5L-2). The process was performed at a
constant temperature of 40 °C, controlled by a thermostat (Julabo F-12) for 2 h. After anodization, the foil was
rinsed and submerged in ethanol for ca. 1 h and dried in air subsequently.

To obtain a crystalline anatase phase, the nanotubes underwent thermal treatment in the furnace
(Nabertherm) at 450 °C for 2 h. While the heating rate was set to 2 °C/min, the cooling down to room tem-
perature was performed freely overnight. A sample prepared in such a way was treated as a reference for laser-
modified material.

Nd:YAG pulsed laser (6 ns, Quantel) equipped with 2nd, 3rd, and 4th harmonics generator crystals (A =266,
355, and 532 nm) was used to modify the surface of TiO,NTs structure. The laser repetition rate was set to 2 Hz
and its fluence to 10-50 mJ/cm? The beam was homogenized and focused on the surface, creating 2.4 x 2.4 mm
spot. The sample was placed on the motorized, computer-controlled stage (SmarAct) enabling precise movement
and thus allowing modification on any part of the surface.

Characterization. Scanning Electron Microscope (SEM) images were taken with FE-SEM, FEI Quanta
FEG 250 which was equipped with a secondary electron detector. The pictures were taken at the surface and at
the cross-section in multiple places to confirm sample uniformity. During the measurements, a constant accel-
eration voltage of 10 kV was applied.

Transmission Electron Microscopy (TEM) investigation was done using JEOL ARM 200F, working at 80 kV.
Data collected was used to confirm the crystallinity and detailed morphology of the formed nanopillars.

The UV-Vis study was done in the reflectance mode using the PerkinElmer dual-beam spectrophotometer
in the range of 300-1100 nm with a scanning speed set to 120 nm/min.

Photoluminescence (PL) spectra were taken using SHAMRO CK-SR-3031-A Spectrograph (Andor Technol-
ogy) at room temperature. It was equipped with 450 mW LED as the excitation light source (A=365 nm) and
ICCD camera as a detector. FGUV-11 (Thorlabs) and GG 400 (Shott AG) optical filters were used to eliminate
unwanted light modes during measurements of the PL spectra. A total of 200 scans in the range of 370-800 nm
were done and their average was used for further investigation. The X-ray photoelectron spectroscopy (XPS)
studies were carried out using Axis Supra spectrometer equipped with monochromatic AlKa source with 250 pm
spot diameter, and 20 eV pass energy, calibrated for adventitious carbon Cls (284.5 eV).

The colorimetric investigation was done using the Konica Minolta CS-2000 spectroradiometer, which allows
for the determination of colorimetric coordinates with accuracy and repeatability of + 0.002 according to CIE
xy standard. A halogen bulb (3100 K) was used as a light source, illuminating the sample at 45°, while the meas-
urements were taken perpendicular to the surface from a measuring field of a 1.75 mm in diameter. To become
independent of the source spectral characteristics, the Konica Minolta SC-A5 white standard was used for the
determination of colorimetric coordinates.
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Chapter three

Electrochemical water-splitting

Production, storage, and utilization of energy are undoubtedly one of our civilization's
greatest challenges, as most aspects of everyday life depend on one of its forms.
As society develops, it requires more electricity to illuminate homes, fuel to drive cars,
and gas to cook food. Unfortunately, however, most of the energy sources we utilize come
from non-renewable fossil fuels, which use emits the equivalent of around 50 billion tons
of COz annually [44]. As a result of the continually increasing emission of greenhouse
gases, we now face progressing destabilization of the natural environment, in the form
of natural disasters, acidification of oceans, and weather anomalies. Therefore, much
effort has been made to find and develop more efficient ways of harvesting energy from
alternative sources. One of the most promising renewable energy sources is the Sun,
which by itself could provide more than enough energy to sustain the steady growth
of our civilization. However, aside from the cheap production of electricity, the means of
its efficient storage are needed. One of the commonly discussed candidates is hydrogen,
which when obtained through water electrolysis, is as emission-free as the electricity

made to create it.

In principle, electrolysis requires two electrodes with the potential difference of 1.23 V
submerged in water. In reality, though, many more requirements must be met to be able
to split water efficiently [45]. First, the conductivity of pure water is too low for the
reaction to occur. Secondly, the materials of both cathode and the anode need to be chosen

carefully to allow for efficient charge transfer [46]. Thirdly, the theoretical minimum
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potential assumes ideal process efficiency and no losses, which is unattainable

in real-world conditions.

Typically, the first obstacle is bypassed by carrying out electrolysis in water-based
electrolytes. Because the electrolyte should not compete with the splitting of water,
the half-reaction of cations ought to have a lower standard electrode potential than the
reduction of H*, while the anions should have it higher than the oxidation of OH".
The compounds such as Na>SO4 or NaOH are therefore the most widely used due to their
low cost and good performance. To overcome the second issue, the materials with the
right electron structure need to be selected. If the potential of the valence band of the
anode is higher than the oxidizing potential of water, it will oxidize instead of water.
Similarly, if the lowest level of the conducting band of the cathode is below the reduction
potential of hydrogen, it will reduce itself. For this reason, the alloys of the platinum
group metal species, such as ruthenium or iridium oxides (RuOz / IrO.) are used
as anodes, whereas platinum or carbon are the primary materials for cathodes. Although
they currently serve as a benchmark for efficient water splitting, their cost adds to the
overall price of produced gases. The final obstacle in designing efficient electrodes for
water electrolysis ties to the search for new, cheaper, and more feasible electrode
materials. The theoretical minimum potential of 1.23 V does not include losses on the
activation energy, diffusion, resistance, adsorption, bubble detachment, and more.
Therefore, in search of novel, cheap and efficient electrodes, the overpotential values

often dictate the feasibility of the obtained structures.
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Work three: Spectacular Oxygen Evolution Reaction Enhancement

through Laser Processing of the Nickel-Decorated Titania Nanotubes

Due to their vast availability, the non-noble transition metal oxides pose an interesting
alternative to the platinum-group metal species. Many novel works are dedicated to the
Mo, Fe, Co, and Ni-containing compounds and their respective oxides and sulfides,
producing electrodes with promising properties towards bifunctional water-splitting
electrodes [47-55]. Because the developed surface plays a crucial role in the electrolysis,
the deposition of one of those transition metals on the electrode comprised of titania
nanotubes could lead to significant improvements in the rate at which the oxygen
is generated. Furthermore, as the structural defects are known to improve the catalytic
performance of both titania and transition metal oxides, laser irradiation can be employed

to facilitate their generation [56-58].

Work three provides detailed physicochemical characteristics of the nickel-coated anatase
titania nanotubes after irradiation with a pulsed UV laser (Attachment 3). The structural
analysis reveals that even at elevated fluences the tight sealing of the nanotubes is present,
and the absorption spectra suggest the creation of the oxygen vacancies when fluence
exceeds 20 mJ/cm? [6]. The voltamperometric curves recorded in alkaline media show
negligibly higher current densities towards oxygen production after nickel deposition
as compared to the uncoated titania nanotubes. After the irradiation with laser, however,
the performance of the electrode raises to values 240-times higher than the unmodified
material, and up to 280-times higher under simulated solar irradiation. The XPS
investigation revealed that the synthesized electrode contains mostly hydroxide forms
of nickel. Crucially, the prepared electrodes remain stable. After the 12-hour
galvanostatic load at 10 mA/cm?, the potential shifted by less than 2 %. Interestingly, the

overall increase of the rate at which the oxygen is generated happens despite the laser-
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induced reduction of the active surface — after irradiation, the inner tube walls are sealed
off from the electrolyte. Nonetheless, the boost in the electrochemical performance
Is unquestionable. It suggests that different mechanisms outweigh the negative effects
of the limited surface, such as the oxyhydroxides forming from the nickel species on the

surface of the electrodes [46].
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Spectacular Oxygen Evolution Reaction Enhancement
through Laser Processing of the Nickel-Decorated Titania

Nanotubes

Jakub Wawrzyniak,* Jakub Karczewski, Emerson Coy, Igor latsunskyi, Jacek Ryl,
Maria Gazda, Katarzyna Grochowska, and Katarzyna Siuzdak

The selective, laser-induced modification of the nickel-decorated titania nano-
tubes provides remarkable enhancement toward oxygen evolution reaction.
Particularly, the irradiation of the laterally spaced crystalline TiO, nanotubes,
results in the formation of the tight closure over irradiated end, preserving
their hollow interior. The shape of the absorbance spectra is modulated along
with applied energy, and the new absorption band appears at 500 nm, where
the local minimum can be found for bare nanotubes. The high-resolution X-ray
photoelectron spectra indicate the presence of both metallic and hydroxide
forms of nickel species. The electrode material treated with 355 nm pulses

at 50 m) cm~2 shows significantly improved current densities in the anodic
regime, reaching nearly 300 mA cm2 while exposed to solar radiation,
whereas the untreated sample barely comes to 1.5 mA cm2 in the same condi-
tions. The tailored titania photoanode also exhibits two orders of magnitude
higher donor concentration in comparison to the primary substrate as verified
by Mott—Schottky analysis. The electrochemical analysis confirms the key role
of laser annealing in enhancing the effectiveness of light-driven water splitting.

