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ABSTRACT

To fulfill the ambitious global and European goals for a clean environment,
smart energy, and sustainable resource management, it is essential to develop
high-efficiency materials and technologies, with focus on passive systems that do
not require external power. The availability and safety of critical raw materials is
becoming increasingly important. As a result, efforts are being made to replace
critical materials with more abundant alternatives. Currently, a significant part
of catalysis-based passive and active environmental purification technologies
rely on precious metals and are energy intensive. To reduce costs and increase
availability alternative catalysts are needed, particularly for photocatalytic appli-
cations. This work focuses on synthesis and investigation of materials aimed at
enhancing the photocatalytic properties of passive catalyst for degradation of
environmental pollutants.

Titanium dioxide (TiO,) is a known material in various industries as a food
additive (E171) and a white pigment for paints, varnishes, paper, plastics, cos-
metics, and others. Mainly because of titania's stability and relative harmlessness
to the environment as well as human health. Considering that it is photocatalyst
capable of environmental pollutant degradation, as well as water splitting, titania
has the potential to facilitate solutions to some environmental pollution prob-
lems in water and air; thereby promoting sustainability, improving public health,
and contributing to a cleaner future. However, TiO, properties and production
methods must be improved to achieve these goals. Due to the wide band gap,
the photocatalytic activity of TiO, is primarily activated by irradiation with
the ultraviolet range. In addition, it has a high charge carrier recombination rate.
While the synthesis method should provide a simple and scalable material with-
out disrupting the selected set of properties. One such method is electrochemical
anodization providing a large surface area due to possible nanostructuring.

In this thesis, a nanostructured TiO, coating was synthesized; an investi-
gation of the coating synthesis parameters and their influence on the structure,
morphology, and photocatalytic activity was done. As a result, an original
two-step anodization technology for growing TiO, nanotubes has been devel-
oped, which involves modifying classic anodization with introduction of a low
anodization voltage step, with voltages under field assisted anodization, then
application of higher anodization voltage in the second step. By varying the low
voltage step, it is possible to influence the resulting crystalline structure and pho-
tocatalytic properties of the coating. This modified anodization methodology
allows synthesis of more active titania coatings compared to classic anodization.

To further increase the photocatalytic efficiency of the NT, a unique method
for composite coating synthesis was developed, and coatings were obtained;
the developed method combines the processes of anodization and electropho-
resis for an in situ composite coating synthesis. Different additive materials were



used: WO,, carbon nanoparticles, exfoliated graphene particles, graphene quan-
tum dots, carbon quantum dots, and Pt doped activated carbon. The obtained
results show that the additive particles affect the photocatalytic properties of
the coating by changing the crystalline structure and phase composition. Using
the developed method, it is possible to obtain anodic TiO, nanotube coating
with brookite phase content with improved photocatalytic properties compared
to single-phase anatase or rutile TiO, coatings.
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1. GENERAL DESCRIPTION OF WORK

1.1. Authors contribution

This thesis was carried out at the Institute of Solid State Physics of
the University of Latvia. All materials used in this work have been synthesized
by the author, except in the case of NC and CP, elaborated further and synthe-
sized under the author’s supervision. A general summary of the parameters and
modifications studied can be seen in the conclusions of this work. The estimated
approximate number of syntheses is 1574. The author performed all electro-
chemical and catalytic properties studies (i.e., OCP, PCR, degradation coeflicient
determination). The author performed most of the measurements necessary for
material characterization, including Raman spectroscopy, except for H, Q, and
G series, which were conducted by ISSP UL colleague Jevgenij Gabrusenok,
X-ray diffraction analysis (XRD), scanning electron microscopy (SEM), except
CP and acquisition of NC series images by ISSP UL colleague Krisjanis Smits,
determination of optical absorption edge, Mote-Schottky measurements and
analysis, determination of charge carrier concentration and flat band poten-
tial as well as processing of said data. Synthesis of additive carbon materials,
H and G series. A similar adapted synthesis method was used to synthesize
an exfoliated nitrogen-doped multilayer graphene (NC) series of materials under
the supervision of a student, which further resulted in bachelor’s and master’s
theses. All experimental data analysis and interpretation were performed pri-
marily by the author in cooperation with all co-authors of scientific articles.

During the work, three bachelor’s theses, two master’s theses, three intern-
ships, and six high school students’ scientific research works were conducted/
lead, in which the author’s knowledge and the developed synthesis recipes and
methods for obtaining samples were used.

1.2. Introduction

One of the significant challenges Humanity faces today is environmental
pollution caused by industrial activity, in addition to increasing energy demand.
Thus, the necessity to eliminate the pollutants arises, such as water purification
or CO, conversion. Although existing purification systems work well enough,
these technologies heavily rely on the generated electricity, as those are energy
intensive, and rare, high-cost catalysts. To reduce global energy consumption
and clean up the environment, it is necessary to look for self-sufficient catalysts
activated by the surrounding renewable energy resources, such as solar light. In
this case, there is a need for catalysts with activity in the visible spectrum range.

Energy self-sufficient catalytic materials must embody a set of requirements
to have implementation potential; one of promising photocatalysts is titanium



dioxide (TiO,), due to its stability, environmental and human health-friendly,
with the ability to break down organic waste in water and exhaust gases in
the atmosphere under the influence of sunlight [1; 2]. In addition, there are other
applications for TiO,, such as hydrogen energetics [3; 4], batteries [5], microbial
fuel cells [6; 7], antiviral coatings, cosmetics, paints, and others.

Titanium dioxide as a catalyst is a widely investigated material - the world
wide web immediately gives 8.27 million links; TiO, is used as a food additive
(E171), catalyst, pigment. 90% of more than 8 million tons produced in 2023
worldwide is used as pigment for paints, varnishes, paper and plastics, as catal-
ysis around 10%, specifically for photocatalysis between 1 and 3%. Therefore,
research continues, and significant work by the scientific community has been
devoted to modified TiO, catalysts with dopants such as Au, Ag, Pt, Pd, S, C, or
additives WOj3, carbon quantum dots, CdS, Al,O;, and others.

Although various methods can obtain TiO,, the synthesis methodology used
to achieve the set goal must coincide with selected parameters and provide a large
surface area with potential scalability. These conditions are primarily fulfilled by
the electrochemical anodization method. However, a couple of disadvantages of
this method have been observed, e.g., a substantial number of research teams use
very harmful substances like HF, sometimes even at elevated temperatures [8].
This means that it is necessary to look for ways to replace this substance while
maintaining the positive possibilities of the method. In the reviewed literature,
it was also observed that the methods of introducing additives are both complex
and energy-intensive, in addition to somewhat limited scalability.

One of the advantages of anodic TiO, is the ability to modify its morphology
according to the chosen application; in this work, synthesis of the self-oriented
nanotube (NT) coatings with a large active surface area, which is essential for
a catalyst, was done and optimization of photocatalytic properties was carried
out. The position of the conduction band (CB) lower level and valence band (VB)
upper level of TiO, in relation to the reduction-oxidation (red-ox) potentials of
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Fig. 1. Comparison of photocatalyst band gap edge potentials compared to water,
CO,, and other molecule red-ox potential, adapted from [9; 10]



water and other organic molecules allows a sufficient potential of photogen-
erated electron-hole (e™-h*) pairs to be able to degrade various environmental
pollutants. An example from the location of ox-red potentials is given Fig. 1.

There is a knowledge gap in relation of the growth mechanism of TiO,
nanotubes (NT) under certain synthesis conditions, such as low voltage appli-
cation, and its effect on their structural and photophysical properties. This has
yet to be studied. Furthermore, despite many doping and additive materials,
and techniques in an effort to improve the photocatalytic properties of TiO,
for various applications; there is virtually no information on in situ techniques
of additive introduction during anodization. Existing technologies involve
complex, resource-intensive methods, and additives rarely change the obtained
crystalline phase composition in TiO, materials.

1.3. Novelty

An efficient and durable photocatalyst is needed to ensure effective and
sustainable photocatalytic pollution treatment. In addition, customization of
the material required for functionality should be accessible and straightforward.
To obtain anodic TiO,, especially in an inorganic electrolyte, hydrofluoric acid
and a long anodization time, usually measured in several hours, are often used.
In addition to increase the photocatalytic activity via modifications introduced
are performed by resource-intensive methods such as ion implantation [11],
precious metal thin film coatings [8] etc.

In the framework of this thesis, a modified anodization method was devel-
oped to obtain coatings with increased catalytic properties in an inorganic
electrolyte. The main contribution of this unique method is to divide the ano-
dization into two steps without interrupting the anodization process or changing
the electrolyte. The first step is the low voltage step, which provides a low voltage
for a certain period of time, with voltage value that does not allow field assisted
nanostructuring. The second is the anodization step, which uses a higher anodi-
zation voltage above the said threshold of nanostructuring. Introducing the first
step promotes the proportion of the anatase phase in the obtained samples, thus
increasing the photocatalytic properties and promotes the formation of TiO, NTs.

In addition, a unique combined method of obtaining nanostructured TiO,
composite coating with in situ additive introduction was developed, allowing
coatings with properties dependent on the additive material and loading. But it
is worth noting that the change in properties depends on the additive material,
which changes the compared photophysical characteristics, such as flat-band
potential (E), charge carrier density (Np), photocurrent (PCR), and photopo-
tential (OCP), degradation coeflicient (k).

Using the developed method and additives of carbon nanoparticles (NPs),
it is possible to modify the crystalline phase of the obtained TiO, N'T, more
precisely using hydrothermally treated exfoliated few-layer graphene NPs in



an inorganic electrolyte, and in an organic electrolyte of activated C doped
with platinum, the brookite phase TiO, is obtained, which is a unique result
compared to the reviewed literature, where brookite phase in anodic TiO, NT
coating is not observed.

1.4. Aim and Tasks of this work

This work aims to obtain a photocatalytically active anodic self-organized

TiO, NT coating for pollution degradation in water and air.

+ Investigate the anodization method for obtaining a nanostructured TiO,
coating in an inorganic electrolyte

«  Determine optimal synthesis parameters of anodic TiO, coating to improve
photocatalytic properties.

+ Determine optimal post-treatment parameters of anodic TiO, coating to
improve photocatalytic properties.

«  Characterizing the structural and photocatalytic properties of the obtained
anodic coatings.

1.5. Defendable theses

«  The developed modification of anodization method by introducing a low
voltage step, lower than field assisted TiO, nanostructuring voltage, increases
the thickness of the dense oxide layer and promotes anatase phase content
that leads to an improved photocatalytic properties of synthesized material.

+ Developed a novel method for in situ incorporation of nanoparticles into
anodic nanotube coatings by combining anodization and electrophoresis,
enabling control over photocatalytic activity and crystalline structure while
preserving the nanotubular morphology of anodic titania.

« Incorporating hydrothermally treated exfoliated graphene nanoparticles
and platinum-doped carbon nanoparticles into anodic titania, as additives
in inorganic and organic base electrolytes respectively, enhances the devel-
opment of brookite phase, improving photocatalytic activity compared to
the anatase phase.

