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List of important symbols and abbreviations

AC — Alternative current

BDD — Boron-doped diamond

CA — Chronoamperometry

CB — Conduction band

CE — Counter electrode

CV — Cyclic voltammetry

TiO2-NTs — titanium dioxide nanotubes

EIS — Electrochemical impedance spectroscopy
EDX (EDS) — Energy-dispersive X-ray spectroscopy
FTIR — Fourier-transform infrared spectroscopy
FTO — Fluorine-doped tin oxide

g-CsN, — Graphitic carbon nitride

GC — Glassy carbon

HA — Hydrothermal annealing

HER — Hydrogen evolution reaction

LSV — Linear sweep voltammetry

MB — Methylene blue (dye)

NHE — Normal hydrogen electrode

OER — Oxygen evolution reaction

PEC — Photoelectrochemical (cell/system)
REF — Reference electrode

RHE — Reversible hydrogen electrode

SC — Semiconductor

SCE — Saturated calomel electrode

SEM — Scanning electron microscopy

UV — Ultraviolet

VB — Valence band

Vis — Visible

WE — Working electrode

XPS — X-ray photoelectron spectroscopy
XRD — X-ray diffraction

n — overpotential (V),

Jpn — current density (mA/cm?),

R — universal gas constant (8.31 J/molK),
T — temperature (K),

Egc — bandgap energy (eV)

Erg — flat-band potential (V)

A — wavelength (nm)

iR — ohmic drop (Q)

If a symbol is not included in the above list, its meaning is given in the text of

this work.
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1. Introduction

“Becquerel’s pioneering photoelectric experiments in 1839 were done with liquid,
not solid-state devices - a fact that is often ignored” [1]. Those experiments
required advances in instrumentation and the framework of quantum physics to
explain their mechanisms, neither of which existed at the time. Consequently, the
Industrial Revolution followed the readily available and inexpensive path of coal
combustion and steam power. Coal and steam production scaled rapidly, and
long-lived carbon dioxide from coal accumulated in the atmosphere, while
widespread engine use increased water vapour emissions. In the year 1800, the
carbon dioxide concentration in Earth’s atmosphere was about 280 ppm [2]. As
technology develops year after year, energy demand increases. Nowadays
(October 2025), the indicator shows a global mean near 424.54 ppm [3]. This is
roughly 1.5 times higher than it was two centuries ago. Human activity associated
with technological development has contributed to exceeding 1.5 °C above the

global mean temperature 200 years ago [4].

It is nevertheless important to note that other gases also contribute to climate
change. The second most abundant toxic greenhouse gas is methane (CHa),
which is produced primarily from the decomposition of organic matter, notably
enteric fermentation in ruminants [5,6]. The effect per molecule is much higher
than for COg, although its atmospheric concentration is much lower (1.94 ppm)
and its average atmospheric lifetime is about 9 years [5,6]. The third major
greenhouse gas is nitrous oxide (N20), mainly of industrial and agricultural origin.
Unfortunately, it is a gas with a very high global-warming potential, but its
relatively low atmospheric abundance (0.34 ppm) and its atmospheric average
lifetime is 116 years [5,7]. In aggregate, estimates of total greenhouse gas (GHG)
emissions from the energy sector typically include CO2, CH4, and N20 from fuel
combustion, as well as fugitive emissions [8]. The resulting changes to the climate
affect societies, ecosystems and the long-term habitability of the planet.
Addressing these challenges requires alternative, non-toxic energy carriers -

ideally clean fuels - and a more rational use of energy in dalily life.

Most primary energy still comes from fossil fuels. The International Energy
Agency estimates the global share of fossil fuels at about 80% in recent years
[9]. In 2023, global GHG emissions from fuel combustion were: 45% from coal,
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peat, and oil shale; 33% from oil; and 22% from natural gas [9]. Renewable
energy (solar, wind, hydropower, geothermal, and biomass) is expanding, but
unevenly. In the European Union (EU), renewables supplied about 24.6% of
gross final energy use in 2023 [7]. In Poland, the national statistics office reports
a 16.7% share of renewables in gross final energy consumption in 2023 [10],

placing Poland 22" among the 27 EU member countries.

To address both greenhouse gas mitigation and rising energy demand, new
strategies are required to produce efficient energy from clean fuels without
harmful by-products. Here, hydrogen is widely regarded as a strategic fuel [11].
Hydrogen is commonly classified using a colour-coded scheme based on its
production route and environmental impact; for example, green hydrogen is
produced via renewable-powered electrolysis, blue hydrogen from fossil fuels
with carbon capture, utilisation and storage, and red (or pink) hydrogen using
nuclear-derived energy [12]. Practical deployment spans onshore photovoltaic-
electrolyser coupling and promising offshore schemes that combine wind turbines
with electrolysers on dedicated or repurposed platforms [13]. An alternative that
avoids combining such large devices is to employ photoelectrochemical cells
(PECs) based on semiconductors, which are still under development [1,14]. The
PECSs obtain direct hydrogen from solar energy, with the eco-friendly co-product
of oxygen. The key element in a PEC system is the photoelectrode.
Unfortunately, some disadvantages must be overcome when producing materials
for this purpose, such as absorption in a narrow part of the UV-VIS spectrum,
fast recombination of electron—hole pairs, and the need to catalyse the oxygen
evolution reaction at high overpotential [15,16]. Constant technological progress
now allows the production of new electrodes using nanomaterials and their
characterisation with advanced spectroscopy and operando techniques with

improved resolution.

Within PEC, the photoanode is usually the most important element, analogous to
the heart in a human body. Here, stable metal-oxide semiconductors are a
favourable choice because they are resistant to various aqueous solutions and
offer useful band positions [17]. Titanium dioxide is a well-studied example and
provides stable morphologies, especially titanium dioxide nanotubes (TiO2-NTs),

14



Chapter | Modification of TiO, nanotubes as photoanodes for enhanced oxygen evolution reaction (OER) activity

surface chemistry, and junction designs that can improve photocurrent and

reduce overpotential without relying on rare elements [18,19].

PEC could address the above-mentioned problems with greenhouse gases. This
is why continued development of PEC systems, especially photoanodes, matters.
Researchers worldwide use many methods to increase the catalytic and
photoelectrocatalytic efficiency of photoanodes, which is a challenge. This
dissertation is devoted to finding enhanced photoanodes, focusing on TiO2-based
electrodes and evaluating performance primarily by photocurrent generation and

the overpotential for oxygen evolution at defined benchmarks.

2. Principles and strategies for solar Photoelectrochemical Cells
Photoelectrochemical cells convert light energy into electricity via electrochemical
processes [1]. The first demonstration of water splitting on a single-crystal TiO2
(rutile) wafer using visible light was documented by A. Fujishima and K. Honda in
1972 [20]. Generally, in PEC solar light illumination (photons) generate charge
carriers (electrons and holes), see Equation (1) [20,21]. The holes oxidise water
to oxygen molecules at the electrolyte/electrode interface, and the electrons
reduce protons to hydrogen at a counter electrode [22,23], as shown in Equations

(2-3). The proposed schema of the PEC system is depicted in Figure 1.

_ counter
electroge

photoanode

proton-exchange
membrane

Figure 1. The proposed typical PEC scheme (adapted from [24]).
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The phenomenon is the production of current and nontoxic gases, such as
oxygen and hydrogen, and green fuel of the future, only by photoelectrolysis of
water molecules. Equation (4) is known as the water-splitting reaction.