Growing concerns for a natural environ-
ment drive innovation toward novel, clean
energy sources, and storage devices."
Among them, cheap but efficient water-
splitting devices are being developed, and
great hopes are being put into light-enabled
catalysts. The titania-based electrode mate-
rials are especially looked at, because of
their abundance, flexibility, and high sta-
bility within a wide pH range.l¥l Moreover,
there are plentiful forms in which titania
can be synthesized, which makes it a per-
fect target for further modifications. Apart
from decoration with foreign spedies,
doping, and formation of non-stoichio-
metric titania,?) many works rely upon
the manipulation of titania architecture
to improve its lightharvesting capabili-
ties."! The ordered titania nanotubes
(TiO,NTs) are of particular interest, due to
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the straight charge percolation path, high
surface area, and adjustable geometrical
features. The optimized electrochemical oxidation of the tita-
nium sheet provides control over the length,?] diameter,>* and
spacing!’>1%l of the nanotubes, which allows their tailoring toward
specific applications. Adjustments of the surface morphology
do not stop with an anodization process, though. With the addi-
tional post-processing such as flame annealing,”! atomic layer
deposition,® or plasma treatment,"”! crystallinity, and photoelec-
trochemical response can be freely adjusted as well. Considering
efficient water splitting, catalysts containing abundant transition
metals are recently being explored,”” but often require laborious
techniques and generate a lot of harmful waste. Regardless of
the treatment procedure, the electrochemical performance of
the modified substrate does not exceed a several-fold increase
in comparison to the original material.?*?? In this paper, spec-
tacular oxygen evolution reaction (OER) and photoresponse
improvements of the nickel-decorated titania nanotubes are
reported. Incorporation of the 355 nm pulsed laser irradiation,
as well as the use of titanium and nickel in their pure metallic
forms, minimizes the generation of chemical waste. Moreover,
the proposed processing technique can be applied onto a plat-
form of any dimension, as each step of the synthesis is highly
scalable.?324
Scanning electron microscopy (SEM) images of laterally
spaced TiO, nanotubes before and after modifications as well

© 2020 Wiley-VCH GmbH
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Figure1. a) SEM images of the as-anodized titania nanotubes, b) the NTs after sputtering with 5 nm nickel, and c) after laser-treatment with 50 mj cm™2.

d) TEM image of a single nanotube, e) close-up of its core, and its f) cap.

as TEM pictures of the single closed nanotube are shown in
Figure 1. The as-prepared nanotubes can be characterized
by the outer diameter of 188 + 31 nm, an inner diameter of
142 + 35 nm, the distance between their centers of 300 =70 nm,
and length of 1.5 *+ 0.1 pm. Although the deposition of 5 nm
thick Ni layer does not affect overall geometry, it is visible as the
rim over the NT openings. Mild laser irradiation (10 mJ cm™?)
leads to the slight deformation of the top nanotube regime not
noticeably affecting their length. For 20 m] cm™, the length of
the NTs drops to 1.1 + 0.2 um, but the selective closing of NTs
is more pronounced. Laser treatment with 30 mJ cm™ results
in complete sealing of the nanotubes, while further increase in
laser energy causes the coupling of the neighboring nanotubes
through bridge-like structures (Figure S1, Supporting Informa-
tion). Nevertheless, throughout the modification process, the
interior of the nanotubes remains intact. The energy dispersive
X-ray spectroscopy (EDX) and selected area electron diffraction
(SAED) investigation of the sealed cap revealed mostly anatase
phase with metallic nickel and NiO concentrated within the
melted region (Figure S2, Supporting Information). To confirm
the presence of the crystalline phase of TiO, and Ni/NiO spe-
cies, XRD patterns were recorded in 6-6 geometry and grazing
incidence (Figure S3, Supporting Information). Pristine TiO,
nanotubes reveal reflections at 25.3°, 372°, 38.1°, 48°, and
55.03° which corresponds with anatase, while at 35.2°, 38.5°,
40.2°, 53.1°, 63°,70.7°, 76.4°, and 82.3° (weak) with Ti.[>>%] Addi-
tional, very faint signal at 27.5°, 371°, and 54.2° can be ascribed
to residual quantities of rutile phase, as the formation of the
rutile oxide layer is initiated at the Ti/TiO,NTs interface.l”! The

Adv. Mater. Interfaces 2020, 2001420
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grazing-incidence XRD reveals more intense rutile peaks at
higher angles, indicating its majority share in lower parts of the
NTs. High-resolution XPS spectra show signals typical for Ti**
and oxygen attributed to the lattice Ti-O and surface Ti-OH,?®
whereas Cls signal can be assigned to adventitious carbon as
typical contamination originating from the instrument and
organic residues from the anodization bath (Figure S4, Sup-
porting Information).?”) Moreover fitting the peaks at 852.6 eV
(spin-energy separation of 19.4 eV) and 855.8 eV (spin-energy
separation 177 eV) confirms the presence of metallic and
hydroxide Ni(OH), forms of nickel respectively.**-*?) While Ni
2p3/2 peak location and geometry confirms the dominant con-
tribution from Ni(OH),, the surface contribution of NiOOH
or even NiO cannot be completely neglected (Figure 2a). Fur-
thermore, the optical properties of the NTs were analyzed
based on the UV-vis measurements (Figure 2b). The pristine
TiO, nanotubes show typical, strong UV absorption, while the
deposition of nickel results in an increase of absorbance in
the visible range, as well as the formation of the interference
fringes.?#33 Moreover, the red-shifted band edge is observed,
likely due to the decrease of the energy gap between Ti (d) and
O (p) orbitals.?¥ Mild irradiation leads to a further increase of
absorption in the visible range, while higher reflection in UV
is observed, resulting in a similar level of absorbance over the
whole spectrum. At higher investigated fluences, more vis-
ible than UV light is being absorbed. It can be explained by
the formation of the caps over the NTs which may partly reflect
incident radiation, or by the elevated number of oxygen vacan-
cies created by the laser.’> From the reflectance spectra, the

© 2020 Wiley-VCH GmbH
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Figure 2. a) Deconvoluted XPS spectra of Ni. b) UV-vis absorbance spectra of reference and laser-modified samples.

Kubelka-Munk plots were calculated (Figure S5, Supporting
Information), and the energy bandgap (Eyg) values were esti-
mated for reference, nickel sputtered sample, and specimen
irradiated with 10 mJ] cm™ The E,, of pristine titania NTs
equals 3.09 eV, less than reported for bulk anatase (3.20 eV),?l
due to optimization of the spacing and geometrical features of
the nanotubes.””) As expected, the Ey, values drop to 3.00 eV
for Ni-decorated sample, and further to 2.88 eV after irradiating
with 10 mJ cm™. A similar trend was observed previously for
laser-treated Cu-TiO, NTs, 38 which indicates synergistic effects
of metal/metal oxide and laser processing in Ey, reduction. In
the case of higher laser fluences, it was impossible to derive
optical bandgap values, due to the leveled character of absorb-
ance spectra over the measured range.

e Reference === 0 mJ cm? e=—10mJ cm? =20 mJ cm?