1.6. Scientific results and validation

Research and investigation of materials, methods, and properties have been
disseminated through various channels. Findings and studies on synthesis meth-
ods and materials, used in this thesis, have been published, other investigations
of synthesis methods or materials have been published but data not directly used
in this thesis. The following list represents work conducted in connection with
materials and methods investigated and utilized for this thesis, contributing to
its knowledge base.
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1.7. Literature overview and background

Titanium dioxide (TiO,) is a widely used material; it has three most
common polymorphic phases: anatase, rutile, and brookite, the unit cells of
which are respectively shown in Fig. 2 a), b), and ¢). It is important to note that
anodically obtained TiO, nanotube (NT) coating has been reported in the avail-
able literature in the anatase and rutile phases. Moreover, NT is not found in
the brookite phase. The rutile phase is known to be more thermodynamically
stable, with a smaller unit cell volume but lower electron conductivity and, thus,
photoactivity. As brookite is rarely synthesized, there are no clear comparisons
between NT coatings in different phases.

TiO, can be obtained by various methods, including electrochemical ano-
dization, in which a nanostructured self-oriented TiO, coating is grown from
metallic titanium foil. These coatings have photocatalytic activity. Therefore,
they can decompose pollutants, ideally by irradiation with light.

The synthesis of TiO, can be carried out by different methods: sol-gel [12],
magnetron sputtering [13; 14], pyrolysis [15], laser ablation [16], hydrothermal
synthesis [17] etc.; these methods provide thin films or nanoparticles (NPs).
It is known that, depending on the structure and size, nanoparticles can be
toxic, which is not clearly addressed in the case of TiO,, as there are reports of
toxicity [18], where the anatase form is noted to have a more significant effect,
but the actual particle size is not mentioned. On the other hand, a large amount
of particles suggests toxicity and even the formation of lung cancer in rats [19],
but such particles can also be used to eliminate cancer and other cells. So,
depending on the size and amount of NPs, TiO, can be considered not safe [20],
while the advantage of NPs is a large total surface area, relative safety is also
of concern. On the other hand, thin films and coatings are safer as there is
a lower probability of leaching into the environment, but to compete with NPs,
the surface area has to be increased in combination with the option to be reused.
It provides lower concern about the material entering the environment. One of
the methods for obtaining thin films with large surface area is electrochemical
anodization, where it is possible to obtain self-oriented TiO, NTs [21], which

a) b)

Fig. 2. TiO, unit cell models: a) anatase; b) rutile; ) brookite. All cells were built
using VESTA software
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allows for an increased surface area compared to a flat coating, increasing pho-
togenerated carrier separation and conduction [22]. Additionally, depending on
the electrolyte used, different structural and geometric/morphological properties
such as diameter, length, and adhesion are adjustable [22; 23; 24; 25]. A classical
model proposes a growth mechanism that is visible in Fig. 3, where the natural
dense TiO, layer is chemically etched by fluoride ions, forming pits Fig. 3 I b).
Applying an electric field promotes the dissolution of this oxide further and
deepening of pits Fig. 3 I subfigure ¢) and d), culminating in the structure of
self-organized tubes formed from the wells. As the length of the tubes increases,
ion diffusion and oxide growth occur; the anodization process is a state of
equilibrium between oxide dissolution and oxide NT formation. Ion migration
and oxide growth model on the oxide-metal interface are shown in Fig. 3 IL.

Fig. 3 schematic growth mechanism of nanotube coating I stages of devel-
opment of the most widely accepted model from a) splitting of the dense oxide
layer to e) creation of the tube shape, II ion migration within the oxide-metal
interface, adapted from [26].

J Y

d)  Pores Pore voids
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Fig. 3. Schematic growth mechanism of nanotube coating I stages of development
of the most widely accepted model from a) splitting of the dense oxide layer to

e) creation of the tube shape; II ion migration within the oxide-metal interface,
adapted from [26]
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Self-assembly of TiO, NT layer formation opens up the possibility of
obtaining a stable photoactive material with variable properties depending on
the geometry [27; 28; 29], coating thickness [29; 30] and the amount of addi-
tives [31; 32]. The length and diameter of the tubes affect the photophysical
properties, i.e., photocurrent (PCR) and photopotential (OCP), which depends
on the position of the conduction and valence band edges and thus the flat
band potential (Egy) [33]. At the same time, these properties also depend on
the crystalline structure and the composition of phases [34]. Considering that
TiO, is amorphous after anodization [35] as well as empirical experience, it must
be crystallized, achieved by heating the sample in a selected atmosphere and
temperature. It should be noted that the temperature ranges and times available
in the literature are very different, thus, it is not clear what are the optimal
conditions for anodic NTs.

Looking at the semiconductor (SC)-electrolyte interface, we can observe
the transfer of charge carriers through this interface, and both the depletion
zone on the semiconductor side and the double layer on the electrolyte side
are formed. This results in the curvature of the edges of the conduction (CB)
and valence bands (VB), as is shown in Fig. 4 a) 2-electrode scheme and b)
SC-electrolyte interface. The curvature of the edges of the bands with and with-
out electrolyte containing contamination that should be separated is marked as
a red-ox pair. For the purposes of this work, we’ll be looking into breakdown
of pollutants such as methylene blue (MB), thus, the red-ox pair could be MB,
or analogously, it could be water molecule for H, production. As can be seen in
Fig. 4 a) the decomposable molecule will adsorb on the SC surface with its red-ox
potential. In the dark, the Fermi level of the SC equilibrates with the Fermi level
of the electrolyte/environment as charges move between the SC and the elec-
trolyte, leading to the bending of the band edges. If the SC is irradiated with
electromagnetic radiation whose energy is greater than the SC band gap (E,,),
the electron-hole pairs reduce the curvature of the band edges, resulting in
a reduced quasi-Fermi level. When this system is illuminated, the photovoltage
AV, is obtained, which determines the strength of the electric field, which
helps to separate the generated charge carriers for the breakdown of the envi-
ronmental contamination, where holes provide reduction. At the same time,
electrons are driven to the counter electrode through the bulk of the material,
here charge carrier separation is crucial for higher efficiency. A detailed pattern
of edge curvature is shown in Fig. 4 b), where the effect of the environment
and the adsorption of red-ox molecules are plotted with the work function and
obtainable potentials. Therefore, the Ep, gives an insight into the additional
energy required for the photocatalytic reactions to take place, i.e., the potential
at which the injected charges into SC are returned to the environment and
the edges of the zones align. Thus, the estimation of Eg, can give insight into
material activity.
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Fig. 4. Schematic representation of band Gap. a) Electrolyte and light irradiation
influence on the semiconductor-metal interface, Fermi level shift and charge
transfer; b) electrolyte red-ox pair interaction, schematic depiction of charge
transfer and resulting band bending, adapted from [36]

Furthermore, in order to improve the photocatalytic properties, several
material parameters must be changed; the position of the absorption edge, i.e.,
E,,, make changes in the position of the edges of the zones and achieve greater
absorption in the longer wavelength range. In the case of TiO,, this would be
the visible range since pure TiO, - anatase 3.2 eV, rutile 3.0 €V, and brookite
from 3.0 to 3.6 eV, which indicates that the expected effective absorption occurs
in the near UV range. So there are several parameters that determine the activ-
ity; one should also look at the position of the CB and VB zone edges with
respect to the red-ox potential of pollutant, the mobility of the charge carriers,
and, as noted by Luttrell et al. the separation of charge carriers in the volume
plays a major role in the overall activity, which is manifested, for example, in
the higher photoactivity of the anatase phase [37]. Despite the fact that funda-
mentally we cannot change the E,,,,, functionally, we can form heterojunctions
and material combinations that effectively shift the absorption edge due to
increased absorption or due to the introduction of new states in the bandgap.

For example, in the existing model, the deposition of WO; on TiO, should
increase carrier separation and increase the number of generated carriers, as
measured by PCR and photocatalytic activity. For example, Hoffman et al.
proposed model states that a layer of electrons exists in SC NPs [38]. With
sufficient mixing, the particles collide, shrinking this layer, resulting in com-
posite-semiconductor charge transfer. The charge transfer mechanism in a WO,/
TiO, composite occurs when the hexavalent tungsten captures an electron from
the TiO, photo-charge excitation process [39; 40] and switching to pentavalent
tungsten. The oxygen in the system then converts the tungsten from pentavalent
back to hexavalent tungsten.
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Fig. 5. Schematic representation of TiO, with CNP materials. a) I) GQD acts as hole
concentration center and increases absorbance; II) graphene works as electron
concentration center for increased charge separation, images adapted from [41; 42].
b) schematic GQD influence on TiO, including induced e™-h* pair transition;

IT) Schematic depiction of NT impregnation with GQD, image adapted from [43]

Alternative methods to increase activity are also found; the introduction
and addition of various quantum dots (QDs) are gaining popularity; it is worth
remembering that some QDs are highly toxic, so one should look at the choice
of sustainable and safe abundant materials, such as carbon NPs. In Fig. 5 we see
a proposed mechanism for the influence and interaction of QDs with the envi-
ronment. This case examines TiO, NPs with graphene quantum dots (GQD) [41;
42], on the other hand Fig. 5 b) reviews the anodic coating of NT impregnated
GQD. Incorporating these particles into an anodic nanostructured TiO, coating
by impregnation was investigated by Gupta et al., who found an overall increase
in the set of photoelectrochemical properties, including MB decomposition.
It is worth noting that no change in the crystalline structure of TiO, NT was
detected after the addition of GQDs [43].
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2. EXPERIMENTAL METHODS AND DESCRIPTION

2.1. Determination of photoelectrochemical properties

A 3-electrode cell was used for the determination and measurements of pho-
toelectrochemical properties and parameters, and overview is depicted in Fig. 6,
overall setup a) where the working electrode is the TiO, N'T sample, the support-
ing electrode is blackened platinum foil, and a calomel (CI~ 4M)|Hg,Cl,(s)|Hg(1)
|Pt) electrode (SCE) is used as a reference electrode.

Photocurrent (PCR), photopotential (OCP), and Mott-Schottky (MS) anal-
yses were conducted using a Radiolab Analytica VoltaLab PGZ 301 potentiostat
for inorganic samples and a Metrohm Autolab PGSTAT302N for samples syn-
thesized in an organic base electrolyte. The experimental setup, illustrated in
Fig. 6 b) and in Fig. 6 e), includes a potentiostat, a computer for data acquisition
and processing, and a cell equipped with light modulation (chopping) capability.
Measurements were performed using NaOH or KOH electrolytes, purged with
nitrogen or argon for 15-20 minutes under standard conditions. The light
source spectrum is shown in Fig. 6 ¢), and the measured OCP, PCR, and MS
data are presented in Fig. 6 d). Light modulation was used for OCP and PCR
measurements with a set period of dark and light cycles of 5 and 60 seconds
to determine the activity of samples. During these measurements, illumination
was provided by a high-pressure xenon lamp, 10 mW/cm?, spectrum shown in
Fig. 6 ¢). The lamp’s manufacturer power rating is 150 W, with cut off UV spec-
tral part, that is a B type lamp. Therefore, this work uses data on the obtained
TiO, NT activity in the visible range at all times.