4 h photoelectrode At 44 e (1)

4 ht +2 HZO(liq) =l 02 (gas) +4 Ht (2)
4e” +4H+ 4 ZHZ (gas) (3)

2 HZO(liq) +4hv—> 02 (gas) +2 Hz (gas) (4)

A typical PEC consists of three electrodes immersed in an aqueous electrolyte
solution (e.g., KOH, K2S0a4) [1]. These are the working electrode (WE) — the
photoelectrode, the counter electrode (CE), and the reference electrode (REF)
[22,25]. The photoelectrode is most often made of an n- or p-type semiconductor
(e.g., a metal oxide or a chalcogenide). The counter electrode is typically a
corrosion-resistant metal (e.g., Pt, Au, Ag) to prevent electrolyte contamination,
or a GC (Glassy Carbon) or BDD (Boron-Doped Diamond) electrode [26]. In
general, three main WE/CE configurations can be distinguished [27]:
e WE: n-type semiconductor (photoanode) and CE: metal or carbon
(cathode)
e WE: n-type semiconductor (photoanode) and CE: p-type semiconductor
(photocathode)
e WE: p-type semiconductor (photocathode) and CE: metal or carbon
(anode)

In a typical PEC design, the photoanode produces oxygen, while hydrogen
evolves at the metal cathode. In contrast, when a photocathode is used, H* is
reduced to hydrogen, and oxygen evolves at the metal anode. In this work, an n-
type semiconductor/platinum (SC/Pt) system is employed. The dissertation
mainly focuses on the photoelectrode consisting of TiO2 nanotubes deposited on
a titanium substrate, with the counter electrode a high-surface-area platinum
mesh immersed in a 0.2 M K,SO, aqueous electrolyte. To illustrate this, Figure 2

shows a simplified diagram of the electrode-electrolyte system used.
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Figure 2. The scheme of the electrode (Ti/TiO2-NTs) and electrolyte (0.2 M K>SO4) PEC system.

Solar radiation reaching the Earth's surface includes 3-5% UV, 42-43% VIS, and
52-55% near infrared light [28]. In the PEC, there is a special quartz window
(Figure 1), through which nearly all incident solar light reaches the
photoelectrode. When the incident photon energy equals or exceeds the
semiconductor bandgap energy, an electron is excited to the conduction band
(CB), leaving a hole in the valence band (VB) [22]. The resulting electron-hole
pair diffuses through the solid material. If the pair reaches the SC/electrolyte
interface, the energy bands bend, creating a space-charge region [29]. This
bending generates an internal electric field (the so-called depletion layer) that
separates the charge carriers: holes migrate toward the interface, while electrons

move along the outer circuit [30].

The degree of band bending depends on the offset between the semiconductor
Fermi level and the redox potential of the contacting electrolyte, as well as on the
semiconductor's donor density [24]. To determine whether specific
electrochemical reactions can occur, two key parameters are typically measured:
() the flat-band potential Erz and (ii) the optical bandgap energy Eg;. These are
obtained from two complementary analyses: Epp from Mott—Schottky plots
derived via electrochemical impedance spectroscopy (EIS), and Ez; from Tauc

plots constructed using UV-Vis diffuse-reflectance data. Together, these
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parameters allow a practical band alignment to be drawn for PEC operation.
Using EIS, it is possible to identify the semiconductor type and to estimate Egpp.
For that purpose, the dependence of the space-charge capacitance on the

applied potential is used as Equation (5) [31]:

1 2 (E £ kBT) 5)
Cs(;z SsolQeINA B IQel

where ¢ is the relative permittivity of the semiconductor, &, = 8.85 - 10‘125 is the

vacuum permittivity, |g.| = 1.6-1071° C is the elementary charge, N, is the
acceptor density, or it can be replaced by N, as the donor density,
kp = 1.38- 10723 J/K is the Boltzmann constant, T is the temperature [32,33].
The sign of the slope [AZ—SE_CZ] indicates the semiconductor type. A negative slope
is characteristic of p-type SC, whereas a positive slope indicates n-type material.
For HA TiO2-NTs, Epp = —0.01 V vs. Ag/AgCl/3 M KClI, as estimated in Figure 3A.
The second parameter, Eg;, helps estimate the band edges by providing the
optical gap [34]. It is obtained from UV-Vis diffuse reflectance measurements of
the electrode material. The measured reflectance, R(1), is transformed using the
Kubelka—Munk function, as given in Equation (6) [35]:

(1-R)?
2R

F(R) = (6)

which is proportional to the absorption coefficient for optically thick, diffusely
scattering samples. A Tauc plot is then constructed by plotting [F(R)hv]™ against
hv, where the exponent n depends on the nature of the electronic transition [34].

The value of n indicates the type of transition as follows:
e n = 3 corresponds to an indirect forbidden electronic transition,
e n = 2 corresponds to a direct allowed electronic transition,
e n = 3/2 corresponds to a direct forbidden electronic transition,
e n = 1/2 corresponds to an indirect allowed electronic transition.

In the literature, reported bandgap values for modified semiconductors often
differ. To obtain a physically meaningful Eg;, Tauc analysis should be applied to

the semiconductor’s intrinsic absorption edge rather than to regions dominated
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by Urbach tail or background absorption [35]. In practice, a tangent to the linear
band-to-band segment of the Tauc plot is drawn and extrapolated to the energy
axis to obtain the optical gap (Figure 3B). This procedure minimises the influence
of dopants, defects or auxiliary layers, and ensures consistent comparisons
between materials or processing conditions. For HA TiO2-NTs, Eg; = 3.2 eV for
n = 1/2, see Figure 3B. Combining Eg; with Epg allows us to estimate the CB
and VB edge positions. These band edge positions can then be illustrated in a
band-edge diagram relative to the relevant redox potentials presented in Figure
3C.

A.‘ﬂ B 20 C

= 1
.l.l
Me34:01-10%em* L ge=" B Doy 0 eagaH, + 20H
" wi .
IL:'D . - E ||. E__ =044y
= e < Bt
E Aid— : t A 3 I E _ =1E7Y
i i | ] (- .
-:EJ 10l ..._"-._ - =3 E - 2 _El-llcl -|:-. - b= ag
s« ESEZL = 2 Fim
1 =] 9
ol - 0,01 = S =3
a maam®" 'l" E.‘.- (el Lln-l-. . I‘_hl i E
i ik ghes o4 PR YO % [*
E/ Vvs. AgiAgCli3 M KCl e 8V u

Figure 3. (A) Mott—Schottky plot obtained from EIS, measured in frequency range from 20 kHz
to 1 Hz, (B) Tauc plot, and (C) band edge positions of CB and VB obtained for HA TiO>-NTs.

As mentioned above, photogenerated excitons in photoanodes are separated,
and holes oxidise water to form oxygen (Equation 2). The reaction is called the
oxygen evolution reaction (OER) [36]. Protons then migrate through the
electrolyte while electrons flow through the external circuit to the cathode, where
hydrogen ions are reduced to hydrogen (Equation 3) [37]. This is called the
hydrogen evolution reaction (HER) [2]. In most PEC cells, OER at the photoanode
is kinetically slower than HER at the cathode. The rate of OER is limited by the
required transfer of 4 electrons and 4 protons to yield the two bond-making steps
(m+o of O2) [38], whereas HER is a 2-electron, 2-proton step that proceeds
readily on good metals such as Pt. For the successful splitting of a water
molecule, a Gibbs free energy of at least 237 kJ/mol is required [39].
Unfortunately, after reaching the threshold potential of 1.23 V vs RHE, an
additional driving force is often required at the anode to overcome interfacial

charge-transfer barriers, as observed in the OER overpotential, n. The slow
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.

transfer of holes and surface states on oxide photoanodes further promotes
unfavourable charge-carrier recombination [29]. Linear sweep voltammetry (LSV)
iIs used to monitor changes in the onset potential and overpotential for anodic

water oxidation (Figure 4A).