Figure 3a shows linear voltammetry diagrams measured in
the dark and under AM 1.5 illumination. At the highest inves-
tigated potential (2.6 V vs RHE), the current density of the
reference sample can be seen at 1 mA ¢cm™, while the magne-
tron-sputtered sample exhibits currents 60% higher. The laser-
modified specimens, however, dwarfs the reference sample as
their current densities exhibit values 14 to 240 times greater
in the dark, and up to 280 times higher under applied AM
1.5 radiation. The enhancements of the current densities scale
along the laser fluence applied during modification, although
the factor of improvement is much greater. In the dark, modi-
fication with 10 m] cm= boosts performance by only about
14 times, whereas applying 20 mJ cm™ accounts for 145 times
higher currents. In the case of the highest investigated fluence
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Figure 3. Chemical analysis of the reference and laser-modified samples. a) Linear voltammogram, b) Tafel plot, c) Mott-Schottky plot, d) galvanostatic
load at 10 mA cm™, ) Nyquist representation of the impedance spectra for best and reference sample, and f) electric equivalent circuit used for fitting.
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(50 mJ cm?), the current density of 240 mA cm™ was meas-
ured. Additional investigation under solar spectrum shows, that
the obtained material exhibits photoactive properties, as the
current densities rose by up to 50% for sample modified with
10 mJ cm™ and by =17% for those treated with higher energy
laser pulses. The linear voltammetric sweeps also reveal oxi-
dation from NiO to NiOOH at 1.45 V (Figure S6, Supporting
Information),?? and passivation of surface species or defects
at =2 V.1l The overpotential 7 for oxygen evolution reaction is
shown for 10 mA cm2* and shifts toward lower values when
higher the laser fluence is applied-this trend is further rein-
forced under the exposure to solar light. Interestingly, the big-
gest difference is observed between Ni-decorated but untreated
sample, which never passes the desired current, the one modi-
fied with 10 mJ cm™2, which reaches 10 mA cm™ at = 1.07 V,
and the sample irradiated with 20 m] cm™2 laser pulses, which
crosses it at 77=0.57 V. Further increases in lasing energy, how-
ever, accounts only for an additional decrease of 150 mV, down
to 77 =420 mV. For the samples reaching 10 mA cm2 the Tafel
slopes have been calculated and shown in Figure 3b. It can be
seen, that the initially steep slope of the sample irradiated with
10 mJ] cm™ flattens above 20 mJ] cm2 The graph shows that
the sample irradiated with 50 mJ cm™ has the mildest slope,
indicating the fastest OER kinetics. The density of charge car-
riers (Ng) was calculated from the Mott-Schottky diagram
(Figure 3c),*#] and two orders of magnitude difference is
observed between the reference (6.69 x 10 cm™) and the best
performing laser-treated sample (4.09 x 102! cm~). The flat-
band potential was lowered from 0.34 V in the bare substrate
to 0.28 V for the most active modified titania. Although the
same amount of nickel is present in every case (aside from ref
erence), the results vary drastically. It evidences, that the laser-
irradiation plays a crucial role in the reordering of the atoms
in the modified region and creating surface states that improve
OER kinetics, despite the overall loss of the surface area as
shown by the SEM investigation (Figure 1). Moreover, the mate-
rial is very stable under galvanostatic load (10 mA cm™?), as less
than 1% change in the potential was observed during a 12 h long
load (Figure 3d). Overall, the obtained overpotential values and
current densities situate the presented material among the best
electrodes for oxygen production (Table S8, Supporting Infor-
mation). Figure 3e presents the Nyquist impedance plots of the
highest-performing and reference samples, whereas plots of the
remaining specimen are presented in Figure S7 (Supporting
Information). The obtained spectra have been fitted using an
electric equivalent circuit (EQC) formerly proposed by Bredar
and Klahr*#] with »? of the order of 1073-107°. It contains
three resistors (R), two constant phase elements (CPE), and
an open Warburg diffusion (W,), which values are shown in
Table S9 (Supporting Information). Due to the inherently irreg-
ular NTs surface, the CPE is characterized by the Z= Q7'(iw)™
where frequency dispersion n is taken into account.*l While
the low R, stands for the electrolyte resistance, the R,CPE, and
R,CPE, represent double-layer capacitance of porous bulk in
the high, and surface states in the low-frequency range. The
comparison between reference and laser-annealed materials
reveals lower R, and CPE; due to increased donor concentra-
tion (Figure 3b) and lower available surface area resulting from
laser-induced sealing (Figure 1c). The increased CPE, indicates
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a higher double-layer capacitance of defect states located on
the material/electrolyte interface which are crucial for OER.1“
The finite-length ion diffusion with a reflective boundary can
be described via W, where

Wor

Jo

The W, is a Warburg coefficient, and W, = d/ D> where d is
a length of Nerstian diffusion, and D is a diffusion coefficient
of the electroactive species. The lower W, relates to the charge
transport within the NT walls to the blocking electrode. In both
cases, the light-induced excitons contribute to the lowering of
the electrode resistance.

Utilization of the precise laser processing of the nickel-coated
nanotubes allows for a quick formation of closed, self-standing
nanopillars with greatly enhanced photocatalytic properties.
Due to the synergistic effect of nickel decoration and laser irra-
diation, the UV-vis spectra exhibits an additional absorbance
band between 400 and 600 nm and the donor concentration
increases by two orders of magnitude. The series of modi-
fied titania samples were electrochemically tested toward OER
in the dark and under simulated solar irradiance allowing to
track the influence of both Ni and laser within 10-50 mJ cm™>
range. Most notably, the modification at 50 m] cm™ enables
generation of nearly 300 mA cm™2 at =2.6 V versus RHE, which
stands in stark contrast with nanotubes that were not irradiated
and barely reached 1.5 mA cm in the same conditions. More-
over, the exceptional stability of the sample was observed, as the
galvanostatic evaluation reveals over 99% potential retention
after a 12 h working period. To the best of our knowledge, this
is the first time such an approach was used to develop highly
efficient, yet very stable photoanode material for OER in alka-
line media.

Zy, (0)=—=(1- j)coth (W \[jo) 1)

Experimental Section

Material ~ Synthesis: The titania nanotubes were created via
electrochemical anodization in the two-electrode system. The degreased
titanium foil acting as an anode was immersed in diethylene glycol-
based electrolyte, containing 0.3 wt% NH4F, 0.5 wt% HF, and 7 wt%
deionized water. The process was conducted at 40 V under a controlled
temperature of 40 °C for 2 h. After anodization, the foil was rinsed
with ethanol and dried in air. To obtain the reference, anatase TiO,,
the samples were calcined in a furnace at 450 °C for 2 h. The samples
were then decorated with 5 nm of nickel via magnetron sputtering
using Ni target (99.99%) and placed onto the motorized table in the
vacuum chamber (5 x 107 bar). They underwent laser treatment with
Nd:YAG pulsed laser equipped with 3rd harmonics generator and beam
homogenizer within 0-50 m) cm~2 fluence range.

Characterization: SEM images were taken with FE-SEM FEl Quanta
FEG 250 while TEM investigation was done using JEOL ARM 200F.
XRD patterns were recorded by Bruker D2Phaser diffractometer with
Cu Ko radiation over 20°-90° range, while the grazing incidence XRD
patterns were obtained via Philips X'Pert MPD diffractometer with Cu
Ker radiation over 20°—40° range and incidence angle between 1° and 4°.
The XPS spectra were obtained from sample treated with 50 m) cm™2
via Escalab250Xi calibrated for adventitious Cls (284.6 eV),*] using Al
Ko anode. Optical reflectance spectra were obtained by the PerkinElmer
dual-beam spectrophotometer at a scanning speed of 120 nm min~.
The electrochemical properties were studied in deaerated 0.5 M NaOH

© 2020 Wiley-VCH GmbH
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with Autolab PGStat 302 N in a three-electrode system, where the
prepared sample acted as a working electrode, while platinum mesh
and Ag/AgCl/0.1 m KCl were used as a counter- and reference electrodes
respectively. The potential values were recalculated toward RHE using
following relation: Egue = Epgjagcijo1 w kel + E%agjagcijon m ke + 0.059 pH
where E°Ag,Agc|/o,1 wkel=0.288V and pH =13.69 for 0.5 m NaOH solution.
Cyclic voltammetry sweeps (0.1-2.6 V vs RHE, 50 mV s7) in the dark
and under the illumination of a solar simulator (Oriel LS0500, AM 1.5)
preceded linear voltammetry scans (0.1-2.6 V vs RHE, 10 mV s™) to
reach the chemical equilibrium of the working electrode. The impedance
measurements were performed at the open circuit potential (OCP) in
20 000-0.1 Hz range at 20 points per decade, whereas the Mott-Schottky
analysis was carried out based on the data from potentiodynamic
electrochemical impedance spectroscopy carried out between —0.1 and
1.9 V versus RHE at 1 kHz, at the 10 mV amplitude. The spectra were
fitted with EIS Analyzer®l using Powell algorithm. All of the chemicals
used are considered pure for analysis. For a more detailed description of
the NT synthesis, please refer to the previous work.?’l

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.