Photoelectrochemical parameter
measurement setup

Fig. 6. Experimental device schematic for electrochemical measurements a) 3 electrode
schematics for OCP, PCR, MS measurements; b) photocell with irradiation modulation
capabilities; ¢) Irradiation lamp spectrum; d) measurement outcome data OCP,
PCR, MS; e) the computer representation for data acquisition and processing
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Light modulation enables the estimation of generated charge carriers, recom-
bination rates, and charge kinetics. Prior to each measurement, the electrolyte
was purged with inert gas (N, or Ar) to minimize dissolved oxygen, reducing
photocharge quenching by the electrolyte and providing a more accurate charac-
terization of the material’s OCP and PCR values. To find the Egy,, Mott-Schottky
analysis is performed. By performing the MS analysis, it is possible to obtain
not only the Eg, using Eq. (1), in addition to determine the depletion zone and
charge carrier density, as described in [44].

12 = 2 (Eex - EFb - kBT ) (1)
Csc  egeNp q
where Cgc - is the resulting coating capacitance, € — TiO, dielectric constant,
g9 — permittivity of free space, e - electron charge, N, — charge carrier density,
E., - bias potential, E, - flat band potential, kg — Boltzmann constant, T -
temperature in Kelvin. Knowing these values, it is also possible to determine
the concentration of charge carriers N, which can be expressed as Eq. (2)

2
gg0eS%ky @
where ¢ — dielectric constant of Ti0,, &, — permittivity of free space, e™ — electron
charge, kg — determined slope coeflicient of the linear part found from MS
analysis, S — geometric surface area of the coating. Eg, and N, are parameters,
similar to OCP and PCR, with which we can compare the photophysical prop-
erties of the samples and evaluate the potential for catalytic activity, as well as
qualitatively compare the samples.

D=

2.2. Study of structural and optical properties

The crystalline structure is a crucial aspect of sample characterization and
is carefully considered in relation to synthesis parameters. This thesis examines
the influence of synthesis parameters on photophysical properties, highlighting
the significant role of crystalline structure and phase composition, particularly
the specific TiO, phase or phase mixtures. Raman spectroscopy and X-ray dif-
fraction are used to analyze the crystalline structure. Since anatase is regarded as
the most photocatalytically active phase, achieving a higher proportion of anatase
is a primary objective for enhancing photocatalytic activity. The classical TiO, ana-
tase Raman spectrum has six Raman-active fundamental vibrational modes: three
E,, with peaks resp. Ey(j) - 144 cm™} Ey) - 197 cm™! un Eq3) - 639 cm™L, two B,
modes at Byy(j) - 399 cm™ un Byyoq) - 519 cm™', in addition to Aj, - 513 cm™ [45;
46; 47]. The covalency/length/frequency interrelation shows that the Raman modes
at 640 cm™, 517 cm™, and 397 cm™ correspond to mildly distorted TiO4® octa-
hedron, in the case of anatase with calculated bond sizes: Ti-O 2x 1.89 A, 3x
2.02 A and 2.14 A. On the other hand, O-O covalent interaction in literature is
assigned to 246-351 cm™. Sharp modes at 197 cm™' and 144 cm™ ascribed to Ti-Ti
bonds with lengths around 2.96 A (respectively calculated 2.89 and 2.96 A) [48].
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Given the depth limitations of Raman scattering, the crystalline structures
within the sample volume were determined using X-ray diffraction (XRD).
The XRD data were analyzed by fitting to known crystalline phases or phase
mixtures, using libraries such as ICDD and comparing the results with pub-
lished literature data [27; 49; 50; 51; 52; 53; 54], typical anatase phase Bragg peaks
are at 20 = 25.4°, 37.97, 48.2°, 54.0°, 55.2° and 62.73° respectively corresponding
to (101), (004), (200), (105), (211) and (204) [55]. For rutile and brookite analogs,
direction indices have been found and compared with literature data. Further,
the designation of phases will be used as A - anatase, R - rutile, T - titanium,
and B - brookite. Considering that the NT coatings were obtained on a metallic
Ti foil, strong T peaks are visible in the diffractograms of the samples.

Optical absorption edge determination

To assess the optical properties of the samples, a Tauc plot was employed
to determine the optical absorption edge of the coating. This was achieved
using Kubelka-Munk (KM) transformations based on reflectance spectra
(R.,) captured in a diffuse reflectance sphere. The spectra were measured with
a UV-VIS-NIR spectrophotometer (Shimadzu SolidSpec-3700). The applied KM
transformation is given in Eq. (3):

1-R.)

The Tauc plot is used to determine the optical absorption edge, eftectively
Eyqp, employing KM transformation and the absorption coefficient a.. Historically,
studies of germanium optical properties determined that the absorption edge
of semiconductors can be determined using the optical absorption spectrum.
At the same time, it was also determined that it can be found by extrapolating
a linear approximation from the absorption spectrum after constructing a Tauc
graph, where applying Eq. (4) and plotting the dependence of the absorption
coefficient on the photon energy [56; 57; 58].

ahv = o (hv - Egap)” n )

o=

To obtain the optical absorption edge an approximation (.- h - v)» =0 is
used, it should be noted that TiO, is an indirect bandgap material; thus, n is 2.

Methylene blue degradation - determination of photocatalytic activity

The MB degradation coeflicient k; and the amount of degraded MB C;
are used to characterize the photocatalytic properties of a given sample. By
comparing k, it is possible to validate the activity of the coating and, thus,
the synthesis parameters for the creation of a self-sufficient photocatalyst for
the decomposition of environmental pollution. k determination and measure-
ment schematic are visible in Fig. 7, where a) a MB solution (0.034 mM in
this work) is placed in the optical cuvette with the TiO, sample. As shown in
Fig. 7 b) the cuvette is irradiated with Xe light for a certain period, then at set
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Fig. 7. Schematic representation photocatalytic investigation of TiO, samples,

MB decomposition experimental setup. a) MB solution with an inserted sample

is irradiated for a certain time; b) the absorption spectrum of the solution is
measured in set time intervals; c) the change in the intensity of the absorption
peak; d) the degradation coefficient is determined as slope of In(C;/C,) vs time plot

time intervals a visible light absorption spectrum of MB solution is measured.
Fig. 7 ¢) shows absorption spectrum change in time, where the peak intensity at
664 nm is determined, the intensity decrease indicates decolorization and MB
decomposition. The measurement is repeated with selected time intervals and
by comparing the decrease in the concentration over time gathering C;/C, plot.
Fig. 7 d) shows the determination of the degradation coefficient k from In(C;/Cy)
vs Time plot as the slope coeflicient. This procedure validates the determination
of the photocatalytic activity of the catalyst, including background determina-
tion to exclude its influence.

2.3. Synthesis of materials and samples

2.3.1. Obtaining TiO, NTs by electrochemical anodization

Materials available in the laboratory were used without additional purifica-
tion. Titanium foil with thickness of 0.25 mm (Alfa Aesar, purity 99.9% ) was
used as the basis for growing TiO,. 85% H,;PO, (Penta), 60% HNO; (Enola), eth-
ylene glycol (EG) (Sigma-Aldrich), NH,F (Sigma-Aldrich), and other chemicals
available in the laboratory were used. Sample preparation begins with cutting
the base from foil in sample sizes; the average size of the base is 1.5 cm?, where
the geometric area of anodization is such that final geometric samples size is 1 cm?.
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Fig. 8. Sample preparation flowchart a) inorganic electrolyte base and b) organic
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Fig. 9. a) Schematic representation of anodization experimental setup; b) Sample
annealing/heating experimental setup with option of gas selection

The samples were synthesized using different electrolyte compositions.
Inorganic base electrolyte, mainly based on deionized water and acid (H;PO,,
H,SO,, HNOj3), where the necessary concentration of fluorine ions is selected at
the beginning, the necessary amount is calculated and weighed, then the elec-
trolyte is mixed. The composition of the organic electrolyte mainly contained
a solution of EG and NH,F with a selected concentration of fluoride ions and
the amount of water was optimized for best NT outcome. This summary focuses
on the main results.

The sample preparation flowchart is visible in Fig. 8 a) inorganic base and
b) organic base sample synthesis, whereas sample anodization setup can be
seen in Fig. 9 a). All synthesized samples in this work are amorphous; thus,
annealing is necessary for crystalline TiO,. Annealing was carried out in muffle
or tubular furnaces at various temperatures and atmospheres, the schematic
setup is shown in Fig. 9 b). TiO, anodization using the developed in situ additive
introduction method with carbon NP additives was performed in an inorganic
electrolyte in double anodization, wherein the first step of 25V was supplied for
25 minutes, then the anodization was repeated in the second step by supplying
25V for 90 minutes, in an electrolyte containing additive particles in different
concentrations. Additive concentrations varied from 0 to 4 mL of dispersed
particles at concentration of 1 mg/mL.
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Anodization in an organic electrolyte was carried out using a double ano-
dization with the removal of the first NT layer by the peel-oft method, which is
discussed below under the results.

2.3.2. Synthesis of Additive Carbon Materials

As for the introduction of additives, there are two ways: to use commercial
material or to synthesize the additive materials; in this case, some CNPs were
synthesized and compared to commercial material to approve the application
of the acquisition method for photocatalytic applications. Let’s start with
the synthesis parameters described and published in joint work [59]. Exfoliated
multilayer graphene particles, hereafter denoted as G, exfoliated nitrogen-doped
graphene particles, hereafter denoted as NC, and hydrothermally treated G par-
ticles, hereafter denoted as H, were synthesized and added into anodization
electrolyte to synthesize composite TiO, coatings. As mentioned above, in
the chapter on absorption edge identification, introducing these additives into
NT could increase light absorption and separation of generated charge carriers,
and thus catalytic activity.

The description of the synthesized materials and the acquisition parameters
are visible in Fig. 10. Using the electrochemical exfoliation method, graphite
electrodes were placed in 800 mL electrolyte, pulsed voltage was applied to
electrodes, changing between +10 V and 0 V every 30 seconds. Graphite was
exfoliated for 27 h in an electrolyte based on H,SO, to obtain G material.
Separately graphite was exfoliated in 1 M NaNj to obtain NC material, followed
by sonication of the exfoliated fraction and stepwise filtering and washing. In
the case of G, after filtering it was reduced in Ar/H, flow at 900 °C for 4 hours.
H synthesis was carried out via hydrothermal treatment of G particles as shown
in Fig. 10.
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Fig. 10. CNP synthesis flowchart for use as additives for inorganic base electrolyte
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3. RESULTS AND DISCUSSION

3.1. TiO, NT synthesis in an inorganic electrolyte

The disadvantage of the classic one-step anodization technology in an inor-
ganic electrolyte is the long NT coating growth time, which under normal con-
ditions can be measured in hours [60; 61], assuming Mor et al. proposed growth
model we get the classic form of current-time transient, where the electric field,
due to applied voltage, increases the oxide layer, followed by the dissolution
of the oxide and formation of pores, which further grow into self-oriented
tubes [26].