100
A i 1V in the dark B LV under the fight
HA TiQ,-NTs/CoOOH
0.4 75
o o
£
<(EJ 0.3 <LE) -
£ E
~—. 0.2 ~—
e —25
0.1
L L
HA TiOz-NTs
0.0
0.8 12 16 03 0.0 03 06
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Figure 4. Linear sweep voltammetry curve (A) in the dark at a sweep rate of v=10 mV/s and (B)
under illumination (v=20 mV/s) obtained for HA TiO,-NTs electrode and HA TiO,-NTs decorated
with CoOOH cocatalysts, measured in 0.2 M K>SO, electrolyte (adapted from [40]).

However, during the measurement, the electrode is polarised at a defined scan
rate, which at high current values (i) may distort the curve shape. Between the
working electrode and the reference electrode, there is an electrolyte solution
with its own resistance (R), set by the electrolyte type and concentration and by
the cell geometry (inter-electrode distance), which strongly influences the
measured current [41]. In the analysis, iR compensation should be applied to
correct the voltage loss (iR drop) [42]. For photoanodes modified with an
additional catalyst (for example, TiO2-NTs decorated with CoOOH),
the iR compensation should also account for contact and catalyst resistance in

addition to the solution resistance, and that R is given in Equation (7) [43]:

R = Rsolution + Rcatalyst + Rcontact (7)

This aspect is often omitted in literature on photoanodes. Correctly processed

LSV data allow estimation of the overpotential with appropriate accuracy (Figure
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4A). iR compensation also affects another kinetic parameter in water-

electrocatalysis — the Tafel slope — as given in Equation (8) [44]:

o1 2303RyeT

b= dlog(i) anF

(8)

where R, —is the universal gas constant, T — temperature, a — electron transfer

coefficient (0.5), F — Faraday constant. Proper consideration of the Tafel slope
provides information on charge transfer. It can help identify the rate-determining
step (RDS), which correlates with the number of electrons involved in the
electrode process and supports discussion of mechanisms at the

electrode/electrolyte interface [45].

The most desirable PEC outcome is a high and stable photocurrent. Using LSV
under dark and solar-light illumination, the dark current and the illuminated

current can be determined, and their difference is the photocurrent (Equation 9).

iphotocurrent = ilight — lgark 9

Generally, because the tested electrodes have different surface morphologies,
current is reported as current density normalised to a geometric area of 1 cm?.
An example of LSV under light and in the dark for HA TiO2-NTs and HA
TiO2-NTs/CoOOH is presented in Figure 4B. Its stability depends on several
linked factors. First, photons must have sufficient energy to be absorbed by the
semiconductor [46]. Many oxides respond mainly in the near-UV (about 5% of
terrestrial sunlight), so additional modification is often needed to extend
absorption to lower-energy light. Second, the resulting electron-hole pairs must
be separated by the space-charge field or internal junctions [24]. Third, carriers
must reach the relevant interfaces without recombining [39]. Losses at any of

these steps reduce the net photocurrent.

Reliable photoelectrocatalytic data also depend on careful test practice. To obtain
reproducible and meaningful values, it is essential to control cell geometry, the
cleanliness of glassware and substrates, electrode dimensions, lamp power and
spectral calibration, temperature, and the dissolved-gas content of the electrolyte

(for example, argon purging to remove oxygen). Electrical contacts must be low-
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resistance, non-active areas must be well insulated, the cell must be sealed, and
the electrolyte should be fresh and of known purity. These practical aspects are
essential to materials engineering and strongly influence the final PEC
performance. In summary, the key descriptors for PEC systems - optical
bandgap, flat-band potential, OER overpotential, Tafel slope, and the magnitude
and stability of the photocurrent - jointly provide the energetic and kinetic
framework needed to interpret performance, and they will be applied consistently

in the sections that follow.

3. Semiconductor photoanodes

3.1 Semiconductor materials
Presently, the best photoanode materials are metal oxides such as BiVOas, a-
Fe203, WO3, ZnO [47-51] and the first reported over 50 years ago — titanium
dioxide [20]. To demonstrate the substantial academic interest in photoanodes,
Scopus (an interdisciplinary database indexing approximately 23,000 peer-
reviewed journals) was queried for bibliometric statistics. In the “Article title,
Abstract, Keywords” search field, the following terms were entered:
“‘photoanode”, “TiO2 photoanode”, “BiVO4 photoanode”, “Fe20Os photoanode” and
“Zn0O photoanode”. Based on the retrieved counts, a bar chart for the years 2001-

2025 is presented in Figure 5.
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Figure 5. Annual publication counts in Scopus for 2001-2025. The line plot reports results for
the query "photoanode”. The grouped bar charts report "TiO, photoanode”, "BiVO4
photoanode", "Fe,0O3 photoanode", and "ZnO photoanode". Queries were entered in the Article
title, Abstract, Keywords field. Data were retrieved on 31.12.2025 and exported by year. No

smoothing or normalisation was applied.
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Over the last 25 years, more than 14,000 articles related to the term
“‘photoanode” have been published. The number of publications containing this
term has increased year by year, with a particularly marked rise over the past five
years (a total of ~6,000 new articles, representing approximately 43% of all
articles published in the XXI century). Moreover, TiO2-based semiconductors
appear to attract the greatest interest: since 2014, on average at least one new
article has been published daily. It can therefore be inferred that the development
of PEC photoanodes is most frequently explored using TiO,-based materials.
Nevertheless, interest in BiVO,-based photoanodes has also grown in recent
years. In general, semiconductor photoanode materials can be divided into the

following groups:

e metal oxides (MexOy) e.g.: TiO, [52], BiVO, [53], a-Fe,0; [50], WO; [54],
ZnO [55].

e metal nitrides (MexNy) e.g.: TasNs [56], GaN [57], InGaN [58].

e metal oxynitrides (Me—O-N) e.g.: LaTiO,N [59], TaON [60], SrTaO;N
[61], CaNbO;N [62], BaTaO,N [63].

¢ metal oxyhalides (Me—0O-X) e.g.: BIOCI [64], BiOBr [65], BiOI [66].

e metal chalcogenides, besides oxides (MexSy / MexSey / MexTey) e.g.:
SnS, [67], In,S3 [68], CdSe [69], Bi,Tesz [70].

e perovskites and layered perovskite-type oxides e.g.: SrTiO3 [71],
LaFeO; [72], BiFeO3 [73], NaTaOs [74], Bi,WOq [75].

e spinel ferrites (AFe,0,) — e.g.: ZnFe,0, [76], CoFe,0, [77], NiFe,O,
[78], CuFe,0O, [79], MgFe,O, [80].

e carbon-based materials e.g.: graphitic carbon nitride (g-CsN,), melem,
melam [81], covalent triazine frameworks (CTFs) [82], covalent organic
frameworks (COFs) [83], metallic organic frameworks (MOFs) [84],
graphdiyne [85].