Acknowledgements

This work received financial support from the Polish National Science
Centre: Grant No. 2017/26/E/ST5/00416. E.C. and I.I. acknowledge the
partial financial support under the grant (UMO-2019/35/B/ST5/00248).

Conflict of Interest

The authors declare no conflict of interest.

Keywords
laser treatment, nickel, titania nanotubes, water splitting
Received: August 13, 2020

Revised: October 29, 2020
Published online:

[1] M. M. Tavakoli, G. Azzellino, M. Hempel, A. Lu,
F. ). Martin-Martinez, ). Zhao, ). Yeo, T. Palacios, M. |. Buehler, Adv.
Funct. Mater. 2020, 30, 2001924.

[2] M. Dehghanimadvar, R. Shirmohammadi, M. Sadeghzadeh,
A. Aslani, R. Ghasempour, Int. J. Energy Res. 2020, 44, 8233.

[3] V. Mahajan, S. Mohapatra, M. Misra, Int. J. Hydrogen Energy 2008,
33, 5369.

[4] C. Xu, Y. Song, L. Lu, C. Cheng, D. Liu, X. Fang, X. Chen, X. Zhu,
D. Li, Nanoscale Res. Lett. 2013, 8, 391.

[5] M. Nasirian, Y. P. Lin, C. F. Bustillo-Lecompte, M. Mehrvar,
Int. J. Environ. Sci. Technol. 2018, 15, 2009.

[6] R. P. Vitiello, ). M. Macak, A. Ghicov, H. Tsuchiya, L. F. P. Dick,
P. Schmuki, Electrochem. Commun. 2006, 8, 544.

[7] L. Sun, ). Li, C. L. Wang, S. F. Li, H. B. Chen, C. |. Lin, Sol. Energy
Mater. Sol. Cells 2009, 93, 1875.

[8] M. N. Shaddad, D. Cardenas-Morcoso, M. Garcia-Tecedor,
F. Fabregat-Santiago, ). Bisquert, A. M. Al-Mayouf, S. Gimenez, ACS
Omega 2019, 4, 16095.

Adv. Mater. Interfaces 2020, 2001420

2001420 (5 of 6)

INTERFACES

www.advmatinterfaces.de

[9] A. Kertmen, E. Barbé, M. Szkoda, K. Siuzdak, V. Babali¢,
P. Torruella, I. latsunskyi, M. Kotkowiak, K. Rytel, S. Estradé,
F. Peird, S. Jurga, Y. Li, E. Coy, Adv. Mater. Interfaces 2018, 6, 1801286.

[10] R. Qu, N. Liu, Y. Chen, W. Zhang, G. Zhu, Q. Zhang, L. Feng, Adv.
Mater. Technol. 2017, 2, 1700125.

1] X. Wang, Z. Li, ). Shi, Y. Yu, Chem. Rev. 2014, 114, 9346.

[12] M. Paulose, H. E. Prakasam, O. K. Varghese, L. Peng, K. C. Popat,
G. K. Mor, T. A. Desai, C. A. Grimes, J. Phys. Chem. C 2007, 111,
14992.

[13] X. Wang, L. Sun, S. Zhang, X. Wang, ACS Appl. Mater. Interfaces
2014, 6, 1361.

[14] A. Mohammadpour, K. Shankar, J. Mater. Chem. 2010, 20, 8474.

[15] F. Riboni, N. T. Nguyen, S. So, P. Schmuki, Nanoscale Horiz. 2016,
1, 445.

[16] N. T. Nguyen, S. Ozkan, I.
Nanoscale 2016, 8, 16868.

[17] A. Mazare, |. Paramasivam, F. Schmidt-Stein, K. Lee, |. Demetrescu,
P. Schmuki, Electrochim. Acta 2012, 66, 12.

[18] F. Dvorak, R. Zazpe, M. Krbal, H. Sopha, ). Prikryl, S. Ng,
L. Hromadko, F. Bures, J. M. Macak, Appl. Mater. Today 2019, 14, 1.

[19] T. Zhang, S. Cui, B. Yu, Z. Liu, D. Wang, Chem. Commun. 2015, 51,
16940.

[20] F. Lyu, Q. Wang, S. M. Choi, Y. Yin, Small 2019, 15, 1804201.

[21] C. E. Finke, S. T. Omelchenko, ). T. Jasper, M. F. Lichterman,
C. G. Read, N. S. Lewis, M. R. Hoffmann, Energy Environ. Sci. 2019,
12, 358.

[22] Y. Hu, T. Ding, K. Zhang, B. Li, B. Zhu, K. Tang, ChemNanoMat
2018, 4, 1133.

[23] C. Xiang, L. Sun, Y. Wang, G. Wang, X. Zhao, S. Zhang, J. Phys.
Chem. C 2017, 121, 15448.

[24] L. Assaud, S. Bochmann, S. Christiansen, |. Bachmann, Rev. Sci.
Instrum. 2015, 86, 073902.

[25] S. Meriam Suhaimy, C. Lai, H. Tajuddin, E. Samsudin, M. Johan,
Materials 2018, 11, 2066.

[26] D. Gu, Y. Wang, Z. Li, Y. Liu, B. Wang, H. Wu, RSC Adv. 2016, 6,
63711.

[27] S. Das, R. Zazpe, ). Prikryl, P. Knotek, M. Krbal, H. Sopha,
V. Podzemna, ). M. Macak, Electrochim. Acta 2016, 213, 452.

[28] t. Haryriski, K. Grochowska, ). Karczewski, J. Ryl, K. Siuzdak, ACS
Appl. Mater. Interfaces 2020, 12, 3225.

[29] K. Siuzdak, M. Szkoda, A. Lisowska-Oleksiak, K. Grochowska,
J. Karczewski, ). Ryl, Appl. Surf. Sci. 2015, 357, 942.

[30] H. W. Nesbitt, D. Legrand, G. M. Bancroft, Phys. Chem. Miner. 2000,
27,:357;

[31] Z. Zhang, Y. Jiang, X. Zheng, X. Sun, Y. Guo, New J. Chem. 2018, 42,
11285.

[32] A. P. Grosvenor, M. C. Biesinger, R. St. C. Smart, N. S. Mcintyre,
Surf. Sci. 2006, 600, 1771.

[33] G. L. Chiarello, A. Zuliani, D. Ceresoli, R. Martinazzo, E. Selli, ACS
Catal. 2016, 6, 1345.

[34] Z. Wu, Y. Wang, L. Sun, Y. Mao, M. Wang, C. Lin, J. Mater. Chem. A
2014, 2, 8223.

[35] ). V. Pasikhani, N. Gilani, A. E. Pirbazari, Solid State Sci. 2018, 84, 57.

[36] C. Dette, M. A. Pérez-Osorio, C. S. Kley, P. Punke, C. E. Patrick,
P. Jacobson, F. Giustino, S. J. Jung, K. Kern, Nano Lett. 2014, 14,
6533.

[37] ). Wawrzyniak, K. Grochowska, |. Karczewski, P. Kupracz, ). Ryl
A. Dotega, K. Siuzdak, Surf. Coat. Technol. 2020, 389, 125628.

[38] K. Grochowska, Z. Molenda, ). Karczewski, ). Bachmann,
K. Darowicki, ). Ryl, K. Siuzdak, Int. J. Hydrogen Energy 2020, 46,
19192.

[39] M. Yang, L. Huo, L. Pei, K. Pan, Y. Gan, Electrochim. Acta 2014, 125,
288.

[40] A. Mazare, M. Dilea, D. lonita, |. Demetrescu, Surf. Interface Anal.
2014, 46, 186.

Hwang, A. Mazare, P. Schmuki,

© 2020 Wiley-VCH GmbH

53



54

Attachment 3

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

[41] Y. Yin, X. Zhang, C. Sun, Prog. Nat. Sci.: Mater. Int. 2018, 28, 430.

[42] R. Beranek, Adv. Phys. Chem. 2011, 20171, 1.

[43] H. Tsuchiya, ). M. Macak, A. Ghicov, A. S. Rider, L. Taveira,
P. Schmuki, Corros. Sci. 2007, 49, 203.