At the beginning of the anodization process, Ti is washed and transferred to
an electrolyte in an oxygen-containing environment; thereby, there is the natural
titanium oxide layer. Applying a voltage to the Ti base promotes the growth of
TiO,, and depending on the applied voltage and electrolyte, the NT coating
may or may not form. The dense oxide layer will form if the applied voltage is
too low for field-assisted anodization. In addition, for nanostructuring to take
place, there must be some oxide etching, some ions that would form soluble
compounds such as the aforementioned TiF¢>"; in literature comparisons can
be found where only a dense oxide layer is formed without the presence of
F~ ions [23]. By applying at least a minimum necessary voltage in the subsequent
anodization stages allows for a more even distribution of the electric field, thus
facilitating the formation of pores of the same size and the growth of their side
edges, which, as a result of self-organization, creates a uniform tubular TiO,
coating.

In the classical model, the initial state of the natural oxide is assumed to
be initiated without considering the parameters of this layer. It is not known
what will happen if this process is divided into several stages without exceeding
the anodization voltage limit. The first part of this thesis is focused on the mod-
ification of the classic anodization by separating the process into two steps.
Introducing the first step of low voltage (1-9 V) application, where the growth
rate of the dense oxide is higher than the chemical dissolution without field-as-
sisted ion migration through the oxide for active dissolution. The second step
is the application of the anodization voltage, e.g., in H;PO,, NaF, DIW elec-
trolyte 20 V, 25V, and 30 V were tested, which promotes active ion migration
and consecutive self-organization and growth of nanostructures. A schematic
representation of the steps of the two-step method, along with the current-time
transient, is shown in Fig. 11.

Thus, the anodization process can be divided into 3 parts. I - low voltage
step and oxide growth on the surface Fig. 11 a) and b), II - increasing the voltage
up to the anodization voltage, followed by a rapid increase in the current density,
and faster growth of the oxide and a subsequent drop in the current density due
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Fig 11. Current time transient of modified two step anodization. I natural oxide
growth, II pore formation, III tube development and growth. a) Natural oxide layer
b) first step of anodization - oxide formation promoted by low voltage c) oxide
dissolution and formation of holes d) Holes turn into pores €) Pores grow and
tubes are formed on their edges

to increased resistance, chemical oxide etching and pore formation Fig. 11 ¢) and
d), followed by a decrease in resistance and, therefore, an increase in current
density with subsequent field-promoted oxide growth and dissolution, IIT -
increase in pore depth, the transition from Fig. 11 d) to e) followed by growth
of the tubular structure and increase in resistance/decrease in current density.
A detailed description of the process, including a description of ion migrations
and reactions, can be found in the main thesis work chapter on the description
of anodization.

The current-time transient provides an indirect method to monitor
the growth process. As shown in Fig. 11, the immediate application of potential
causes a sharp increase in current density, followed by a rapid decrease due to
oxide formation. The subsequent pore formation reduces resistance, leading to
an increase in current density and resulting in variations in surface morphology.
In both classic anodization and modified two-step anodization, the nanotube
(NT) coating surface is partially covered with a dense TiO, layer. Fig. 12 a) and
12 b) illustrate closed tube surfaces, while Fig. 12 c) shows open tubes with partial
coverage by a dense oxide layer. In Fig. 12 d), larger islands of dense oxide cover
the NT coating, with some areas still partially coated by a dense oxide layer.

One of the important components in evaluating modified anodization is
the premise of the more uniform oxide layer. We can estimate the total surface
roughness depending on the duration of the low-voltage application and compare
it with a classic anodization sample. Fig. 13 shows that the surface morphology
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Fig. 12. SEM micrographs of anodic coatings. a) semi regular NT; b) NTs partially
covered with dense oxide; c) NTs with islands covering NT openings; d) partially
covered NT coating
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Fig. 13. AFM images of samples with various anodization time. a) classical
anodization provides with median roughness around 66.8 nm, b) through
d) samples with smoother morphology with median roughness under 50 nm

changes depending on the presence of the low voltage step and its duration.
The sample without low voltage (1p) has a more developed average roughness
of 66.86 nm compared to 38.19 nm (2p) for the sample with low voltage step.
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Therefore, it can be concluded that using the modified anodization with the low
voltage step provides significantly smoother sample morphology; using the low
voltage develops a more pronounced morphology microstructure in the sample.
When held at 5V, the surface has less morphological structure, while anodized
without low voltage, the surface morphology is rougher (with larger changes in
surface height “valleys and hills”). On the other hand, comparing the effect of
anodization time on the surface roughness with the use of the low step, it can be
seen that more changes in the surface morphology were obtained at 60 minutes
of anodization.

3.1.1. Low voltage effect on crystalline structure

The effect of anodization time on the crystalline structure of obtained sam-
ples, can be seen in the diffractogram in Fig. 14 a) and phase ratio in Fig. 14 b)
for samples annealed in air at 450 °C. In all cases, some amounts of A and R
is gained, but primarily, samples are in the anatase phase. Increasing anodiza-
tion time increases the proportion of anatase, as can be seen in Fig. 14 b) with
an increase in relative intensity of A(101) vs. R(101). As is expected that phase com-
position is dependent on the relative intensity, with the subtracted background.
To a certain extent, this makes sense as the anatase unit cell is larger than rutile,
and with higher anodization time, there is a higher available layer thickness.

By increasing the anodization time, we can increase the amount of anatase;
on the other hand, the effect of the low voltage step is shown in Fig. 15. In
these XRD results, we see the composition of this series, where the samples
were obtained using a low voltage step from 0 (thus classically anodized) to
15 minutes with the following anodization voltage of 20V for equal time. All
samples exhibit A (101) and R (101) peaks, as can be seen Fig. 15 a). The ratio
of their mutual intensities is plotted in Fig. 15 b), where relative intensities are
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Fig. 14. Anodization time influence on crystalline structure. a) XRD diffractograms
of samples with various anodization time; b) Bragg peak of A/R relative intensity
comparison depending on anodization time
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Fig. 15. Comparison of XRD diffractograms and relative A and R intensities: a) XRD
of samples with modified two-step anodization with low voltage step of 1 V versus
classic one-step anodization with subsequent anodization voltage of 30 V for all samples;
b) Plot of the characteristic phase ratio as a function of the low voltage step

compared, and thus the crystalline structure of the obtained coating slightly
changes with the introduction of the low voltage step, the ratio of crystalline
phases obtained at different times does not change significantly when using
the 1V low step; on the other hand, it is clear that the amount of A phase is larger
than in classical anodization, further substantiating previous result.

One of the parameters that can be easily changed in the electrolyte is
the concentration of fluorine ions; in this case, a concentration of F~ significantly
affects the formation of the obtained structures and the growth of NT coating.
When high concentrations of fluoride ions are used, the resulting tubes begin
to disintegrate and break, as can be seen in Fig. 16 a) and b), both from the deg-
radation and partial separation of the upper layers, where deformations of indi-
vidual tubes and holes in the walls are visible. It is worth noting that the walls/
edges of the individual tubes with wavy growths Fig. 16 ¢) can be explained by
the formation of oxide growth and mechanical pressure buildup, as shown in
Fig. 3 II; an alternative mechanism was proposed by Regonini et al. [47], pro-
posed a mechanism involving cavitation within the dense oxide layer; however,
this theory lacks substantial support from most research in the field.

Considering that such lower quality or torn tubes are obtained, it is necessary
further to optimize the quality of the methodology and coatings. It is possible by
introducing tube “seeds”, but the method should still be simplified, contrary to
the classic implementation of NT seeds. Considering the anodization process,
it becomes clear that spherical formations should remain on the Ti substrate
after anodization, which could be used as finished pores Fig. 3 b)-c) or Fig. 11
in stage II. This means that the anodized NT coating needs to be removed
first. The NT layer of the first anodization can be removed; it is known from
the literature that this can be achieved with various techniques, such as ultra-
sound [62], electrostatic polarization, etching, or secondary anodization [63; 64].

29



Fig. 16. SEM micrographs of TiO, NT with open tube surface and tube side surface.
a) and b) shows partial dissolution and breaking of tubes; c) shows a side view of
NT coating and visible grooves on the tube walls

Fig. 17. SEM micrographs of a) and b) Ti surface after anodization, spherical seed
are left on the surface; c) double anodization results in a coating with more open
tube surface

After removing the first layer, the formed pores remain open, based on which
the next NT layer will grow, as mentioned above.

In Fig. 17 a) and b) the morphology of the Ti substrate after NT removal is
shown, while Fig. 17 ¢) shows SEM image of the resulting NT coating, where
we see a uniform NT coating with an open tube surface. It is important to
note that the adhesion of NT coatings obtained in an inorganic electrolyte is
significantly higher compared to the coating obtained in an organic electrolyte,
as assessed by the removal efficiency of this NT layer. In the case of an organic
electrolyte, a simple methodology is applicable, which will be elaborated further.
In contrast, the removal of NT coatings obtained in an inorganic electrolyte is
technologically more complex.

TiO, nanotubes grow so that the axis of the tube coincides primarily with
the crystalline (101) direction, where the explanation is the surface energy of
the plane [65; 66; 67]. Fig. 18 A) shows high-resolution transmission electron
microscope (HRTEM) images with crystallite orientation visible starting from
tube overview in a) into various parts of the tube walls b) through d). It shows
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Fig. 18. A) HRTEM images of tube openings from above showing the crystalline
structure through the entire tube wall, image taken from Albu et al. [68];

B) Orientation of the crystalline structure of nanostructured NT-coated tubes,
position of octahedra; C) cross-sectional diagram of tube and tube with crystalline
direction, adapted from [66]

that heated nanotubes can crystallize in a specific orientation. The crystallites
can reach sizes on the order of magnitude of tens to hundreds of nanometers as
shown by Albu et al. [68]. While Fig. 18 B) shows a schematic representation of
the directions, respectively, the orientation of the octahedra or the specifically
identified axial [101] direction and Fig. 18 C) shows collinear dipole moment in
the [001] direction, which results in its total projection to the [101] direction and
thus the total energy of the system as seen in [69]. A similar result is obtained
when a thin layer of TiO, is applied to an existing tubular system [66; 70].