Metal oxide semiconductors remain the most widely studied photoanodes (about
% of the relevant articles indexed in the Scopus database). In PEC cells,
materials with the same nominal stoichiometry do not necessarily yield the same

23



Chapter | Modification of TiO, nanotubes as photoanodes for enhanced oxygen evolution reaction (OER) activity
.

photocurrent because performance depends on crystal structure, defect density,
and morphology. For example, TiO2 occurs as anatase, rutile, and brookite, which
differ in band structure, carrier lifetimes, and surface energetics [86,87]. The
synthesis pathway governs the formation and distribution of point defects (for
example, oxygen or metal vacancies that create donor or acceptor states),
impurity incorporation at the surface or in the bulk, crystallographic ordering
(space group and octahedral connectivity), and the metal-to-oxygen ratio;
together these factors set carrier density and mobility, band bending, trap-
assisted recombination rates, minority-carrier diffusion length and, ultimately, the
photocurrent [88]. Morphology likewise matters: powders, layered films,
nanotubes, or nanowires present different optical paths, depletion widths, and
surface areas that modulate light absorption, minority-carrier diffusion, and OER
kinetics [89]. Equally critical is a rigorous definition of the illumination and
electrochemical protocol. Reports of unusually high photocurrents often omit key
parameters, such as irradiance at the electrode plane (typically 100 mW/cm?),
spectral filtering (e.g., a UV cutoff), or the solar simulator standard (AM 1.5G).

Without these, results are not directly comparable.

In my PhD thesis, changing a single factor increased the photocurrent by
threefold for nominally identical TiO2 nanotube electrodes: the titanium substrate
purity during anodisation (from 99.5% to 99.99%), with all other preparation and
measurement conditions held constant. It's worth noting that the price of a
100x2000 mm titanium foil with a 99.5% metal basis is PLN 3029 (thickness 0.25
mm), while a 100x100 mm foil with a 99.99% metal basis costs PLN 3078. The
price of a purer Ti sheet was 20 times higher per unit area (purchased by Alfa
Aesar, Kandel, Germany). A comparison of materials such as TiO2 nanotubes
(anatase), BiVOa4 layers, WO3 powder, ZnO nanowire, or Fe203 nanorods in terms

of photocurrent is provided in Table 1.
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Bandgap values vary less than photocurrents but are still sensitive to crystallinity
and phase composition. Single crystals generally exhibit slightly larger gaps than
polycrystals, and disorder can change the apparent direct or indirect character.
For TiOz, Eg; is 3.2 eV for anatase, and Eg; is 3.0 eV for rutile [87]. Importantly,
difficulties with Mott-Schottky analysis often cause confusion and incorrect
assignments of Ep; by various researchers. The reported values must be

subjected to critical evaluation.
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Figure 6. Band edge positions (CB and VB levels) and bandgap energies for different
semiconductors (adapted from [99])
Another interesting group of materials is metal nitrides, especially tantalum
nitride. In 2002, this compound was reported by Hitoki et al [100]. It is
characterised by strong visible-light absorption and a narrow bandgap (2.1 eV),
and is expected to be a promising photocatalyst in the future. Over the last 10
years, this material has undergone extensive modifications with great results.
Schmuki et al. synthesised TasNs open nanotubes [101,102]. They were formed
from Ta20s nanotubes [103] followed by calcination in an NH3z atmosphere.
Moreover, tantalum can be obtained in the form of thin layers [104] or nanorods
[105]. It would also be worthwhile to attempt to synthesise a new photoanode, in
addition to TiO2 nanotubes. During my doctoral research, | synthesised anodised
tantalum oxide layers using 0.127 mme-thick, 99.9% pure tantalum foil. For
context, in November 2022, a 100x100 mm sheet cost PLN 1298. After extensive
optimisation of the anodisation electrolyte, electrochemical oxidation of the
tantalum substrate was achieved; however, the as-formed amorphous layer did

not operate as a proper photoanode. Subsequent thermal treatment of the
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anodised sheets at 600—-800 °C in oxygen or argon failed to produce photoanodes
active under visible light. During calcination, the samples either became brittle
and cracked, rendering them non-functional when thermally treated in argon
(Figure 7A), or transformed into a pure white powder when heated in air (oxygen)
(Figure 7B). In Figure 7C, one of the results obtained from photocurrent
generation testing (in the dark and under solar illumination) using the LSV
technigue (10 mV/s) is shown. The powder was identified as p-Ta,Os [106], as
evidenced by the diffraction pattern in Figure 7D. Due to the cost of the raw
material and the difficulty of thermal processing, further research on this

compound was not continued.
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Figure 7. (A) Ta,0s photoanodes obtained by anodisation and thermal heating in Ar atmosphere
at 750 °C, (B) Ta20s powder (oxygen atmosphere), (C) LSV for Ta;Os photoanode in the dark
and under solar light illumination with a sweep polarisation of 10mV/s, (D) XRD pattern for
Ta,Os powder.

The novel and first research on the use of CaBisO10 as a photoanode for
photoelectrochemical water oxidation was reported by Zhifeng Liu et al. in 2017
[107]. This paper shows that films were successfully fabricated directly on FTO
substrates. The bandgap energy was determined to be 2.3 eV, and the
photocurrent density was 0.39 mA/cm? at 1.23 vs. RHE under simulated sunlight
illumination. As the authors showed, obtaining 300 nm thickness of CaBisO10
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nanoplates improves photocatalytic performance towards water splitting, so this
material is a promising photoanode. In addition, there are many other materials
such as: In2Ss nanocubes (0.50 mA/cm? at 1.23 V vs. RHE) [108], In2Ss
nanoplates (0.42 mA/cm? at 1.23 V vs. RHE) [108], In2Sz nanoflakes (0.31
mA/cm? at 1.23 V vs. RHE) [108], g-C3Na film (bandgap energy 2.6 eV, 89 pA/cm?
at 1.1 V vs. RHE) [109], 1D Fe203 nanorod arrays (1.64 mA/cm? at 1.23 V vs.
RHE) [110] etc.

3.2. Key features of photoanodes
Unfortunately, basic semiconductor photanodes are often limited by large
bandgaps, weak visible-light absorption, low conductivity, short hole-diffusion
lengths and sluggish interfacial kinetics [111]. For this reason, scientists face the
challenge of inventing a cheaper, more effective and oxidative stable electrode.

The excellent photoanode material must meet the following basic conditions:

1) Low energy gap value [112] (difference of energies between the
conduction band and the valence band by electronic band structure

theory)

Practical windows frequently quoted for water oxidation are 1.4-3.5 eV,
balancing photon harvesting against overpotential requirements; this
selection rule is stated explicitly in classic PEC criteria and used in

oxide case studies [113]
2) Strong light absorption in the visible irradiation spectra [114]

Absorption can be increased by morphology engineering and optical
management (nanorods, nanotubes — reflection effect, porous films,
resonant trapping), which lengthen the optical path and raise the

effective absorption without sacrificing charge-collection length [115].
3) Low net carrier recombination rate, increase carrier lifetimes [116]

The photocurrent efficiency is closely related to the separation
efficiency of charge carriers and the interfacial transfer rate; the short
diffusion length of the carriers (2—4 nm) and the low bulk conductivity

of the material result in an increased recombination frequency [117].
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4) Band-edge alignment for spontaneous charge transfer [118]

The CB must be more negative than H*/H,, and the VB must be more
positive than O,/H,O at the operating pH; the flat-band potential and
bandgap together set the driving force [22].