[44] A.R. C. Bredar, A. L. Chown, A. R. Burton, B. H. Farnum, ACS Appl.
Energy Mater. 2020, 3, 66.

INTERFACES

www.advmatinterfaces.de

[45] B. Klahr, S. Gimenez, F. Fabregat-Santiago, T. Hamann, J. Bisquert,
J. Am. Chem. Soc. 2012, 134, 4294.

[46] G. ). Brug, A. L. G. van den Eeden, M. Sluyters-Rehbach, ). H. Sluyters,
J. Electroanal. Chem. Interfacial Electrochem. 1984, 176, 275.

[47) P. Swift, Surf. Interface Anal. 1982, 4, 47.

[48] G. A. Ragoisha, A. S. Bondarenko, Electrochim. Acta 2005, 50, 1553.

Adv. Mater. Interfaces 2020, 2001420 2001420 (6 of 6) © 2020 Wiley-VCH GmbH



Work four: Nanostructure of the laser-modified transition metal

nanocomposites for water splitting

The final work of the presented cycle of publications encompasses the investigation
of more transition metal species from the 4" period of the periodic table of elements,
namely iron, cobalt, nickel, and copper. It further expands the description of the
mechanism of the enhanced evolution of hydrogen and oxygen gases (HER and OER)

on the laser-treated electrodes in an extended fluence range (Attachment 4).

In the work four, the previously optimized nanotubes [59] were sputtered with 5 nm layers
of Fe, Co, Ni, and Cu. They were then irradiated with a 355 nm pulsed laser with fluences
up to 100 mJ/cm?, which led to the partial melting of their uppermost part and fusion with
sputtered metals without creating visible nanoparticles. The linear voltamperograms
obtained by polarizing electrodes in the cathodic domain reveal that the performance
of all of the electrodes worsened post-laser treatment. Polarization towards oxygen
evolution reaction, however, shows fluence-dependent improvements in the obtained
current densities for cobalt- and nickel-coated electrodes. Interestingly, the same
electrodes recorded the highest increase in the density of charge carriers after reaching
a steady state in the electrolyte. The XPS study done after each modification step
(sputtering, laser-treatment, electrochemical analysis) has shown that in the process
of creating the electrodes, the sputtered nickel and cobalt layers transform into metal
oxides and, after submerging in the electrolytes, metal hydroxides. This was not the case
for iron and copper metal species, as they did not change their oxidation state significantly
during the process. Based on the data in the literature [60—64], the nickel and cobalt oxides
are p-type semiconductors, whereas titanium, iron, and copper are of the n-type.
The results, therefore, indicate the formation of the p-n type of junction between

the titania substrate and metal hydroxide on top of the electrode. Because the metal layer
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on top is very thin (5 nm), we can assume that it is fully depleted. Therefore, due to the
potential forming within the junction, all of the electrons taken from the adsorbed
oxyhydroxides are automatically forced into the titania underlayer, increasing the
effectiveness of the oxygen evolution reaction [65]. The same mechanism works against
efficient hydrogen generation, as the potential within the depleted p-n junction works
against the applied external potential. Based on the presented mechanism of charge
transfer, novel electrode junctions can be engineered to lower the overpotentials required

for effective water-splitting.
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Abstract

CrossMark

Although hydrogen is considered by many to be the green fuel of the future, nowadays it is

primarily produced through steam reforming, which is a process far from ecological. Therefore,
emphasis is being put on the development of electrodes capable of the efficient production of
hydrogen and oxygen from water. To make the green altemative possible, the solution should be
cost-efficient and well processable, generating less waste which is a huge challenge. In this work,
the laser-based modification technique of the titania nanotubes containing sputtered transition
metal species (Fe, Co, Ni, and Cu) was employed. The characteristics of the electrodes are
provided both for the hydrogen and oxygen evolution reactions, where the influence of the laser
treatment has been found to have the opposite effect. The structural and chemical analysis of the
substrate material provides insight into pathways towards more efficient, low-temperature water
splitting. Laser-assisted integration of transition metal with the tubular nanostructure results in

the match-like structure where the metal species are accumulated at the head. The
electrochemical data indicates a significant decrease in material resistance that leads to an

overpotential of only +0.69V at 10 mA cm

Supplementary material for this article is available online

2 for nickel-modified material.

Keywords: laser, titanium dioxide, nanotubes, anodization, water splitting, oxygen evolution

(Some figures may appear in colour only in the online journal)

1. Introduction

The progressing climate change driven by the overuse of
fossil deposits compels us to find cleaner, more efficient fuels
of the future. Hydrogen is often considered to be one of the

Original content from this work may be used under the terms
o of the Creative Commons Attribution 4.0 licence. Any
further distribution of this work must maintain attribution to the author(s) and

the title of the work, journal citation and DOL

0957-4484,/22,/205401+08$33.00 Printed in the UK

best alternatives, due to its incredible energy density, poten-
tially unlimited availability, and, as it bumns back to the water,
sustainability. Unfortunately, it is rarely created through eco-
friendly means, as much cheaper, though dirtier techniques
are available. One of the factors contributing to the high price
of hydrogen created through electrocatalysis of water is the
price of electrode materials, such as platinum group metal
species. Similarly, even though high surface area materials are
known to perform better catalytically, the techniques used to
create them often leave a lot of wasted material during their

© 2022 The Author(s). Published by IOP Publishing Ltd
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Figure 1. SEM images presenting top (A) and side (B) view of the anodized and calcined titania nanotubes, as well as representative sample
of TNTs sputtered with 5 nm nickel layer (C) and treated with laser (D).

synthesis. Moreover, typical wet-chemistry route makes the
upscaling difficult and even outstanding results are contained
to the laboratory scale. These difficulties incentivize the use
of techniques feasible outside laboratory and chemical com-
pounds free of precious elements.

Known for their corrosion resistance, the titania nanotubes
(TNTs) with highly developed surface are often synthesized via
a scalable electrochemical anodization process [1]. Moreover,
through the adjustments in the process parameters, such as
electrolyte composition, temperature, and potential applied,
their geometry can be tailored, changing their properties
depending on the specific needs [2, 3]. Furthermore, due to the
bandgap of 3.2eV the TNTs exhibit photoactive properties in
the UV light, which may further improve their catalytic prop-
erties under illumination [4]. Although the width of their
bandgap hampers their efficiency under the visible light, the
TNTs can be regarded as an excellent material for further
modification since the nanostructure is already formed onto the
stable, conducting substrate which is important for applications
in water-splitting devices.

The transition metal oxides, as a part of the non-noble
family, are becoming increasingly popular due to vast avail-
ability and, thanks to the tailored synthesis pathways, are
often almost as feasible as more expensive alternatives
[5-10]. The transition metals from the 4th period especially,
are one of the most abundant elements on Earth, and although
iron, cobalt, nickel, and copper have all been used as catalysts
for water splitting, the obtained results vary significantly
depending on the synthesis pathways. It is known, however,
that the activity of both titania and the transition metal oxides
benefits from the presence of defects, such as oxygen
vacancies [11-13], therefore, to achieve a simple and efficient
synthesis pathway, methods promoting structural disordering
should be considered.

We, therefore, propose a titania-based electrode modified
with 4th group transition metals (Fe, Co, Ni, Cu) treated with
pulsed laser radiation (Nd:YAG, 355 nm) in a vacuum. The
proposed approach eliminates the usage of metal liquid pre-
cursors, while each fabrication step is already well-controlled
on a technological scale. Moreover, the performance of the
electrodes towards water splitting in alkaline media is pre-
sented, and the reaction overpotential is calculated for the
best-performing samples. Furthermore, the selected electrodes
underwent a thorough analysis of their morphology (SEM,
TEM) as well as optical (UV-vis), physical (Raman, GI-
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Figure 2. Anodic linear voltammetric sweeps of the Fe, Co, Ni, and gu—

modified titania nanotubes after laser-treatment with 0-100 mJ cm ~.

XRD), and electrochemical (voltammetry and impedance
spectroscopy) properties, based on which an energy diagram
showing possible reaction pathway has been created.