This explains why we see such a pronounced A(101) peak in the XRD
data, and we can also qualitatively assess the thickness of the NT coating and
the morphology of the tubes. Rutile is known to consist of a TiO4 octahedron
connected to 10 neighboring octahedra, two with faces and eight with vertices,
while anatase TiO4 octahedra is connected to 8 neighboring octahedra, four
with faces and four with vertices, as we saw in Fig. 2 and found in the literature,
such as Cui et al. [71] or Seremak et al. [72]. The comparison of the obtained
results shows that introducing the first step and extending the anodization
duration increases the proportion of the anatase phase in the samples. This
is facilitated by the growth of a dense oxide layer, from which a self-oriented
NT coating forms during anodization. Furthermore, considering the unit cell
formation energy, which is lowest (0.44 J/m?) for the TiO, NT crystal plane, and
the difference in unit cell sizes between polymorphic phases — where the anatase
unit cell is 2.2 times larger than the rutile unit cell - the initial step contributes
to both the thickening of the dense oxide layer and the increased proportion of
the anatase phase in the NT coating.

In literature, samples heated for shorter times obtained in an electrolyte
with the presence of H;PO, but with HF concentrations are also found, such
as Yoo et al. work, where the resulting coating is amorphous after anodization,
but when heated to 450 °C, a mixture of phases appears, which already at 500 °C
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Fig. 19. Yoo et al. examined the composition of anodic TiO, phases depending on
annealing temperature. Samples obtained in organic electrolyte with HF content
heated at different temperatures in air atmosphere; b) SEM micrographs of thermal
oxide layer formation under the NT coating [73]

is predominantly in the rutile phase [73], where it is unambiguously stated that
TiO, crystallization starts from the formation of a thermal rutile phase layer
on the metal/oxide interface, directly under the obtained NT coating, where
depending on the heating temperature and duration, this layer grows in thick-
ness and rutile intervenes in the structure of self-organized tubes, breaking them
up, as it is visible in Fig. 19 [73]. Too and colleagues also referred to the heating
of pure metallic titanium in an air atmosphere, where they showed the forma-
tion of anatase from 276 °C. In comparison, the appearance of the rutile layer
from 444 °C, thus observed the temperature of anatase/rutile layer mixtures in
the range of 450 to 700 °C. It should be noted that the oxidation was performed
on pure titanium for 48 hours in a dry-air atmosphere [74].

So we can see that titanium heated in air atmosphere will preferentially form
a rutile layer with a distinct R(110) Bragg peak visible in XRD, while A(101) will
not be observed even at higher temperatures [75]. On one hand, in the anodic
TiO, NT coating, there will be a phase transition from initially amorphous
to the anatase phase, where both the crystallization temperature and further
anatase-rutile phase transition point depend on the heating temperature, time,
and also the atmosphere.

On the other hand, the XRD analysis of the samples in this study also
reveals a dependence on the synthesis parameters, as observed earlier. Notably,
most samples synthesized in inorganic electrolytes do not exhibit the R(110)
peak in the XRD data, indicating the absence of a thermal rutile layer, except
for a slight appearance at longer anodization times. It is important to note that
Raman spectroscopy provides insights into the structural composition of the top
layer of the coating, as the laser penetration depth is shallow and does not show
a significant presence of rutile.
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The developed modified two-step anodization method allows variation of
sample morphology depending on the first step voltage, duration and subse-
quent anodization voltage. Low voltage step influences the synthesized anodic
titania growth dynamics, allowing smoother morphology compared to classical
anodization. Low voltage step introduction allows changes in the crystalline
structure of synthesized anodic titania; this anodization modification allows
higher content of the anatase phase in the anodic titania due to an increase in
dense oxide layer thickness.

3.1.2. Photocatalytic properties

To evaluate the photophysical properties and low voltage step influence on
said properties, a comparison of OCP and PCR can be drawn. Even though
we see some correlation between PCR and OCP, we should look for a combi-
nation of both maximum values. In Fig. 20 a) we see the OCP and PCR values
depending on the value of the low voltage step, where 5V step shows the highest
parameters; all low voltage steps are shown in Fig. 20 b) we can see that the 5V
step shows the high combination of parameters, although it is worth noting that
these results are not specifically divided by heating temperature, atmosphere,
and time, though marks/reveals the overall trend.

Optical properties of samples depend on the synthesis parameters, including
low voltage introduction. We can evaluate the totality of the optical absorption
edge position of all samples, including the two-step anodization parameters. As
can be seen in Fig. 21 a), the distribution of values is rather large, but the median
value corresponds to the anatase E,,, value; there is a dependence on the syn-
thesis and post-processing parameters, too. As we see in Fig. 21 b), even just
separation by the heating atmosphere shows sufficient dispersion within this
parameter. At the same time, the average values still tend to correspond to
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Fig. 20. a) OCP and PCR value dependence on the low voltage step from 2 Vto 8 V
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Fig. 21. a) Summary of Eg,, values of all samples (not separated by heating
temperature and atmosphere); b) Comparison of the optical absorption edge
depending on the heating atmosphere, without considering the temperature
distribution

the classic expected TiO, Eg,, values. Thus, annealing temperature and atmos-
phere are not the only influences on the optical properties of anodic titania;
rather, synthesis parameters have a substantial influence.

3.1.3. Introduction of additives

As mentioned in the introduction and as we saw from the OCP and
PCR data, the activity of NT coatings should still be improved, for example,
by further shifting E,, into the visible range and thus increasing the overall
activity. The first impurity material is WO; particles. Further carbon NPs will be
introduced, and the results will be investigated. NP introduction and composite
coating synthesis classically is done in two steps with different methods; thus,
to simplify the synthesis process, an inspired combination of anodization and
deposition was devised; details are discussed further.

WO; additives

A classic particle deposition method of WO, particles onto titania is electro-
phoretic (EPD), a method that has been approved in the literature. Electrophoretic
deposition of particles is a classic method for the deposition of various particles,
a detailed description can be found [76]. As the goal for synthesis optimization,
EPD gave the inspiration to develop in situ additive introduction into anodic tita-
nia, i.e., combining electrophoresis with electrochemical anodization. Thus, these
methods can be compared to evaluate the results. The in situ method used for
the sample synthesis flowchart is shown in Fig. 22 a) and classic EPD in Fig. 22 b).

From the point of view of EPD, the electric field will induce a surface charge
distribution on the additive particles, which will promote the movement of these
particles toward the substrate, schematically shown in Fig. 23 a). In anodization,
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Fig. 23. Schematic representation of additive particles in situ introduction during
anodization. a) schematic of the NT surface in electrolyte with particles;

b) overall experimental setup analogous to EPD; c) representation of the electric
field distribution, ion migration for tube growth, and particle injection during
the anodization process. Electric field distribution adapted from [77]

the addition of particles to the electrolyte should not change the overall process
because the particles themselves do not change the distribution of the electric field,
a schematic depiction is shown in Fig. 23 b). Thus, combining EPD and anodiza-
tion provides field distribution, as seen in Fig. 23 c), with the adapted distribution
of the electric field and the effect of particles, an explanation of the proposed oxide
growth model is provided. The model is based on the electric field distribution
model found in literature [77], which is taken for the combined additive particle
and tube electric field distribution over time exaggerated depiction in Fig. 23 ¢). It
should be noted that in this case, the distribution of the electric field in the metal
is not affected; the model considered NTs, which are more similar to alumi-
num anodized coating, i.e., primary growth into the base, whereas in the case
of TiO,, there is a combined process, both the depth of the pores into metal
increases, and the oxide grows from the surface outwards, thus, the distribution
of the electric field of the upper layers (electrolyte/oxide at the boundary surface)
does not change; therefore additive particles can be implemented onto NT surface.
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Fig. 24. SEM micrographs: a) TiO, tubular structure in an anodized sample;
b) TiO, nanotube layer decorated with WOj; particles; c) WO; particles with
estimated size. Figure taken from Knoks et al. work [78]
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Fig. 25.1) XRD diffractograms of samples EW (black) and AW (red), pronounced
Ti peaks coming from Ti base, pronounced WOj; peaks at 20 between 22° and 25°
for monoclinic WO;, TiO, anatase reflex around 25° and rutile reflex around 27°.
IT) Raman spectra of the EW sample, visible WOj; particles on the surface. Figure
taken from Knoks et al. work [78]

As a result of anodization, a TiO, NT coating is obtained, as seen in
Fig. 24 a) and assessing the presence of WO; particles in the samples Fig. 24 b),
WOj; particles with average sizes around 125-250 nm are visible in Fig. 24 ¢).
Microparticles resulting from the agglomeration of WO; particles are also visible
on the TiO, surface.

The crystalline structure of EW and AW samples are shown in Fig. 25 I).
Where the sample EW has the presence of WO; with pronounced monoclinic
phase trio between 20 = 22° and 25°, but the AW does not have a monoclinic
WO; structure, which would indicate the phase transition that occurred dur-
ing sample preparation, more precisely post-treatment annealing. The change
is seen in the typical loss of 20 peak intensities from 22°, 23°, and 24°. WO,
crystallite sizes were estimated using Scherrer’s equation (Patersons et al. [79]),
using peak parameters 20 = 23° — 40 £ 5 nm, while the size of TiO, crystallites
is estimated at 17 + 3 nm taken from 26 = 25°. It is well known that crystallite
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size from XRD scattering using Scherrer’s equation is only a qualitative indicator.
The high-intensity Ti peak in the diffractograms originates from the Ti sub-
strate. AT samples showed the standard anatase phase of TiO,, i.e., (101) peak at
20 = 25°. Similar results are gained from Raman spectroscopy seen in Fig. 25 II),
where WOj; vibrational modes are present in EW as particles seen in Fig. 25 d).

When evaluating photoactivity, it is the AW sample that shows a 55% and
36% decrease in OCP and PCR values, respectively; while the EW shows respec-
tively 65% and 48% decrease compared to AT. However, it is worth noting that
the AW sample showed a higher N and a faster charge separation compared to
AT. It takes longer to reach the PCR and OCP plateau at the chosen illumination
period, as can be seen, in Fig. 26 a) and b) with irradiation modulation. Not only
does EW shows lower PCR values, but also a higher noise rate, which can be
explained by WO,/TiO, charge transfer and interfacial resistance. Additionally,
AW has the fastest carrier separation dynamics, i.e., generated e"-h* are quickly
separated, as we can see from a very rapid rise of PCR and quickly recom-
bine when the light is turned off as seen by the quick drop. The decrease of
AW parameters can be explained by the heat treatment of WOs3, as shown in
Fig. 26 ¢), where annealing the samples with WO; decreases their activity.

In the synthesis process, two methods of adding WO, were considered, in
situ as additives of WOj; particles to the electrolyte and after treatment in EPD.
Using classical EPD and heating the samples results in a decrease in OCP and
PCR and an increase in Eg,,. Using EPD with excessive loading of WO; particles
results in reduced OCP/PCR values. Despite the effect of heating, the intro-
duction of in situ additives provides higher OCP and PCR values compared
to the classical EPD method. The estimated charge carrier density shows, see
the summary of results in Table 1, that adding WO; increases the amount of
charge carriers and, in the case of AW, also increases the charge separation.
Comparing the MB degradation shows that AW has the highest degradation
coefficient. So, the developed method can be used to introduce additives.