5) Long-term stability in agueous electrolytes (resistance to corrosion

and photo-corrosion) [86]

Stability is a first-order selection criterion in PEC; oxide families are
preferred in part for their chemical robustness and photo-corrosion

resistance, as emphasised in the survey of oxide photoanodes [92].

To obtain the best possible photoanode, it is necessary to consider multiple,
interconnected modifications while taking into account all of the above aspects.
An example of a high-performance photoanode with the highest reported
photocurrent density is based on a multilayer TCO/n—p-Si/TCO/Ni architecture,
in which a crystalline silicon n—p junction serves as the light absorber, transparent
conductive oxide (TCO) layers are deposited as charge-collecting and protective
contacts, and a Ni-based oxygen evolution cocatalyst is formed by
electrochemical deposition, enabling a saturation photocurrent density of 39.6
mA/cm? at 1.23 V vs. RHE under AM 1.5G illumination (100 mW/cm?),
approaching the theoretical maximum photocurrent of silicon (42.7 mA/cmz)
[115]. Based on commonly studied photoanodes, the principal advantages and

limitations are juxtaposed below in Table 2.
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Table 2. Advantages and Disadvantages for selected photoanodes materials.
SC Advantages Disadvantages Ref.
high surface area;
fast electron injection; o -
. ) limited electron mobility;
thermally, chemically, electronically o .
] significant trap density and [119,
TiO, and photo-stable; o
. . recombination; 120]
favorable electrochemical properties; ) .
) absorption only in UV spectra;
abundant, not expensive;
biocompatible and non-toxic;
high surface area;
thermally and mechanically stable; Lower efficiency compared to
high electron mobility and diffusivity; TiOz;
710 abundant, not expensive; Instability under acidic dye [119,
n
enhanced ability to suppress charge conditions; 121]
recombination as a result of higher Complexation with dyes;
electron mobility and rapid electron high bandgap energy.
diffusion
visible-light absorber;
" short hole-diffusion length;
favourable band positions for OER,; . .
_ _ low carrier mobility and poor
low onset when integrated in o
bulk conductivity;
. heterostructures; . . [122,
BiVO, _ strong surface and interfacial
Earth-abundant and relatively low- o 123]
recombination;
cost; N
) N stability can be electrolyte-
Good chemical stability under neutral
. dependent;
conditions
visible absorption (2.6-3.0 eV); . )
o positive Erz cannot drive H,
valence band strongly oxidizing, well-
) evolution on its own;
suited for OER; [124,
WO, - electrolyte-dependent
good electron mobility; ] 125]
) photocorrosion;
can be prepared by multiple scalable o _
] limited solar absorption
thin-film routes;
high chemical and photochemical Wide bandgap - only UV 126
SrTiO5 stability; conduction pathways can be absorption; 127]’
engineered by doping fast charge recombination;
electron mobility higher than TiOg; UV-dominated absorption; 128
Zn,Sn0, aiding fast electron diffusion; performance often limited by 129]’

chemically robust oxide;

interfacial recombination;
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In my doctoral dissertation, a TiO,-based semiconductor was chosen as the

photoanode material. Below, | explain in detail why | chose this material:

¢ Robustness, abundance, low cost and mature processing. TiO, is routinely
described as abundant, low cost, non-toxic and photochemically robust;
it is a stable n-type oxide that likes long illumination without severe photo-

corrosion [130].

e Tunable electronic structure and morphology: the flat-band potential and
bandgap can be modulated through dopants and structural architectures,

enabling optical and interfacial engineering at scale [22].

e Oxygen-vacancy ‘self-healing’ under operation. OV-engineered oxides
tend to re-oxidise during PEC operation; in TiO,, surface vacancies are
refiled by water/oxygen species, tempering initial OV gains but

underscoring intrinsic lattice stability under bias and light [131].

e Exceptional chemical and photochemical stability relative to peers.
Compared with other common photoanodes, TiO, is particularly resistant
to chemical and photo-corrosion across a wide pH range, whereas ZnO
IS unstable in acidic media and prone to dye complexation without
passivation; WO; often requires bias and can face stability issues

in neutral/alkaline electrolytes [88].

4. Titanium dioxide nanotubes photoanodes

TiO, occurs in three polymorphs: anatase, rutile and brookite, with distinct crystal
symmetries (anatase, tetragonal 14,/amd; rutile, tetragonal P4,/mnm; brookite,
orthorhombic Pbca) [132]. The anatase structure is shown in Figure 8A. The
electrochemical and photoelectrochemical properties of TiO, have been
recognised since the report of Fujishima and Honda [20]. Over subsequent
decades, the photoelectrochemical behaviour of TiO, nanocrystals and their
modifications has been investigated extensively. Figure 8B presents a Tauc plot
indicating that iodine doping reduced the bandgap from about 3.25 eV to about
2.8 eV, with an associated increase in photoactivity of about 30% in the case of
nanopowder [133]. Similar behaviour is observed for titania nanotubes
photoanode [134]. Advances in synthesis and processing have also driven the

31



Chapter | Modification of TiO, nanotubes as photoanodes for enhanced oxygen evolution reaction (OER) activity
.

development of diverse TiO, architectures, including nanotubes, nanorods, thin

shells, nanospheres and nanopatrticles (Figure 8C) [135].

The first solvothermal or hydrothermal synthesis of TiO, nanotubes, obtained by
treating TiO, powders in concentrated NaOH followed by acid washing, was
reported by Kasuga and co-workers in 1998 [136]. This route produced free
multiwalled nanotubes dispersed in solution, typically tens to hundreds of
nanometres in length. Self-organised TiO, nanotube layers grown directly on
titanium were observed during anodisation in fluoride containing electrolytes by
Zwilling et al. in 1999 [137]. They described the formation of ordered porous or
tubular oxides in chromic acid with HF. Subsequent work by the groups of
Grimes, Schmuki and Macak optimised the anodisation method to obtain highly
ordered, long tubes with controllable diameter and length, and near hexagonal
ordering [15,138].

[= At :
gl F_H rysphen. e, i il
] &

B C |

m
31 &S [ ™o ) o
T!: | e ol .‘_:_ | Jil rmanoainEcures | ;ﬁ

R . sarmmpdi
E szigei =7 | ;
| A | E =1350v E‘ E [ ﬁ?
| FE i = Ll
: i ]
F.:I.. e T aarwe] hrae

Figure 8. (A) Crystal structure of anatase (TiO2), (B) Tauc plot for TiO2 and I-doped TiO»
nanopowders (adapted from [132]), (C) schematic images of various TiO» nanostructures (Al-
generated).

Over the last two decades, many other transition metal oxides have been
explored for photocatalysis and photoelectrochemistry. Substantial advances in
the non-metal doping of TiO, photoanodes (hanopowders and nanotubes) have
been achieved by the group led by Professor Anna Lisowska-Oleksiak. This body
of work underpins the present study: without the positive results, accumulated
knowledge and methodological expertise developed by that group, the current
project would likely not have appeared. Detailed methods and results are
presented in Section 4.2.2. Nevertheless, TiO, remains the most widely used and

a highly promising platform, with nanotube architectures valued for their
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robustness, processability and performance. The following sections describe

methods for synthesising and modifying TiO, nanotube photoanodes.