2. Experimental section

2.1. Synthesis

The titanium foil (99.7% pure, 0.127 mm thick, Strem) was cut
into rectangular (20 x 35 mm) pieces which were degreased
ultrasonically in acetone (p.a. Protolab), ethanol (96%,
Chempur), and deionized water (0.05 £S, Hydrolab). To obtain
laterally spaced titania nanotubes, they underwent chemical
anodization in a temperature-controlled (40 °C, Julabo F-12)
cylindrical cell, where titanium acted as an anode and platinum
net (20 x 25mm) as a cathode. The electrolyte consisted of
0.3wt% NH4F (Chempur), 0.5wt% HF (Chempur), and
7wt% deionized water in diethylene glycol (Chempur). The
potential was controlled by in-house built hardware which
increased it linearly over 400s up to 40V, kept constant for
2h, and decreased it at the same rate. After the process, the
samples were submerged in ethanol for approximately 1h to
wash out the remaining electrolyte. The crystalline, anatase
phase was obtained via furnace annealing at 450 °C for 2h
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Figure 4. Mott-Schottky diagrams of the modified electrodes in the
steady-state (A) as well as Co and Ni electrodes on their first run (B).

(Nabertherm), where the heating rate was set to 2 °C min .

The samples were sputtered (Quorum Technologies, Q150T S)
with 5 nm of iron (Micro to Nano), cobalt, nickel, and copper
(Quorum Technologies) and treated with 355 nm laser pulses
(Quantel, Nd:YAG, 3w) in a vacuum (<5 x 1078 bar, Pfeiffer)
with fluence in the range of 0-100 mJ cm ™2,

2.2. Characterization

The scanning electron microscope (SEM) images were taken
by FE-SEM FEI Quanta FEG 250, whereas transmission
electron microscope (TEM) pictures were done using JEOL
ARM 200F (200eV) equipped with an energy-dispersive
x-ray spectrometer (EDX). The grazing incidence x-ray dif-
fraction patterns (GI-XRD) were obtained via PANalytical
X’pert MRD diffractometer with Ko radiation, operating at
45mA and 40kV. The dual-beam UV-vis spectrometer
(Lambda 35, Perkin-Elmer) equipped with diffuse reflectance
accessory was used to obtain reflectance UV-vis spectra,
whereas a confocal Raman spectrometer (InVia Renishaw)
equipped with a 514 nm laser and a x50 lens was used to
extract the Raman spectra. The x-ray photoelectron spectra
(XPS) were obtained via Escalab250Xi calibrated for
adventitious Cls (284.6eV) [14]. The electrochemical per-
formance of the samples was determined using Autolab

PGStat 302N potentiostat-galvanostat in a three-electrode
system, where the investigated sample was immersed in
0.5M NaOH electrolyte (Stanlab) and acted as a working
electrode whereas Ag/AgCl/0.1 M KCI and platinum mesh
were used as a reference- and counter-electrodes respectively.
Before the measurements, the electrolyte was deaerated with
argon (5 N), while during the test a constant flow of the inert
gas above the solution was kept. The simulated solar radiation
was provided by Oriel LS0500 equipped with AM 1.5 filter.
The radiation intensity was set to 100 mW cm 2 and verified
using Si reference cell (Rera). The electrochemical cell was
equipped with a quartz window transparent to the UV light.
The cyclic voltammetry (CV) sweeps in the —0.6 to +0.6 V
range at 50mVs ' were performed before other measure-
ments both in the dark and under illumination ensuring
penetration of the electrolyte into the pores of the material. To
investigate hydrogen- and oxygen evolution reactions (HER/
OER), the polarization was applied from 0V versus Ag/
AgCl/0.1M KCI at 0.1mVs~' rate in the anodic and
cathodic regions respectively, up to a point where current
densities over 10 mA cm 2 could be detected. The impedance
investigation was conducted in the galvanostatic mode in the
dark and under simulated irradiation at current densities of 1
and 10 mA cm™ in the 20 000—1 Hz range at 20 points per
decade and amplitude of 10 p#A. The Mott—Schottky (MS)
analysis was done from +0.1 to —1.2V at 1 kHz, with 10 mV
amplitude. Before recording the impedance data, the electrode
was polarized for 15 min and for 1 min between each data
point. The charge carrier density was calculated according to
the formula [15]

AN
Ny = 2 | %=
coeq | dE

where & is the electric permittivity of vacuum, ¢ is a relative
permittivity of anatase [16], and ¢ stands for the charge of the
electron. The expression in the square brackets stands for the
slope of the MS plot.

3. Results and discussion

The parameters of the nanotubes were chosen based on pre-
vious research [3, 17] to maximize the photoactivity of the
substrate material. Figure 1(A) shows the SEM images of the
anatase TiO, nanotubes from the top, whereas figure 1(B)
shows their cross-section. The obtained morphology is char-
acterized by the distinct lateral spacing between the nanotubes
(ca. 140 nm), which is only slightly lower than their diameter
(ca. 190 nm). Their average wall thickness is 14 nm, and they
reach 2 um in length. The SEM images after sputtering show
the thickening of the nanotube rims, as it is where most of the
metal is being deposited (figure 1(C)) [18], whereas the
representative picture of the laser-treated nanotubes is shown
in figure 1(D).

The performance of the prepared electrodes was deter-
mined based on their oxygen evolution reaction over-
potentials at 10 mA em ™2 [19, 20]. The linear voltammetric
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Table 1. The values of the flatband potentials and charge carrier densities for the selected samples.

Parameter' Metal ~ Ej, versus Ag/AgCl/0.1 M KCI) (V)

Ey, versus RHE (V)

Ny (x10¥ em ™)  Ng (x10 em ™)

Iron - 087V 022V 1.14 1.14
Cobalt - 1L.02V 0.07V 2.03 0.0136
Nickel - 101V 0.08 V 237 0.0094
Copper - 077V 032V 1.34 1.30
I Cobalt * Nickel
e Dak & Lght 1 o Dark & Light

g
3

-Z" (Q cm?)

1 mAfcm?

&
.
3

et 22
.~ .05 L s
- s . L.

.A'-. ] P e .
il Alo mA/cm? \ \ N AID mA/cm? \\
25 50 75 10 20 30
2' (@ om?) zZ (@ om?)

Figure 5. Nyquist representation of the impedance spectra for the
electrodes modified with Co and Ni under constant load of 1 and
10 mA cm 2 in the dark and under the simulated AM 1.5
illumination.
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Figure 6. UV—-vis absorbance (A) and Raman (B) spectra of the
selected samples.

sweeps in the anodic region for all of the prepared substrates
are shown in figure 2. In comparison to the sputtered-only
samples, most of the laser-treated specimen exhibit higher
current densities in the OER region. In the case of iron-
enriched samples, the treatment with 80 mJ cm ™2 contributed
to the highest current density increase, but it only barely
passed 1.1 mA cm™2 at 1 V. Cobalt, on the other hand, peaked
after irradiation with 60 mJcm™2 pulses, reaching
10 mA cm ™2 at +0.89 V. The most promising results were,
however, obtained for electrodes with added nickel and irra-
diated with 100 mJ cm_z, as the threshold was reached at only
+0.69 V. In the case of copper though, the laser treatment had
a reverse effect, where treatment with up to 80 mJ cm 2
lowered obtained current densities. Irradiation with
100 mJ cm 2, however, had little effect in comparison with
the sputtered-only sample. Nonetheless, the samples reached
a plateau at +0.85 V at a maximum current density of only
1.2mAcm 2, not reaching the expected breakpoint of
10 mA cm 2. Interestingly though, the laser treatment resul-
ted in a reverse trend when investigated for hydrogen evol-
ution reaction. Polarization in the cathodic region revealed the
lowest overpotentials for sputtered-only samples (0 mJ cm—2)
in the case of Fe, Co, and Ni and for Cu irradiated with
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Figure 7. Grazing incidence diffractograms of the electrodes
modified with iron (A), cobalt (B), nickel (C), and copper (D).

W e M o -

Figure 8. TEM (top) and EDX (bottom) images of the titania
nanotubes with 5 nm Fe (A), Co (B), Ni (C), and Cu (D) layer after
laser-induced re-solidification of the titania cap.

100 mJ cm 2 (figure 3). The 12 h stability test of the best
electrodes show potential change below 3%, indicating good
stability under load (ESI (available online at stacks.iop.org/
NANO/33/205401/mmedia)). Furthermore, from all of the
investigated samples, four best-performing in the OER region
(one from each metal) were chosen for further investigation.
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Figure 9. The deconvoluted XPS spectra of the investigated electrodes in their respective metal energy ranges after each modification step.

Although the investigation of the electrodes under AM 1.5
illumination was done alongside the measurements in the
dark, the change in overpotential values was within the
margin of error (below 0.01 V).