—o— After heat treated
Before heat treated
off

a) on  off on off b) On off ——AT

PCR (uA/cm?)

500 520 540 560 580 600 620 640 630 680 700 720 70 8 10 120 10 160 180 200 7s w0 s 0 15 20
Time (s) Time (s) Time (s)

Fig. 26. OCP and PCR value dependence on the WO; introduction. a) PCR;

b) OCP: Different WO; addition methods provides variation of results, pure
TiO, showing the highest set of OCP and PCR values, yet different kinetics and
Np; ¢) Comparison of OCP values with and without secondary annealing. After
annealing the OCP value decreases. Figure taken from Knoks et al. work [78]
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Table 1. The Summary of results in the case of OCP anodization is higher, PCR
as well. The addition of WO; decreases the Ey,, value when coated with EPD. ND
increases by several orders of magnitude upon the addition of WO;. Table taken
from Knoks et al. work [78]

Sample | OCP,mV |PCR,pA-cm™ Eg,, eV | Egp, mVvsSCE| Np,cm™ |k, mol-min™
AT | -222.6+4.7| 4.01+0.20 |3.11£0.04| -1919.4+0.2 | 4.7-107 | —2.02-107°
EW -80.5 2.07 2.86 -668.8 1.6-10%! | =2.06-107*
AW -99.3 2.63 3.13 -799.3 6.1-10% | -2.59-107*

Despite the Eg,,, shift into the visible wavelength range, we obtain lower
OCP and PCR values. The optimal amount of WOj is a critical parameter for
photocatalytic activity, as previously demonstrated. The transition of the gener-
ated charge carriers between these two materials, thus overcoming the barriers
of the boundary surfaces, will directly depend on the ratio of the materials
and the established contact, thus overcoming the Schottky barrier. If too much
WO; is applied, much of the light is absorbed directly by the WO, and effi-
cient separation of charge carriers does not occur. In the currently accepted
model, the generated e™-h* pairs pass through the boundary surface, i.e., holes
from the valence band of WOj; to the valence band of TiO, and electrons from
the conduction band of TiO, to the conduction band of WO,. It is known that
incorporating tungsten as a defect into TiO, structures effectively reduces Eg,.
In the case of NT coating, the process is similar, in addition a better e~ conduc-
tion is formed due to nanotubes, which was confirmed by increased kinetics.
Thus, alternative materials should be sought after without the negative effects
of annealing.

Introduction of carbon material additive

While looking for alternative ways to further increase photocatalytic activity
carbon materials pose an attractive option. In this work for inorganic based
electrolyte three carbon materials were introduced. AFM was used to evaluate
the obtained particles, while SEM and structural investigation, carried out
by Raman and XRD, was done after the introduction into titania. For AFM
measurements particle dispersion was diluted with deionized water roughly ten
times, then using precision spray gun deposited on monocrystalline wafers.
Size of H particles, obtained in hydrothermal synthesis, was estimated around
2.1 nm, as seen in Fig. 27 a) and b), the width up to 53.1 nm, as can be seen in
Fig. 27 ¢), although the width indicates agglomeration during substrate drying.
AFM of exfoliated few-layer graphene (G) particles shows similar results with
a particle size of around 2.9 nm and a width of 50.8 nm, the overall analysis of
the results is analogous to the case of H, results shown in Fig. 28. AFM images
of commercial graphene quantum dots with green luminescence (Q), as seen in
Fig. 29, show a height of 6.6 nm and a width of 31 nm as seen in ¢). This indicates
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a small particle size, as expected for multilayer graphene particles and their
agglomeration. Therefore, the sizes of the examined particles are comparable.

It is worth noting that there are many examples in the literature where
composite material combinations are attempted, these particles also can be
simultaneous deposition during anodization. Therefore, the selected in situ
additive introduction method model can be validated with different types of
particles. By adding carbon materials to an inorganic electrolyte, we see that
the absorption edge also changes, i.e., there is a shift depending on the type
and amount of carbon additive, as can be seen Fig. 30. We can observe that E,,
shifts from the classical position at 3.2 eV for anatase or 3.0 €V for rutile to about
2.9 eV. The addition of Q gives a similar result in reducing E,,, i.e., moving it
deeper into the visible range.
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Fig. 27. AFM examination of particle H: a) overall appearance in 3D; b) 2D image
with selected profile; c) particle profile. Figure taken from Knoks et al. work [80]
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Fig. 28. AFM examination of particle G: a) overall appearance in 3D; b) 2D image
with selected profile; ¢) particle profile. Figure taken from Knoks et al. work [80]
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Fig. 29. AFM examination of Q particle: a) overall view in 3D; b) 2D image with
selected profile; c) particle profile. Figure taken from Knoks et al. work [80]
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Fig. 30. Effect of carbon admixtures on E,,, position of samples, normalized values
against pure sample. The addition of reduced graphene flakes initially decreases
and then increases the absorption edge, the commercial material generally
decreases the position of the absorption edge, and the hydrothermally obtained C
material also decreases the E,,;, value. Figure taken from Knoks et al. work [80]
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Fig. 31. Raman spectra of a TiO, film obtained in an inorganic electrolyte with
the introduction of in situ additives, the allotropic phase changes depending on
the type and amount of additive material. a) The H series show a change from
anatase at a low amount of additives to apparently rutile/brookite at a higher
amount of additives; b) Q remains an anatase phase throughout the series;

) Anatase also remains primarily phase in the case of G. Figure taken from
Knoks et al. work [30]

When performing a structural analysis of the series with the introduction
of Q, G, H, we see that depending on the type and quantity of the additives,
the structural properties change, i.e., phase ratio as well as other related param-
eters. Let’s remember that the series of samples were heated under the same
conditions, therefore in case the additive materials do not affect the phase transi-
tions, all samples should be in the same polytropic phase. Here we see the struc-
tural changes in the phase composition, which is not described in the literature.

Assessing the phase change of the structures of these samples are also vis-
ible by with Raman spectroscopy measurements, which are visible in Fig. 31.
While Fig. 31 a) structure appears to be a change from A to R/B mixture due to
H additive, b) and c), respectively, Q and G series, primarily show an anatase
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phase. Changes in the structure of the H series allow us to compare the Raman
spectra of brookite, which is not an expected result. It is known that addi-
tives can cause changes in position and shape/width of vibrational modes, as
described by Ceballos-Chuc et al. where anatase nanocrystals with 15% brookite
admixture show the asymmetric mode formed from the anatase Eg and brookite
Alg modes while at the same time the brookite Blg and B3g modes introduce
an extension [81].

The crystalline structure of all samples with Q is also anatase phase
throughout the coating, including visible Ti Bragg peaks coming from sub-
strate foil. However, these samples also show R(101), which may be a thermal
oxide or an A-R transformation has occurred. Looking at the A/R ratio, we can
see that compared to pure as anodized samples, the introduction of additives
changes the proportion of A, indicating a decrease. In the case of the Q series,
the amount of rutile appears to increase slightly. On the other hand, for the sam-
ples with G additives, a directly opposite result, the amount of additive increases
the intensity and proportion of A. It would be expected to some extent that
the presence of carbon is able to reduce TiO, more. So, for samples G and Q,
the XRD plots are as expected, see Fig. 32 a), b) and c), while additional Bragg
peaks appear for the H series, the prominence of which cannot be observed in
the G and Q samples, as can be seen from the respective comparison Fig. 32 d).
The Bragg peaks can be attributed to the brookite form of TiO,, which has not
been observed so far empirically or in the literature for an anodic coating of
titanium oxide nanotubes. Moreover, that corresponds to Raman investigation
results.

Evaluating the A/R/B ratios of the samples as shown in Fig. 33, in
the G series, additive contributes to an increase in the proportion of anatase
Fig. 33 a), the Q-series additives seem to promote a small development of rutile
as seen by changes of the relative intensity ratio seen in Fig. 33 b). On the other
hand, with an increase in the amount of H additives promotes the development
of brookite and rutile phases, as seen in Fig. 33 c).

From the structural analysis we can see that the crystalline structure changes
for all samples, it is worth noting that the crystallite sizes of the samples also
change. Changes in crystallite size with decreasing amount of A are expected
because the anatase-rutile or brookite phase transition involves breaking and
re-forming of interatomic bonds, followed by reorientation and reduction of
the unit cell. As well as rutile crystallites at the considered temperatures primar-
ily grow from/on grain boundaries. For example, if phase transitions are viewed
in the context of NPs, as the proposed model is based on nanoparticle interface
contact points as transition nucleation sites [82]. Kandiel et al. synthesized NPs
with different A/R/B compositions and ratios in both pure and mixed form
using urea as a precursor. They note that each phase is thermodynamically
stable at different crystallite sizes A below 11 nm, B between 11 and 35 nm, and
R above 35 nm, which would indicate that crystallite size could be indicative
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Fig. 32. XRD diffractograms of TiO, samples with Q, G and H additives.
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diffractograms of H, we see a mixture of A with brookite and rutile. Figure taken

from Knoks et al. work [80]
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Fig. 33. A/R ratio comparison from XRD Bragg peak intensities. a) G - series,

an increase in the amount of CNP promotes an increase in the proportion of

A phase; b) Q - series, an increase in the amount of CNP promotes the proportion
of the R phase; c) H series, CNP additives promotes B and R phase development

of phase identification. It is also noteworthy that the phase transitions usually

occur from A to R and from B to R [82].
Carbon is a strongly reducing additive, especially in combination with

a reducing atmosphere which creates oxygen vacancies, a defect type, and
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remembering that the anatase - rutile transformation includes bond reori-
entation, we can explain the increased amount of rutile/brookite along with
the increase in the amount of additive material due to the reducing nature.
The presence of carbon as a reducing agent is also found in the literature [83], but
it should be noted that in the mentioned works C is a dopant and the accepted
mechanism foresees the formation of CO, in the process. On the other hand, in
the case of adding particles and plates, no structural changes have been observed
in the literature, even when synthesizing composite nanoparticles. The pres-
ence of interatomic Ti** and F* oxygen vacancy defects affect the expansion of
the crystal lattice, whereas the electrostatic interaction between interatomic Ti**
and O?” and oxygen vacancy defects causes a change in the lattice concentration
in undoped TiO, nanostructures. The redshift for the E; and A;; modes is due
to phonon trapping and again to oxygen vacancy defects, which respectively
cause the unit cell to increase due to O* [71; 84].

The introduction of carbon additives affects the crystalline structure and
lattice parameters, thereby affecting the position of the XRD Bragg peaks,
which is also reflected in the shift of the Raman modes. Some samples undergo
a complete phase transformation from anatase to another polytropic form; with
phase change directly depending on the type of additive CNP. Specifically, sam-
ple series H clearly shows an increase in the proportion of rutile and brookite
phases. In contrast, G and Q series, no such transition is observed either in
Raman or XRD results. This can be attributed to the higher defect density on
the surface of hydrothermally obtained carbon particles, which have a greater
reducing power due to unpaired sp? bonds. In combination with a reducing
atmosphere, which performs a similar function, i.e., creates additional oxygen
defects and thus, by increasing the amount of broken bonds, it contributes to
the total amount of defects, which, in turn, contributes to the phase transition
from anatase to rutile/brookite. A schematic representation of the proposed
mechanism can be seen Fig. 34.