4.1. Synthesis methods
There are several methods for obtaining TiO, nanotubes. They are shortly

presented below.
1. Hydrothermal method

TiO, (often anatase powders such as Degussa P25) is dispersed in
concentrated NaOH, sealed in an autoclave, and heated at 110-150 °C for
several hours to a day; the as-formed sodium titanate product is then proton-
exchanged by acid washing (typically 0.1 M HCI), followed by rinsing and
optional calcination to convert titanate to TiO,. Typical conditions are 10 M
NaOH, 110-150 °C, 12-24 h, yielding multi-walled nanotubes with tens nm of
inner diameter and lengths from tens to hundreds of nanometres.
Hydrothermal parameters (precursor phase and size, alkali concentration,
temperature—time profile, and the post-wash sequence) control wall layering,
diameter and length; formation mechanisms include peeling—scrolling of

titanate nanosheets and seed-assisted oriented growth [17].
2. Template-based method

A highly porous carbon nanotubes (CNTS) is first soaked with an ethanolic
solution of tetrabutyl titanate, so the precursor permeates the open network.
On exposure to water, the precursor hydrolyses and condenses to coat the
CNTs strands with an amorphous TiO, shell, producing a TiO,/CNTs core-
shell framework. Next calcination at 450 °C for 2 hours removes the carbon
scaffold and crystallises the oxide, leaving a macroporous network of hollow
TiO, tubes [19].

3. Sol-gel method

A sol-gel transcription in self-assembled organogels enables unusual TiO,
morphologies. Ti(OiPr), is introduced into an organic gel (e.g., a crown-
appended cholesterol gelator in 1l-butanol) and allowed to

hydrolyse/condense under ambient humidity, followed by staged calcination
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(e.g., 200 °C then 500 °C) to yield TiO, helical ribbons and double-layered

nanotubes (outer diameters ~500 nm; ~8—-9 nm interlayer spacing) [139].
4. Chemical exfoliation

This delaminates layered titanates or transforms quasocrystalline TiO, into
tubular titanates without the mechanical constraints of hard templates. These
soft-chemical  processes emphasise ion-exchange and  sheet
scrolling/delamination rather than confinement by a rigid host; they are

tunable via alkali type/concentration, washing sequence and calcination [140].
5. Electrochemical oxidation of titanium (anodisation)

Finally, the electrochemical route for preparing titania nanotubes is widely
regarded as the most suitable option when controlled and reproducible
architectures are required [15]. The morphology of TiO, nanotubes is closely
linked to synthesis parameters such as the electrolyte and its composition, the
thickness and purity of the Ti substrate, the set temperature, the anodisation
time, the applied potential or current, and the cell geometry, including
electrode spacing and area. Parameter optimisation has primarily focused on
improving conductivity, extending charge-carrier lifetimes, and narrowing the
bandgap of TiO, [44]. Moreover, simple anodisation does not obtain a material
with a high photocatalytic activity due to the formation of an amorphous oxide.
The following heat treatment process is required to crystallize TiO2 -
calcination. In this process, the essential parameters are heating rate, time,
temperature and gas atmosphere. According to the literature, electrodes with
an anatase phase are the most favourable [141]. There are some papers
[142-144] that describe the optimization of parameters for obtaining titanium
dioxide nanotubes and morphology control. They mainly concern improving
conductivity, charge-carrier lifetimes, and the narrowing of the bandgap
energy of TiOz [145]. Figure 9 summarises the sequence of steps used to

obtain the final TiO, nanotube photoanode.
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Figure 8 Schematic diagram with pictures showing the steps leading to obtaining crystalline

structures of TiO» nanotubes (stages: anodization/rinsing/calcination).

In my PhD, the process of obtaining TiO2-NTs is consisted of following steps:

Titanium foil (99.5% metals basis, 0.25 mm thickness) is cut into plates of
about 2 x 2 cm, flattened if necessary to ensure planarity, then degreased
ultrasonically in a 1:1 (v/v) acetone—isopropanol bath for roughly 20
minutes at about 40 °C. The plates are rinsed thoroughly with deionised
water and dried in warm air. These preparatory steps improve field

uniformity and minimise adventitious contamination prior to anodisation.

The electrolyte is an ethylene glycol formulation containing ammonium
fluoride, water and phosphoric acid. The electrolyte composition consist of
0.27 M NH4F in ethylene glycol with 5 vol% H20 and 3.5 vol% H3zPOa
(95%). The mixture is stirred until optically clear.

Anodisation is carried out in a two-electrode glass cell with titanium as the
anode and a platinum mesh as the cathode. The electrode spacing is set
to about 2 cm, and the bath temperature is maintained at 20 + 1 °C.
A constant potential of 40 V is applied for 2 hours to grow the nanotube
layer. Immediately after anodisation, the foils are rinsed copiously with
water; a brief rinse in a 1:1 acetone—isopropanol bath to remove loosely

bound residues, followed by a final water rinse and warm-air drying.
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e The amorphous titania nanotubes is crystallised by calcination in air. The
electrodes are heated at about 2.5 °C/min to 450 °C, held for 2 hours, then
removed fast and cooled to room temperature in air. This treatment yields
anatase-dominated, single-wall TiO2 nanotubes suitable for

photoelectrochemical testing.

This phenomenon of tubular shapes is casuing by the action of fluoride ions at
the electrolyte exposed top of the growing layer, where continuous contact with
the etchant promotes preferential dissolution [146]. Hydrofluoric acid was the first
and is still the most frequently used source of fluoride in electrolytes for anodising
titanium to produce TiO2 nanotubes [147], although many other acids and mixed
electrolytes have also been employed successfully. In practice, the
electrochemical formation of TiO2 nanotubes relies on the presence of fluoride,
which complexes Tiin the (+1V) state and enables the porous, tubular architecture
to emerge during anodisation. Below the stages are described, as summarised
form based on the literature [15,17,148]:

I. Barrier layer growth. A compact TiO2 film forms on titanium. The cell

current falls rapidly as the oxide thickens, according to (10-12):

Ti - Ti** + 4 e (10)
Ti** + 2 H,0 — 4 H* + 2 TiO, (11)
OVERALL: Ti + 2 H,0 — 4 H* + 4 e~ + 2 TiO, (12)

Il.  Fluoride activation and pore initiation. Fluoride begins to dissolve TiO2
or Ti, generating randomly distributed nanopores while competing with
oxide growth. The onset of this dissolution thins the barrier and the current

increases. The key reactions are presented below (13,14):

TiO, + 6F~ + 4 H* - [TiF4]> + 2 H,0 (13)
6F~ + Ti > [TiFs]2~ + 4 e” (14)

Dissolution of TiO2 or Ti by fluoride is non faradaic and therefore competes

with the faradaic oxide growth.
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lll. Pore deepening and onset of ordering. Thinning occurs at the pore
bases, which deepens the features and produces nanodimples. Under
conditions where the current is distributed uniformly, the porous layer
begins to order and evolves towards an array of nanotubes. A slight
decrease in current is often observed in this stage.

IV. Steady state tube growth. When the rate of titanium oxidation matches
the rate of fluoride assisted dissolution of TiOz, the nanotubes elongate
progressively. The current stabilises at a near constant value and the

growth rate gradually declines as anodisation continues.

