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Abstract

The following dissertation containa comprehensive study of the synthesis steps
necessary to create electreder water electrolgis based on titania nanotubes using
scalablgorocessingnd modification techniquehe presented work is divided into three
chapters, each outlining one of the crucial steps of the process. The first chapter delves
into the mechanisnof the formation of titania nanotubg as well as the analysis

of parameters critical fotheir growth It further analyzes the siziependent effects

of the nanotubes based on the experimental Ghi@pter two discusses the interactions

of the pulsed nanosecond laser wille matter, and consequently, with the titania
nanotubes. fie impact of iree differentaserwavelengthss analyzed and the physical
changes in the material are noted. Moreover, rtbeel method for creating titania
capsulesfrom the nanotubess descriled. The final chapter discusses the basis
of electrochemical watesplitting and the requirements for the electradaterials.

The obtained, lasdreated electrodes covered with transition metal species are evaluated
for hydrogen and oxygen evolution retions. Moreover the theory encompassing

the role of the particular metal specias well asthe effects of the la&s treatment

is derived from the experimental results and literature difte@. findings of this
dissertation can be used to design pratiice more efficient electrodes while utilizing

commonly available technologies
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Aims and objectives

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

tackles the subject by following the three main objectives:

1 Preparation of the substrate material consisting of thesteewling titania
nanotubes and evaluationtbkir properties

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

T Introduction of the sputtered transition metals fritra 4" period to the surface

of the electrodes and their evaluatfonwater electrolysis

The secondary goal of the thesiastofill thegapsof knowledgdan fundamental research
related to the topics involved in the dissertatiimese include: exploring the dependence
between anodization parameters and propertieshef grown titania nanotubes
investigating pulsed laser interactions with titania nanotubes, amalyzing

the mechanism of water splitting on the metaide electrodes.



Chapter one

Anodization and oxide growth

Titanium dioxide or TiQis acommonmineralthat despite having multiple polymorphs,
is most commonly used in its crystalline phase called anahaségits stability in normal
conditions.Because othe naturally forming oxygen vacancies in its crystal lattice, the
anatase Ti@is anintrinsic n-type semiconductor with a bandgap of 3.2ie\the bulk
material[1]. It is mostlyknown forits good corrosion resistan{?], biocompatibility[3],

and photoactivity in UV light[4]. However, one ofthe most interesting properties
of titania is its ability to form hollow cylindrical shapeghen created througthe
oxidation of titaniun. Althoughthey were first createdearly four decades ago by
AssefpourDezfuly et al[5], the titania nanotubes fascinate scientists to this day, finding
applications in for example, water treatment [6], dye-sensitized solar cell§7],

and implants[8]. Although there are few other ways to synthesitmia nanotubes
(TiIO2NTS9) [5,9], theanodization of the titanium foil remaitise mostcommon method
nowadaysas it allowsfor relatively simple control over thanfl geometry of the
nanotubesThe process itself relies on tifierced current flow between two electrodes
through the conducting mediymwhere theathode typically consists of platiniandthe

titanium foil positioned as aanodeis being oxidized Figurel).
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Figure 1: Scheme of aypical twoelectrode system used in anodization of titania

The exact mechanism of nanotube formation, howeethis dayremainsa point

of contentionamong researchers. The most common theory suggests a state of
equilibrium betweetheformation of the oxide layer and its dissolution, where the tubular
forms are created through random cracks. Here, the applied electric field facilitates the
movement othe T#*/O% ions through the oxide, especially in plaggserethe cavities

are formed. Later in the process, the fiaksisted oxidation within the nanotubes should
equalize with their dissolution rate. However, the formation of randomly dispersed
crevMces does not align with the even distribution of the nanotub#dsedormation of
spaces between individual nanostructyf€y. Furthermore, the alternative route of the

formation of the nanotubes has been supported by recent discoyktiess].
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Inthe secal | ed fAbubbl e molofl growtmofdhe Inanotubds came st

be distinguibed Figure2). In the first phase, the rapidly decayiagodizationcurrent

can be attributed tthe flow of Ti** and & ions that create the barrier oxide laye5],

thus seHlimiting their diffusion rate. Thexide 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 betwedarrier oxide and anion contaminated |laf&CL)

gives rise to the protbubbles which, when expanding, deform neighboring oxides. This
corresponds to the rise of the electronic current and the release of the bubbles breaking
throughtheoverlying oxidelayer. The electrolyte then fills the pits, creating more anion
contaminatedayer at its bottom. In the last stageynsecutiveoxide bubbles evolving

at the bottom of the cavities still exert pressure when growing, cressitngssinduced

plastic flowof the oxide, which forms the walls of the nanotubes.