Time

e SN
A =R transition, L{ 1—/&\“\\

Fig. 34. Proposed A-R/B phase transition with the presence of CNPs annealed in
a reducing atmosphere. Figure taken from Knoks et al. work [80]
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For Q particles from the Raman shift data, we see the D mode indicating
armchair edges [85] indicating a passivated surface, i.e., Q has fewer reducing
centers and thus a smaller contribution to the formation of oxygen vacancy
defects in the composite TiO, coating, which leads to a higher proportion of
anatase in the entire range of additives considered. A similar explanation can
be applied to the G samples, the shape and condition of the edges are with
lower number of defects. Therefore, the addition of G does not contribute to
the formation of oxygen vacancies and thus, phase transition.

Two other noteworthy things, first, anodic coatings of TiO, nanotubes
in the brookite phase were not observed in the reviewed literature. Second,
the H-samples show a significant presence of R(110), as seen in Fig. 32 d) in
addition to other B peaks. R(110) has been ascribed to the thermal rutile oxide
formed on the NT and metal interface. Despite the fact that the literature notes
that this R(110) is formed only in the presence of air (oxygen) as a result of Ti
oxidation. Considering that the heating takes place in a reducing oxygen-free
environment, further research and analysis of this process is necessary.

For photocatalytic activity, investigation of the G, Q, and H series shows
changes in OCP and PCR depending on the type and amount of additives, results
are depicted in Fig. 35. By introducing the carbon material into the inorganic
electrolyte, we see that while for G the OCP is decreasing Fig. 35 a), the exact
opposite effect is seen for both the H and Q series, an increase in the OCP values
as seen in Fig. 35 b) and ¢). It is similar with the PCR values, at least for H, but
both G and Q give an initial decrease, although in the case of Q a subsequent
increase is also observed as the amount of additives increases.

The summary of degradation coefficients can be seen in Fig. 36. The addition
of G reduces the photocatalytic activity of TiO,. Although no clearly pronounced
trend can be observed, all obtained values are lower compared to as anodized
TiO,. The addition of H increases the photocatalytic activity as the additive
amount increases, while the addition of commercial graphene quantum dots
increases the activity with a small added amount, but the activity decreases as
the amount continues to increase. These results are in agreement with the pre-
viously described and other photophysical and electrochemical properties.
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Fig. 35. OCP and PCR dependence on the additive CNP amounts. a) G; b) Q; ¢) H
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b) H; ¢) Q; d) degradation coefficient dependency on the amount of G (@), H (&),
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An overall comparison of parameters can be seen in Table 2, the Q material
reduces Eg,, but increases the Ep, while increasing OCP and PCR at higher
concentrations. The biggest changes are observed for H series samples where
OCP and PCR values increase significantly with the addition of H, and Eg,,
decreases and Np, increases, which can be attributed to increasing the propor-

tion of the brookite phase in samples.

3.2. NT coatings synthesized in an organic electrolyte

The coatings obtained in the organic electrolyte are anodized twice, this
is due to the fact that the first anodization is obtained in the form of flat-
tened oriented tubes, as can be seen in Fig. 37 a). Such tube growth is very
briefly noted in the literature as nanograss or similar, but not much emphasis
is placed on it [86], although there are also works in which it is accepted as
the norm [87]. Currently, the explanation is that chemical etching is superior
at larger anodization times and distances from the Ti base, the walls thin out
until the hydrodynamic pressure flattens them, but the overall electric field
distribution on the base surface promotes the formation of row structures. We
can see that clearly in Fig. 37 b), different phases of NT development 1. self-ori-
ented NT coating 2. interface between oriented and flattened tubes 3. flattened
and collapsed tubes. Analogously, in a macroscopic manifestation, the stalks in
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Table 2. Summary of sample parameters obtained in inorganic electrolyte depending
on the amount and type of additives. Table taken from Knoks et al. work [80]

Added | sample | 0CP,mv . PCR ] Bgpev EgymV | Np 107, cm™
Q0 | 291+47| 21402 | 3214004 | -908.0+0.2 15.4
Q1 587 14 3.06 ~1004.6 17.8
Q Q 263 L5 3.06 ~1034.0 18.2
Q3 _126.1 18 2.61 ~1015.0 28.2
Q4 _156.1 2.9 2.98 -1036.0 27.8
Go _46.5 15 3.13 —942.5 97.8
Gl 338 14 3.05 _1011.1 215
G G2 226 0.5 3.06 ~959.2 3.95
G3 532 0.7 3.11 ~947.9 499
G4 _18.7 0.6 3.14 ~704.2 68.5
Ho 1099 17 3.08 —725.0 9.17
H1 2382 11.2 2.95 —988.5 1.97
H H2 | -25638 12,6 2.59 ~1059.8 30.1
H3 _19.5 7.1 2.83 816.2 126.0
Ha ~108.7 15.3 2.84 -1060.0 133.0

Fig. 37. NT coating in single step anodization in organic electrolyte. a) SEM
micrographs of coating with flattened surface, cross-sectional view; b) SEM
micrograph of NT coating profile with distinctly visible 1 self-oriented N'Ts, 2
boundary surface where the reduction of tube thicknesses begins, 3 flattened
walls; ¢) Photography of wheat fields flattened after rain due to the collapse of
the stems. A coating with a flattened surface is obtained in the simple anodization
of an organic electrolyte is analogous to macroscopic natural phenomenon

the wheat fields collapse and form regular flattened structures Fig. 37 ¢). Overall,
this is detrimental to activity, therefore, double anodization is always used with
the peel-off method by removing the first anodized layer.
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a) b) c)

| anodization I anodization Ti foil with seeds

d) e) f)

Il anodization Il anodization Ti foil with TiO, NT coating

Fig. 38. Schematic representation of two-time anodization in organic electrolyte.

a) first anodization; b) NT coating with dense oxide and flattened tubes on top;

¢) peel off method to leave NT seed imprint; d) second anodization; €) uniform NT
coating growth; f) final NT coating with open ends

Double anodization can be described with a schematic representation, as
seen in Fig. 38. In connection with the described model where oxide tubes grow
on the metal/oxide interface Fig. 38 a), then gradually going into the metal foil
and raising the oxide layer upwards Fig. 38 b). Therefore, when performing
the first anodization, it is possible to create tube sees in the base, as discussed
previously for inorganic anodization and shown Fig. 17. When the oxide layer
is removed, as shown Fig. 38 ¢) and d), with peel-off method, secondary anodi-
zation is done Fig. 38 e). Therefore, the double anodization results in a coating
of open tubes Fig. 38 f).

3.2.1. Effect of NT coating thickness on photophysical parameters

Literature indicates that the length of NT affects photoelectrochemical prop-
erties, it was necessary to evaluate the effect of length on OCP, PCR and other
electrochemical parameters. For as-grown NTs in an inorganic electrolyte, we saw
that increasing the anodization time (and thus the coating thickness, or the length
of the tubes) changes the photoelectrochemical properties proportionally to
the length, as well as the proportion of anatase increases proportionally. Suppose
that by increasing the anodization time we get a larger increase in COP, PCR, and
other parameters of photocatalytic activity proportional to the length/anodization
time. In this case, the first anodization round was performed for 60 min at 60 V.
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Fig. 39. SEM micrographs, result of 1°* and 2" anodization of TiO,NT obtained

in organic electrolyte. After first anodization a) NT side view; b) NT profile;

¢) NT profile for sample 3. after second anodization; d) 20 min anodized; €) 40 min
anodized; f) 60 min anodized sample

SEM images of the discussed defective layer are shown Fig. 39 a), b), and c)
or analogous to Fig. 37. Then it is removed, Fig. 38, by applying a layer of hot glue
and allowing it to harden, this layer can be removed without damaging the Ti
base. It is worth noting that such a removal method, no matter how simple it
is, was not found in the reviewed literature and allows to simplify the obtaining
of high-quality NT layers. Analogous to the application of the “adhesive tape”
method for obtaining graphene [88] a seemingly simple but effective way to
clean the top layer and get a seed layer system. On the other hand, the methods
adopted in the literature, such as sonification and polarization, did not give fast
and high-quality film removal results.

After the second anodization, which is carried out for 20, 40, and 60 min,
a coating of the open tube system is obtained, see respectively d), e), and f)
in Fig. 39, result in the same type of surface area and expected better photo-
electrochemical properties. Looking at the SEM micrographs of these surfaces,
we see that very similar tube coatings are obtained, which is expected from
the same anodization voltage, electrolyte, and temperature, where the average
tube diameter is around 90 nm.

NT parameters are summarized in Table 3, we can see that the amount
of anatase increases similarly to the inorganic electrolyte samples, PCR and
OCP values increase, at the same time the onset potential increases while Eg,
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Table 3. Structural and photophysical parameters of samples obtained in organic
electrolyte

PCR,

pA - cm™2 OCP, mV Eonsets Egp, Np, cm™

mV vs SCE | mV vs SCE
20min | 2.82+0.25 | 9.3 |[13.5+0.2 | -57.9 +4.7 | -819.0 £ 0.2 |-1147.0 £ 0.2| 7.91 - 10'®

Length, pm | A/R

40min 3.57 15.4 20.4 -80.9 -857.0 -1163.0 |1.88-10'

60min 4.1 12.9 51.7 -112.9 -891.0 -545.0  |4.48-10"

decreases. All parameters seem to improve when reaching 60 min of anodization
time. On the other hand, by increasing the time even more NT coatings start
to peel off depending on the composition of the electrolyte, therefore a second
anodization round of 60 min is used from now on.

3.2.2. Carbon particle additives in anodic coatings synthesized in
an organic electrolyte

In the inorganic electrolyte we saw that it is possible to use C-based additives,
in the organic electrolyte two materials with catalytic potential were chosen: car-
bon particles doped with platinum, denoted as CP, and self-synthesized reduced
exfoliated graphene particles doped with nitrogen, denoted NC. Synthesis was
carried out in two anodization times with the removal of the first NT layer,
anodization performed at 60 V for 60 minutes, and in the second round,
similarly, 60 V and 60 minutes in a new electrolyte, CP or NC additives were
added in the following concentrations 0.0; 0.001; 0.002; 0.01; 0.02 and 0.08 wt%.

When taking SEM micrographs, we can see that without the addition of
additives, a coating of nanotubes with an average tube diameter of 80 nm is
obtained; there is also a slight flattening of individual tubes, as if they had
coincided on the common NT surface, as can be seen in Fig. 40 a) and b) NC1
additive allows NT with thick walls.