4.2. Modification strategies
4.2.1. Morphological engineering
Several TiO2 modification strategies lead to increased visible light photoactivity
through morphology-altering treatments. The following can be distinguished:

e creating porous

Porous anodic TiO2 provides a very large internal surface area and an
interconnected pore network, which promotes adsorption, light scattering and

mass transport at the solid—liquid interface [149,150].
e double-walled nanotubes

This structural transformation leads to a cleaner tube interior and an enlarged
inner diameter, which together improve charge transport and overall
electronic quality. As a result, the modified nanotubes exhibit a reduced
density of trap states, more efficient carrier separation, and enhanced
photoelectrochemical performance, manifested by an increased

photoresponse and higher activity in PEC applications [151].
e bamboo structures

Bamboo-type tubes with periodic constrictions increase internal surface and

can enhance axial light scattering and local electric fields [150].
e ultra-long with a small diameter

Two-step anodisation tailored for small diameters and great lengths yields

tubes that combine a long optical path with short radial diffusion distances to
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the walls. In dye-sensitised photoanodes, this geometry improves both light

harvesting and electron collection, delivering higher efficiencies [152].
e laser-treated

Ultra-short, local heating crystallises amorphous tubes to anatase or
modulates crystallinity in pre-calcined tubes, often producing a thin melted/re-
solidified top layer (=300 nm). In contrast, the underlying tube architecture
remains intact. The treatment alters band structure (band-gap narrowing),
absorption and defect population, which together enhance photoresponse

relative to untreated tubes [153].
e hydrothermal annealing (HA) [154]

The first study devoted to the testing effect of HA on the photocatalytic properties
of anodized TiO2 was described by Jiaguo Yu in 2010 [155]. The work shows that
amorphous nanotubes hydrothermally treated in autoclaves lead to aggregation
of TiO2 into particles. Subsequent similar works [156—160] show the dissolution
and anatase recrystallization of amorphous TiO2 by water annealing (also known
as the water-soaking method). These tests were carried out under atmospheric
pressure. The only report that showed the effect of hydrothermal modification in
an autoclave on calcined TiO2-NTs under increased pressure is reported in ref.
[161]. However, after annealing titania nanotubes were finally calcined after HA.
According to the literature above, no one before focused on the effect of HA on
calcined titania nanotubes without subsequent calculations. In 2022, improved
photocatalytic activity of TiO2 nanotubes hydrothermally modified in mild alkali
solutions, have been showed by Witulich et al. [154]. Recently, mechanical
property of TiO2 nanotubes calculated via molecular dynamics simulations [162],
or experimental studied when formed on titanium by anodic oxidation [163] or by
sonoelechtrochemical anodisation [164] have been investigated. Therefore,
achieving simultaneous improvements in both photocatalytic efficiency and
mechanical stability is highly desirable. Unfortunately, the mechanical results of
the HA study have not been published in any journal. To obtain HA TiO2-NT
electrodes were subjected to hydrothermal annealing in a Teflon-lined stainless
steel autoclave (50 mL total volume). Each TiO2-NT sample was placed in the

Teflon vessel and 30 mL of triple-distilled water was added (covering the sample).
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The autoclave was sealed and heated in an oven at the desired temperature (in
this study: 75, 100, 125, 150, 175, or 200 °C) for 24 h. After the HA step, the
autoclave was fast cooled to room temperature, removed and dried. The process

with parameters you can see in Figure 10.
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Figure 9. Schematic of the synthesis of HA TiO»-NTs via anodisation, calcination, and

hydrothermal annealing.

Figures 11A—-H show SEM images of TiO2-NTs before and after hydrothermal
annealing (HA) at various temperatures. The reference TiO2-NTs sample (after
anodisation and calcination only), presented in Figure 11A, consists of vertically
and obliquely oriented nanotubes forming small clusters (bundles) on the Ti
substrate. These clusters likely result from localised stress or uneven growth
during anodisation and calcination, leading to slight agglomeration of
neighbouring tubes. After hydrothermal treatment at 75-125 °C for 24 h (Figure
11B-D), the overall nanotubular architecture is preserved; the tubes remain
vertically aligned and open at the top. Notably, HA-treated samples exhibit a more
homogeneous distribution of nanotubes. Clusters are particularly eliminated after
HA at 100 °C, yielding a more evenly spaced array of individual tubes. This
suggests that hot-water treatment induces subtle reorganisation or relaxation
within the nanotube layer, allowing tightly clustered tubes to separate. The tubes
open primarily due to the dissolution of minor contaminants (such as phosphorus
and fluorides from the anodisation process) that initially connect the tubes, thus
cleaning the structure. At the highest HA temperatures (175 °C and 200 °C), SEM
images still reveal intact nanotube arrays but with significant structural
deterioration. The nanotubes appear damaged, with a stratified structure and

partial detachment from the substrate, leading to overlapping nanotubes. In
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particular, apparent detachment of TiO2 nanotubes from the Ti substrate can be

observed in Figure 11H.
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Figure 10. SEM images: (A) pure TiO, nanotubes TiO»-NTs; (B-F) hydrothermally modified in
distilled water for 24 hours at 75, 100, 125, 150, 175 and (G-H) 200 °C.

Detailed results on the correlation between the mechanical and
photoelectrochemical properties of the TiO2 nanotubes are in preparation
(Provisional article title: ‘Optimizing TiO2 nanotubes photoanodes activity:
Interplay of mechanical and electrochemical properties via hydrothermal
annealing’). The work is being prepared in collaboration with Dr. Aleksandra
Mirowska and Professor Marek Szkodo from the Faculty of Mechanical
Engineering and Ship Technology (Wydziat Inzynierii Mechanicznej i
Okretownictwa), Gdansk University of Technology, who specialise in determining
mechanical properties. Preliminary findings were presented as a poster at the
16th Fast lon Conductors Symposium (Augustéw, 2024). X-ray diffraction and
Williamson—Hall analysis of my PhD samples, indicate that HA relieves the
substantial microstrains (o ~151 MPa) present in as-formed nanotubes, nearly
eliminating residual stress (to zero) at 100 °C, whereas higher HA temperatures
introduce slight residual strains. Nanoindentation tests indicated that the HA
process does not significantly change the hardness of the nanotube layer
(~0.8 GPa), preserving the mechanical integrity of the photoanode. Linear sweep
voltammetry and transient photocurrent (at +0.5V vs. Ag/AgCl/3M KCI)
demonstrated enhanced photoelectrocatalytic activity for HA-treated TiO2-NTs:
the photocurrent density increased by ~40% after HA at 100 °C compared to
untreated TiO2-NTSs.
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4.2.2. Non-metal and metal doping

A modification method to improve photoelectrochemical properties of photoanode
materials is doping with a non-metal or a metal element. In 2001, one of the first
works on non-metal TiO2 doping was presented by Asahi et al [165]. The dopant
of nitrogen increased the photoactivity of titanium dioxide in the visible range
compared to pure TiO2. The reason for the increased photocatalytic activity was
the narrowing bandgap, caused by the mixing of replacing N 2p orbitals with O
2p orbitals. In the case of titania nanotubes, non-metal doping can take place by
calcination in the atmosphere of a gas which is the source of the doping atoms
(e.g. with nitrogen in an NH3 or N2 atmosphere) [166,167] or by electrochemical
doping in a two-electrode system (e.g. with nitrogen, iodine or boron) [134,168].
In addition, nanotubes were also modified in various ways with dopants of carbon
[169,170] or sulphur [171,172]. In Table 3, band-gap energies and photocurrent
generation are juxtaposed for selected non-metal dopants, including results from
Professor Lisowska-Oleksiak’s team.

Table 3. Comparison of energy bandgap and photocurrent density for selected metal-doped TiO2

(jdopeac—photocurrent density for doped TiOz, jrio>—photocurrent density for pure TiOz2). */Electrode
potential E vs. Ag/AgCI/3M KCI.

Luminous Energy Photocurrent  Enhancement

Electrode _
. Intensity Bandgap, Density Factor Ref.
Material . .