During the investigation, the repeated Mott—Schottky
measurements were done, but in the case of nickel- and
cobalt-coated electrodes, the initial results varied significantly
from the ones obtained in the 2nd and 3rd run. As there
should be no reactions occurring on the electrode in the
investigated range, this phenomenon was deemed worthy of
analysis. Therefore, figure 4(A) presents MS plots for the
selected samples in their steady-state (3rd run), whereas
figure 4(B) shows the initial run of the Co- and Ni-modified
electrodes. It is worth noting, that although the curves
obtained from electrodes containing iron and copper did not
change their course over three consecutive runs, others
underwent a significant transformation which might be
attributed to the presence of trap states being filled or oxy-
hydroxides formed on the surface [21]. The steady-state flat
band potential (Ey,) was determined based on the intersection
of the tangent to the linear part with the potential axis and
subsequently the density of charge carriers (Ny) was calcu-
lated from its slope (table 1) [22, 23]. The obtained values
show, that the best performing electrodes (Co, Ni) share a
similar position of the Fermi level, while the analysis of the
slope indicates slightly higher carrier density in a nickel
electrode. Both Fe- and Cu-modified substrates exhibit nearly

halved charge carrier density and positively shifted Ey, levels
relative to Ni and Co. Interestingly, the initial number of
charge carriers (Vy;) for the electrodes containing cobalt and
nickel was over two orders of magnitude lower.

Based on the performance of the electrodes towards OER
(figure 2) and the charge carrier density (table 1), a further
electrochemical investigation was done only for the most
promising samples. Therefore, figure 5 shows Nyquist
representation of the impedance spectra of the samples
modified with cobalt and nickel. Although the shapes of the
semicircles are very similar in both cases, the values mea-
sured in each case differ substantially. Under the 1 mA cm >
load, the semicircles indicate a drop in resistance under
simulated solar light in the low-frequency range (~9% for Co,
~6% for Ni). However, under an applied load of
10 mA cm_z, the resistance increased by about 1%. Never-
theless, the bulk resistance of the nickel electrode was about
2.5 times lower than for their cobalt counterparts.

The absorbance spectra of the selected specimen are
shown in figure 6(A). The reference sample exhibits strong
absorption in the UV region, with the cutoff according to its
bandgap (3.23¢eV), followed by an absorption maximum at
ca. 670 nm, most likely from the titanium foil underneath the
nanotubes. However, all of the laser-treated samples exhibit
decreased UV absorbance due to the creation of oxygen
vacancies [24]. On the other hand, despite overall much flatter
absorption characteristics, interference fringes are visible
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Figure 10. Schematic representation of the micro p-n junction
facilitating efficient OER mechanism (A), and the mechanism of
oxygen generation through metal oxides in alkaline media (B) [41].

throughout the spectrum. They are caused by the interference
of the light reflected from the semi-transparent nanotube seals
in their upper region and the titanium sheet undemeath. As it
is a purely geometrical phenomenon, Chiarello e al [25] have
proposed an equation, in which the height of the nanotubes
can be approximated from the distance of the respective
fringes. It is noteworthy, that the two samples modified with
100 mJcm ™2 laser pulses (Ni, Cu) show nearly identical
absorbance spectrum, proving that the changes in absorbance
are driven primarily by the laser irradiation.

The figure 6(B) shows normalized Raman spectra of the
investigated samples, with all the peaks expected for anatase:
144 (Eg(1y), 197 (Eg2)), 395 (Big), 519 (Byy), and 635 (Ey3))
cm~' [26], but no signal from any of the metal species.
Furthermore, the GI-XRD studies were done to investigate the
differences in crystal structure after the laser treatment
(figure 7). Despite some artifacts from bending of the sample,

contributions from titanium (002), (110) and anatase (101),
(103), (002) were found, with a very faint addition of rutile
[27]. Interestingly, a relatively strong reflection characteristic
to brookite (121) was found in a sample with copper, but
neither absorbance, Raman, nor XRD investigation revealed
the identifiable presence of metal species on the surface,
likely due to their low amount.

The TEM-EDX revealed the distribution of the elements
in the modified nanotubes (figure 8). The red color represents
the position of oxygen atoms, titanium is marked green, and
the sputtered metal is marked blue. Although the Ti and O are
distributed evenly through the samples, the Fe, Co, Ni, and
Cu are mostly confined to the nanotube cap. The images also
indicate, that the nanotube remains empty inside and only the
upper part of the nanotube was re-solidified during laser
processing, resembling a match head. In the case of cobalt
and nickel, the metal is localized in the form of nanoparticles,
whereas more uniform distributions of iron and copper within
the nanotube can be observed.

Figure 9 shows deconvoluted high-resolution XPS spectra
of the electrodes in the energy range of their respective metal
which were taken after each modification step. The iron-infused
electrode shows Fe (IIT) contribution at 710.9 with its satellite at
716.6eV and does not change significantly during the mod-
ification process. The cobalt species indicate a small metallic
contribution (777.9eV), cobalt hydroxide (780.7 V), cobalt
oxide (782.7 eV), and the satellite peak (786.5 ¢V). During the
laser- and electrochemical-treatment, the contribution of the
metallic cobalt decreases in favor of CoO and Co(OH),.
Similarly, although sample sputtered with nickel shows a strong
metallic peak at 852.5eV, oxide at 853.9 eV, oxyhydroxide at
855.6 ¢V, and two related satellites at 858.2 and 862.0 eV, the
contribution from nickel oxide disappears during the laser-
treatment, followed by metallic contribution after electro-
chemical analysis. In the final electrode, only contributions from
nickel oxyhydroxide and its satellite are visible. Lastly, the
copper gives a weak Cu,O signal at 951.0 eV, a strong metallic
signal at 932.5eV, and the Cu (II) at 934.6 with its broad
satellite centered at 942.3 eV. Although the Cu (I) transforms
into Cu (II) during the laser treatment, the process is reversed
when the electrode is polarized in the alkaline electrolyte, which
results in Cu (I) being the major factor in the electrode. Inter-
estingly, the Fe, Co, and Cu electrodes exhibit a lower signal-to-
noise ratio after measurements in the electrolyte, suggesting that
they may dissolve in the electrolyte [28-33]. The two best
electrodes (with cobalt and nickel) show similar evolution of the
oxidation states, as both of them favor oxyhydroxide creation,
which plays an important role in catalytic charge transfer
[21, 34, 35]. The progressive hydroxylation of the metallic
species in those two electrodes also explains the change of the
Mott—Schottky graphs (figure 4(B)), as even though the initial
cyclic voltammetric sweeps were performed, the electrodes
stabilized only after two impedance sweeps in lower potentials.

Given the results, the mechanism of the charge transfer at
the metal-infused titania electrode can be derived (figure 10).
Due to the presence of the oxygen vacancies, the anatase TiO»
is an intrinsic n-type semiconductor [36], the same as iron
[37] and copper oxide [38], whereas the CoO, and NiO,, are
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of the p-type [39, 40]. Because the metal species are confined
to the uppermost nanotube region (figure 8), we can model
the nanotubes sputtered with cobalt and nickel as a p-n
junction where, in the steady-state, electrons diffuse from the
cap to the nanotube body. The depletion of the cap region
accelerates the formation of the double-layer through the
binding with hydroxyl groups, which then are transformed
into gaseous oxygen. In the alkaline electrolyte, the metal
nanoparticles act as trap states for the (OH™) groups
(figure 4(B)), bind with them (figure 9), and act as an efficient
channels for charge transport. As the electrodes’ performance
is dependent on the laser fluence used in modification, it can
be responsible for creating additional oxygen vacancies
within titania structure. Similarly, exposure to alkaline media
facilitates oxidation of the metallic nickel, promoting forma-
tion of the p-type layer. As a result of the modification, the
potential difference within the depleted micro p-n junction is
elevated. Therefore, the same effects are responsible for
lowering overpotentials of the oxygen generation and
increasing potential required for HER.