At the maximum amount of additives, 0.08 wt%, we can see that the shape
of the tubes is still preserved, but the amount of flattened tubes due to burst-
ing has increased Fig. 40 c) and d), i.e., it is visible in which places the pipes
have exceeded the growth limit, where chemical dissolution is dominant and
the thickness of the walls decreases, which results in the overpowering of
the hydrodynamic pressure and the pipes breaking. In the upper layer of tubes,
the walls are thinner in comparison to NC1.

On the other hand, the series of samples with CP additives show different
results. Sample CP1, with 0 CP NPs, shows a smooth tube surface, the tubes are
well oriented, with no obvious notches/waves on the walls, as seen in Fig. 41.
Which indicates optimized electrolyte content and could indicate potential
activity.
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magnification we can clearly see tubes with thick walls; ¢) NC sample with 0.08 wt%
NC admixture: flattened and contracted NTs can be seen centrally; d) tubes grown
at the bottom have a distinct cylindrical shape and electrolyte closer to thin walls

- il

500 nm

Fig. 41. SEM micrographs. The first sample of the CP1 sample series without
additives. a) NT coating with open pipe surfaces; b) side view of the pipe walls;
) we can see the additional splitting of the pipe walls closer to the coating surface

With the highest selected concentration of additives, 0.08wt%, SEM images
are shown in Fig. 42, the synthesized coating is uniform, N'Ts are well defined,
though there are additional particles on the coating surface, as seen in Fig. 42 b).
NTs have relatively thick walls, which are still not different from other wall thick-
nesses in the CP series. The upper layer, as in other samples, is not as pronounced
as in other samples, the tube system goes to the surface. It is worth noting that both
the top layer and top particles are porous, as can be seen in the higher magnifica-
tion Fig. 42 ¢) and d). Elemental analysis revealed that these growths are also TiO,.

Both CP and NC samples show distinct tube morphologies with different
types of top layer. NC wall thickness has decreased while the oxide continues
to grow in length, leading to flattened or broken walls on the coating surface.
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Fig. 42. SEM images of sample CP6 a) NT coating is torn during the heating
and drying process; b) visible NT with pipe system and crystalline particles on
the surface; c) particles on the surface are porous; d) the walls of the upper NT
coating are also porous
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Fig. 43. XRD diffractograms of TiO, samples depending on the amount of NC

additives. a) Overview with an increase in the C Bragg peaks as the amount of

additives increases; b) XRD graph with an emphasis on the decrease of the R(110)
as the amount of NC increases. The coverage of the samples is expressed primarily

in the A phase. Figure adapted from Knoks et al. work [89]

In the case of CP, the collapse of such walls is not observed, but TiO, particles

are visible on the surface of the coating in a large additive case.

XRD data clearly show, firstly, that the coating obtained is primarily in
the form of anatase, as can be seen Fig. 43 a), with intense A (101) peak at 26 = 25°.
At the same time Fig. 43 b) it can be seen that at none to low NC amounts, there
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are rutile peaks at 26 = 36° corresponding to rutile (101), this is clearly visible in
NCI. Also, there is the presence of the thermal oxide R(110), which decreases with
increasing NC amounts, as seen from 20 = 27° decrease in intensity. Raman spec-
tra show a shift of the carbon modes but no presence of rutile, while XRD anatase
(101) 26 shows a shift indicating a lattice change. Therefore, even a small amount
of NC additives in the electrolyte contributes to a different composition of phases.
Increasing the amount of NC leads to a more pronounced anatase composition.

What is unclear is how the thermal oxide can form, if it is a thermal oxide
and not the result of the anatase rutile transformation, since it must be formed
by heating TiO, in an air atmosphere, where the possible explanation is that
the oxygen, which is necessary for the formation of rutile, is “taken” from
the anatase, i.e., from the existing neighboring TiO,. The literature reviewed
does not answer this question. Let’s remember that we saw a phase transition as
a result of the addition of H particles in the NT coating obtained in an inorganic
electrolyte with additives of carbon materials, i.e., some amount of brookite was
obtained. On the other hand, the addition of NC promoted the formation of
an anatase phase similar to the G series in inorganic electrolyte. In this case,
both NC and G materials were obtained as a result of exfoliation.

In contrast, the addition of CP not only promotes the formation of the rutile
phase but also the formation of the brookite phase, as can be seen Fig. 44 a);
it clearly shows that the addition of CP particles during the synthesis process
changes the obtained structure along with the amount of added CP similar
to what was found in the case of H additives in the inorganic electrolyte. On
the other hand Fig. 44 b) shows an appearance and increase of R(110) despite
the fact that the samples were heated under nitrogen.

Degradation coeflicient was determined and compared to as-anodized sam-
ples, i.e., 0.0 additives. The changes in the obtained degradation coefficient com-
pared to the pure sample can be viewed Fig. 45. The addition of CP NPs increases
the photocatalytic activity as seen by the increase in k;/ky, on the other hand,
the addition of NC decreases the k values, which could indicate less charge carriers
reaching the MB molecules and more recombination, but as we can see in Table 4,
PCR increases with the addition of NC. On the other hand, the onset potential
increases in the cathodic direction, further reducing the Np, which indicates less
available charge that could be involved in the reduction reactions, indicating that
the NCs act as electron capture centers/electron concentration points, but do not
undergo MB adsorption on them, resulting in decolorization. speed decreases.

The addition of carbon additives to TiO, nanotube coatings affects not only
their photocatalytic activity but also crystalline structure, with varying results
depending on the type of additive. CP additives enhance photocatalytic activity,
likely due to an increase in charge carrier density (Np) and changes in structure,
similar to anodic TiO, synthesized in inorganic electrolytes shown in this thesis.
This supports the idea that an increase in brookite phase content improves
photocatalytic activity, as brookite outperforms anatase and rutile in this regard.
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Fig. 44. XRD diffractograms of TiO, samples depending on the amount of CP:
a) Overview, presence of A/R/B phase mixture is visible; b) Increase of relative
intensity of R(110) with increased CP amounts. Figure adapted from Knoks et al.
work [89].
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Fig. 45. Photocatalytic activity of TiO, samples with NC and CP. a) degradation
coefficient k dependence no NC amount; b) degradation coefficient k dependence
no NC amount; c) relative k changes with respect to the pristine TiO, sample. Blue
square CP, Black diamond NC. MB degradation increases for CP and decreases for
NC samples. Figure taken from Knoks et al. work [89]

Table 4. CP and NC result summary. PCR relative change vs pristine TiO,, onset
potential values and MB degradation coefficient. An increase in CP increases k,
and decreases E ., on the other hand NC additives decrease k and increase PCR
as well as E ... Table taken from Knoks et al. work [89]

Sample 1;%%‘: E"“g&;’ ¥$ | k, mol-min~! | Sample II)’((‘EII{(‘O/ E““SSQEE ¥$ | k, mol-min™!
CP1 1 -0.86+0.05| —4.16-10~* | NC1 1 -0.70 £ 0.05 | -8.36-107*
CP2 0.42 -1.00 -3.57-107* | NC2 | 4.69 -0.80 -4.86-107*
CP3 0.75 -0.81 -1.79-107* | NC3 1.56 -0.85 -6.69 - 107
CP4 0.59 -0.61 -8.46-1073 | NC4 1.17 -0.92 -4.29-107*
CP5 0.22 -0.69 -8.46-107% | NC5 1.91 -0.87 -5.34-107*
CPé6 0.14 -0.57 -8.82-103% | NCé6 - - -4.15-107*

CP additives also increase the NT surface area, enhancing photocatalytic
performance. In contrast, NC additives decrease activity, likely due to surface
degradation, which reduces charge carrier transfer and increases recombination.
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In summary, the composite synthesis method for TiO, coatings, incorpo-

rating various carbon materials in organic electrolytes, demonstrates changes
in structure and phase composition. Key findings include:

1.

NC Additives:

a) OCP and PCR change in proportion to the additive amount.

b) Shift in onset potential to more negative values.

¢) Shift in Eg, to more positive values.

d) Decreased degradation coefficient due to morphological changes.
CP Additives:

a) Promotes brookite phase formation.

b) Decreases OCP and PCR values compared to as-anodized samples.
¢) Shifts onset potential to more positive values.

d) Increases Np, providing more available charge carriers.

e) Enhances MB photocatalytic degradation.
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4. CONCLUSIONS

In this work, variations of titanium dioxide nanostructured coatings for
photocatalytic property improvements were investigated. Anodic titania was
obtained with variation in synthesis parameters, and its influence on photocat-
alytic properties was investigated. It was found that the synthesis parameters
are of substantial importance and contribute to the obtainable crystalline
structure and photocatalytic properties. In the literature, there is no consensus
on the temperature of TiO, phase transitions and their dependence on synthesis
methods, which is demonstrated in this work. Therefore, the choice of synthesis
and processing parameters must be based on the final intended application. To
further improve photocatalytic properties:

1. A two-step anodization method was developed, in which the obtained
coatings were synthesized in an inorganic electrolyte with improved pho-
toelectrochemical properties compared to a classic one-step anodization
method.

2. The photoelectrochemical properties of anodic nanostructured TiO, (OCP,
PCR, Egp, Np) depend on the anodization parameters and the post-treat-
ment heating atmosphere and temperature.

3. The obtainable crystalline structure depends on the parameters of the mod-
ified anodization, such as the voltage of the first step, the duration, and
the total duration of anodization.

4. The activity of directly anodized NTs is insufficient for effective photoca-
talysis. Therefore, it is necessary to improve the coating activity.

A unique method of introducing additive material nanoparticles for obtain-
ing composite coating has been developed to improve the photocatalytic activity.
This in situ method allows for composite coatings of TiO, nanotubes, but its
efficiency depends on the material and type of additives.

1. TiO, NTs synthesized in inorganic base electrolytes with WO; additive
particles were tested and compared to the classical method of EPD.

2. The developed method provided better and more active photocatalytic
coating than classical electrophoretic coating.

3. The coatings obtained in an inorganic base electrolyte showed a change in
properties and a dependence of the crystalline structure on the introduced
carbon additive material, uniquely promoting the brookite phase in anodic
titania.

5. The catalytic properties and parameters of the coatings obtained
in an organic electrolyte depend on the type of additive material
introduced.

a. The introduction of nitrogen-doped exfoliated multilayer graphene

particles leads to a decrease in the Ep, and Np, whereas methylene
blue degradation decreases. Indicating an overall reduction in catalytic
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performance that could be attributed to the collapse of the tubular
structure.
These particles (NC) Promote anatase formation.

c.  On the other hand introduction of CP material promotes brookite and

rutile phase formation in anodic titania, which is a unique result.

d. CP introduction increases photocatalytic properties of synthesized

composite coating, maintaining tubular morphology.

The ability to enable brookite phase formation in anodic titania, as was
observed in both inorganic and organic electrolytes, opens new possibilities for
future investigating brookite in photocatalytic applications.

A summary of all investigated samples and parameter combinations is
depicted in a mind map Fig. 46.
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