11
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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 respectivelg heavily reliant on the composition of the electrolyte,
which is reflected in the different morphologies of the femicalledfigenerationgof the
nanotube$16,17] The F' one relied on the agous hydrogen fluoride solutiomhich,

due to its aggressive dissolution of the oxide layratlarge water contenyielded NTs

only up to 500 nm long. The"®2generation solution utilized inorganic fluoride salts

12



(such as NE&F) instead of HF to reduce acidity and slin@breakdown of the nanotubes.
Although it allowedthe synthesis of the structures up te® long, theysuffered from

the same ripplestructure as the®lwhich camerom theoxygenbubbles forming on the
anode during anodizatiom the following 3 generatiopthewater content in the solution
wastherefore significantly limitedinstead, organic electrolytes such as ethylene glycol
served as a primary medium, with the amount of fluoride ions and water being variables
controlling the geometryCareful adjustment of the electrolyte content and anodization
parameters can result in smooth structures as tall as I18inThe 4" generation
pathways of the nanotube synthesis encase novektsoes entirely different ways.
This incluces waterless anodizatiorrapid breakdown anodizat in fluoridefree
solution, andmicrowaveassisted9,19,20] Although some ofthese methodsan be
much quicker than the first three generations, thlsp suffer froma much higher
variance of th@btained geometrNonethelessthe 4" generation synthesis is useoth

as a way to cege nanotube powderand well-organized membrane@~igure 3.
Furthermore, de to the scalability of the anodizatioropess, it can be performed just

as easily on a largscale, regardless of tigeneration of the electrolyte usgi].

13



Figure 3: SEM images of the titania nanotubes formed in gmmerations of electrolytes

[20,22i 24].
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Work one: The geometry of freestanding titania nanotubes as a critical

factor controlling their optical and photoelectrochemical performance

Manipulation and finguningo f 't h e n an o tislabiesestinggaadompéex r vy
topic. However,as thephysical properties of the nanomaterials are heavily depénd
on the size of their featuregery few worksinvestigatedn detailthe relation between

the two [25]. Those that do, however, are very difficult to interpret because of the
differences between electrolytesdamanodizing conditions, as the effects of some
parameters are intertwined. For example, when comparing the effects of HR:Ws NH
one should note that the HBlutionis aqueous, therefara reality, sucha comparison

is made between N4 and HF with HO. Furthermore, the water content affatistotal
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 paneters tothe nanotube growth, as well as their
boundaries for feasible growth of nanotubes. The influendeechmount of water, HF,
and NHF, set potential, time, temperature, pressame electrolyte mediaas therefore

evaluated.

The goal of the first work wat 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 altbe/sreation of a distinct spacing
between thenThe remaimg parameters were chosen based on the-gritkiria analysis

of the literature data, as well as preliminary experiments. As a result, the electradyte
composed (by weight percent) of 7% water, 0.5% HF, and 0.3%- MHdiethylene

glycol, whereasthe e mper at ur e ,and thesysteesisvas donatambient
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.

15



Therefoe, the investigation of the structures growrthe first work was @ne inthe
potential range of 20 60 V. Moreover, two times of anodization (2 and 5h) were
investigated to see whether prolonged anodizationahageaningful impact on the

performance of the obtained samplese Attachment 1)

The investigation of the obtained substrates revea significan difference

i n nanotubes®6 mor p htedlanodizatiorb tenesy €he rmnodizatione st i g a
voltage, however, greatly affedtse geometrical featuresf the obtained substratasd
thus,thar physical propertiesThe NTs synthesizealt higher voltagewere tallermore
separated, and exhibitadower energy bandgp. Interestingly though, whitbe changes

in the207 40 Vrange shovalinear dependence on potential, they are much smaller past
the 40 V mark. This phenomenoncan beassociated with theeffect of quantum
confinement which is especially pronounced for nanostructures with vesynall
geometrical featureis the nanotubevalls in this caseAs the anodization voltage rises,
so does the wall thickness and titasmpact is lowerNevertheless, the sample anodized
at 40 V has shown thehighest photocurrent densitynd 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.

21



22

Attachmentl

J. Wawrzyniak, et al.

, BOC?

Surface & Coatings Technology 389 (2020) 125628

oo 0% b g

% (7;1000000900 0

8o ooo 008 Q) Oooo

<O 8ls © 0 0 o
QooOQQOQU OOOUOQU
JOOO 2922 o %‘ o()o
Q08

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?/cm?) 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 = 3.1 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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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
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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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