4. Conclusions

In this work, the performance of the laser-treated, metal-
sputtered titania electrodes towards HER and OER was
investigated. Although the irradiation with laser improves the
activity towards OER, it has an inverse effect when investi-
gated towards HER (Cu being the exception). The electro-
chemical and physical investigation allows to conclude, that
the improved photocatalytic activity towards OER can be
attributed to the micro p-n junction, formed between the
nanotube and embedded p-type metal oxides, which allows
for easier oxyhydroxide formation on the surface of the
electrode. Furthermore, the encapsulation of the nanotubes
resulted in an appearance of the interference fringes, which is
overall much more uniform than for unmodified material.
Although the changes in the impedance spectra indicate
photoactivity of the electrodes, illumination with AM 1.5
radiation does not change the obtained overpotential values,
which itself appears to be connected to the number of charge
carriers present in modified electrodes.
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Summary

The presented cycle of publications contains a comprehensive study of all the synthesis
steps required to create an efficient electrode for water electrolysis. The mechanism
of nanotube formation as well as the most important factors determining nanotube growth
were given in chapter one. Furthermore, based on the available literature data, an optimal
electrolyte composition was designed to yield titania nanotubes with a distinct spacing
between them. Attachment 1 showcases the influence of the anodization voltage on the
size and spatial distribution of the titania nanotubes. The linear voltamperograms revealed
that the structures showing the most photoactivity were anodized at 40 V, which was also
the point where absorbance, optical bandgap, and flat-band potential have all reached
a plateau. Furthermore, a first hint of the self-induced oxygen vacancies created during
anodization was found [66] in the form of shallow surface states which were filled

by polarizing the sample under simulated solar radiation.

Chapter two describes the mechanism of light absorption and discusses the effects of the
nanosecond laser interactions with matter. In Attachment 2, the effects of three
wavelengths of pulsed laser radiation on the anodized titania nanotubes are shown.
Although the 532 nm radiation did not induce any meaningful changes in the investigated
fluence range, the irradiation with both 266 and 355 nm result in the melting of the
topmost part of the nanotubes. The absorption and photoluminescence spectra suggest
that the majority of the changes happen at the 20 mJ/cm? mark and indicate an elevated
number of oxygen vacancies in the material post-treatment [6,32,43]. Their presence did

not, however, translate into higher photoactivity as indicated in Figure 4. Nonetheless,
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work two presents an innovative method of creating multi-purpose hollow titania

nanopillars from the spaced TiO2 nanotube arrays.

Chapter three points out the importance of developing novel electrode materials for water
electrolysis, describes the principles of efficient water-splitting electrodes, and outlines
the most important factors affecting their performance. Work three (Attachment 3)
investigated the properties of the TiO2 nanotube-based electrode covered with metallic
nickel and irradiated with various fluences of 355 nm pulsed laser. Although no
improvement towards oxygen evolution reaction was detected after sputtering nickel,
it was significant after laser irradiation. Consistently with work two, the most notable
changes were induced at the 20 mJ/cm? mark. The structural analysis has revealed that
in the best-performing sample sputtered nickel transformed into nickel oxide and
oxyhydroxide, which can be responsible for improved reaction kinetics [46]. Work four
(Attachment 4) included an investigation of hydrogen- as well as oxygen evolution
mechanisms and included four sputtered metal species (Fe, Co, Ni, and Cu), all of which
can form metal oxyhydroxides. However, the investigation revealed that only the
cobalt- and nickel-covered electrodes have shown improvements toward OER. They are
also the only metal oxides showing intrinsic p-type conductivity, contrary to the titanium,
iron, and copper oxides [60—64]. Therefore, a new mechanism has been proposed based
on a depleted p-n junction, where the sputtered cobalt and nickel oxides serve as
a depleted p-type region. It creates a potential difference between them and the n-type
titania underneath, forcing electrons to diffuse into the electrode and away from the
electrolyte. Furthermore, the depletion of the electrode surface lowers the adsorption
energy of the negatively charged (OH") groups, allowing them to bind more easily.
The depleted p-n junction theory explains both the laser-induced improvements toward

the OER and the lower efficiency in HER. Furthermore, as the number of p- and n-type

66



carriers is dependent on the number of oxygen vacancies in the metal oxides, it explains

the relation between laser fluence used for modification and the electrodes’ performance.

Overall, the presented cycle of publications encompasses all of the processing steps
necessary to create a titania-based electrode for water electrolysis. It takes into the
account geometrical complexity of the substrate, laser interactions with titania,
and mechanisms responsible for water-splitting. The established theory agrees with all
the experimental data and can be used to further improve existing electrode materials,

using already widely utilized technologies.
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o Wawrzyniak, J.; Grochowska. K.; Karczewski. J.: Kupracz. P.; Ryl, J.; Dolega. A_;
Stuzdak, K. The Geometry of Free-Standing Titania Nanotubes as a Critical Factor
Controlling Their Optical and Photoelectrochemical Performance. Surface and
Coatings Technology 2020, 389, 125628, doi:10.1016/j.surfcoat.2020.125628.
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measurements. I was responsible for the description of the physical properties of the titania
nanostructures and estimating their surface area. I have also prepared most of the graphical

contents of the manuscript, written the majority of the manuscript and most of the revision.
In the article

o  Wawrzyniak, J.; Karczewsky, J.; Kupracz, P.; Grochowska, K.; Coy, E.; Mazikowski,
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Wawrzyniak, J.; Karczewski, J.; Coy., E.: Ryl, J.;. Grochowska, K.; Siuzdak, K.
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Grochowska, K.; Siuzdak. K. Spectacular Oxygen Evolution Reaction Ernhancement
through Laser Processing of the Nickel-Decorated Titania Nanotubes. Adv. Mater.
Interfaces 2021. 8. 2001420. do1:10.1002/adm1.202001420.
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doi:10.1038/s41598-020-77309-2.
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Coatings Technology 2020, 389, 125628, doi:10.1016/j.surfcoat.2020.125628.
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doi:10.1002/admi.202001420.
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Interfaces 2021. 8. 2001420, do1:10.1002/adm1.202001420.
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e Wawrzyniak, J.; Grochowska, K.; Karczewski, JI.; Kupracz, P.; Ryl, J.; Dolega, A.;
Siuzdak, K. The Geometry of Free-Standing Titania Nanotubes as a Critical Factor
Controlling Their Optical and Photoelectrochemical Performance. Surface and

Coatings Technology 2020, 389, 125628, doi:10.1016/j.surfcoat.2020.125628.

I'have planned the experiments, analyzed electrochemical results, written part of the manuscript

and the revision. I have provided funding and guidance.
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e Wawrzyniak, J.; Karczewski, J.; Kupracz, P.; Grochowska, K.; Coy, E.; Mazikowski,
A.; Ryl J.; Siuzdak, K. Formation of the Hollow Nanopillar Arrays through the Laser-
Induced  Transformation of TiO> Nanotubes. Sci Rep 2020, 10, 20235,
doi:10.1038/s41598-020-77309-2.

e Wawrzyniak, J.; Karczewski, J.; Coy, E.; latsunskyi, I.; Ryl, J.; Gazda, M.;
Grochowska, K.; Siuzdak, K. Spectacular Oxygen Evolution Reaction Enhancement
through Laser Processing of the Nickel-Decorated Titania Nanotubes. Adv. Mater.
Interfaces 2021, 8, 2001420, doi:10.1002/admi.202001420.

e Wawrzyniak, J.; Karczewski, J.; Coy, E.; Ryl, J.; Grochowska, K.; Siuzdak, K.
Nanostructure of the Laser-Modified Transition Metal Nanocomposites Jor Water
Splitting. Nanotechnology 2022, 33, 205401, doi:10.1088/1361-6528/ac512a.

I took part in planning of the experiments and the analysis of the electrochemical results. [ have

provided funding and guidance. I have also reviewed the manuscripts.
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1. Oral presentation Laser-treated Transition Metal Oxides for Water Splitting.

Spring Meeting of the Materials Research Society, Honolulu 2022.

2. Oral presentation Laser-based Modification of the Titania Nanotubes,
Spring Meeting of the European Materials Research Society, Online 2021.

3. Poster Laser-modified TiO> Nanotube Arrays Decorated with Rare Earth Based
Compounds — Towards Unique Marking, Spring Meeting of the European Materials
Research Society, Online 2021.

4. Oral presentation Laser-modified Transition Metal Oxides for Water Splitting,
29th Topical Meeting of the International Society of Electrochemistry, Online 2021

5. Poster Pulsed Laser Treatment of the Amorphous Titania Nanotubes: Towards
fast modification approach, Nanophotonics and Micro/Nano Optics International
Conference, Munich 2019
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1. Wawrzyniak, J.; Grochowska, K.; Siuzdak, K. Utility model Diode no. 072509,
2022
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7. Rector’s Scholarship for the best PhD Students of Gdansk University
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