(mW-cm??) Eq (eV) (HA-cm?)/*E(V)  (joopedljTioz)
I-TiO2-NTs 100 3.00 155.2at0.5V 6.1 [134]
B-TiO2-NTs 100 291 300.0at0.5V 7.5 [173]
N-TiO2-NTs 100 2.65 55.8at0.5V 2.8 [174]
P-TiO2-NTs 100 no data 250.0at 0.2V 4.5 [175]
S-TiO2-NTs 100 3.41 69.5at1.0V 12 [176]

Besides this, researchers investigated methods of doping nanotubes with
transition metals [177,178]. Metal-doped TiO2-NTs can be obtained through sol-
gel, hydrothermal, electrochemical processes or sputtering in the atmosphere of
dopant [179]. As it turns out, only small contents (generally up to a few atomic

per cent) allow improving the efficiency of recombination of electron-hole pairs
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and increasing absorption into light [180-182]. Table 4 presents selected data
from the literature and contains values for photocurrent generation by the metal-
doped TiO2 photoanode.

Table 4. Comparison of energy bandgap and photocurrent density for selected metal-doped TiO2

(jdopeac—photocurrent density for doped TiOz, jrio>—photocurrent density for pure TiOz2). */Electrode

potential E vs. Ag/AgCI/3M KCI.

Luminous Energy Photocurrent Enhancement
Electrode )
. Intensity Bandgap, Density Factor Ref.
Material . .
(mW-cm??) Eq(eV)  (MA-em?)/*E(V)  (juoped/jTion)

Ni-TiO2-NTs 100 3.00 850.0at0V 2.1 [183]
Co-TiO2-NTs 100 no data 40.0 at 0.4 VvV 3.0 [184]
Cr-TiO2-NTs 100 2.82 360.0at 1.0V 9.2 [185]
V-TiO2-NTs 16 no data 58at0.5V 4.8 [186]
AQ-TiO2-NTs 400 3.35 80at0.6 vV 5.3 [187]
Cu-TiO2-NTs 400 3.22 100 at 0.6 V 6.7 [187]
Ag-TiO2 film 4.4 2.50 1.2at0.2V 35 [188]
Fe-TiO2 nanorods 100 3.12 550.0at0V 55 [189]
Cu-TiOz2 film 44.42 2.82 18.2at04V 1.3 [190]

An interesting metal, from the point of view of physicochemical properties, used
in devices such as batteries, sensors, hard disk drives or superalloys is cobalt
[191-194]. One of the methods of doping materials with cobalt is two-electrode

anodisation process with electrolyte contains cobalt salts [184].

Another promising method of modification TiO2-NTs is the deposition of noble
metal nanoparticles (eg Au, Ag, Pt, Pd ) [195-198] on its electrode surface. Many
researchers proved, that modification with these metals reduces the efficiency of
exciton recombination against to increase the absorption in the Vis range. This is
caused by the effect of surface plasmon resonance (SPR) [199,200]. All this leads

to an increase in photocatalytic and photoelectrochemical activity [201].
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4.2.3. Cocatalyst deposition
A subsequent method of obtaining improved photocatalytic efficiency toward
water splitting is the use of titanium oxide nanotube systems decorated with a
cocatalyst [111,202]. Table 5 presents the division into different types of
cocatalysts with examples and short characteristics. Although the efficiency of
water oxidation in the PEC system is much higher than already known
modification methods, many of the reasons for this remain unclear (explained in
various perspectives). Moreover, there are not many articles on cocatalysts
deposited on titania nanotubes. Thus, it is necessary to continue and develop
research to improve the modification and clearly explain the photocatalytic

cocatalyst mechanisms.

Cobalt oxides (CoOx) are known to be effective cocatalysts for OER. Catalysis is
possible due to the cobalt ion's activity in electron transfer, supported by
hydrogen transfer [203]. The redox characterisation of metal oxide clusters can
be predicted using DFT calculations [204]. Minimising the particle size of oxide
clusters and controlling their oxidation states can significantly affect their redox
characteristics and photocatalytic activity [111]. Furthermore, cobalt
oxyhydroxide may prove to be a more efficient and promising cocatalyst. As
shown in the literature [205-207], the rate-determining step of the oxygen
evolution reaction is the release of dioxygen from the superoxide intermediate.
An attempt to synthesize these compounds will be interested in the context of
new developments and achievements. Taking all factors into account, selecting
appropriate deposition parameters for cocatalyst loading on TiO2-NTs can
significantly improve photoanode performance.
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Table 5. Types of cocatalysts with selected examples and short characteristics.

No. Type Examples Characteristic
e cobalt phosphate (Co-Pi)
Metal [208]
Phosphates e nickle phosphate (Ni-Pi) The precursor towards OER in the
(M-Pi)/ [209] PEC system (lots of available
1 e iron phosphate (Fe-Pi) material on the Earth, easy to

- [210] synthesi_ze, modify and catalyse
Phosphides e TiO2/FeMnP (jpn 1.8 mAcm2  OVer a wide pH range).
(MP) at 1.23 V vs. RHE) [211]
e RUOy, CoOx IrOy, NiOx Metal oxides are easy to
Metal Oxides [212,213] synthesize and  cost-efficient.
2 ( MOx) e Fe203/lr02 (jpn 3MAcm2at  They have high stability and
* 1.23 V vs. RHE) [214] activity that promotes water

oxidation.

Metal oxy(hydroxides) are

*  NiO(OH), Ni(OH)2[215,216] currently among the most
e FeO(OH) [217] promising cocatalysts for water
Metal » CoO(OH)[218] oxidation in  PECs,  with
(oxy)hydroxides ° LDHs (layered double outstanding efficiency.
3 yny hydroxides)[219,220] Inexpensive, widely available in
nature, capable to form
(MOX(OH)y) M12_+xMx3+(0H)Zx+[Ax/ ]"_ multilayers and cause a huge
.mHzg potential drop of the Helmholtz
layer at the electrode/electrolyte

interface.
Metal-based They are similar (mechanisms of
boron e cobalt-borate (Co-Bi)[221] photocatalysis) to M-Pi

4| compounds e nickel-borate (Ni-Bi)[222] compounds. Promisingly efficient,
new and inspiring (known for
(M-Bi) about 10 years).

Most materials containing metal
ions are hazardous to human
health; carbon-based materials

e graphene[223]
e reduced graphene oxide

5 Metal-Free (rGO)[224] b . h
cocatalysts e graphitic carbon nitride may Dbe a competitor. T ©
CaN synthesis of such cocatalysts is
(9-CaNa) complex and not cheap, but the

yields are comparable.
e mesoporous indium-tin . L :
oxide (meso-ITO)[225] Materials with high p0r0§|ty andla
Molecular «  Photosystem I real surface area. Used in OER_m
6 Cocatalvsts Ib . | natural photosynthesis,
y b enzdogglgone polymer- bioelectrochemical devices.
ased[226] Difficult-to-design materials.

Dual e rGO/Ni:FeOOH[224] The combination of two different
7 Cocatalysts e Co0304/Co-Pi[227] catalysts can improve the

photocatalytic water oxidation.
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4.2.4. Semiconductor/semiconductor junctions
Another important method of photoanode modification is the construction of
heterojunction, the interfacial area between two different semiconductors. A
combination of high-gap and low-gap semiconductors is often used here to
maximize the absorption range of UV-Vis light [228]. In this case, due to the type
of donor (n-type) or acceptor (p-type) admixture of the semiconductor, we can
distinguish the following junctions: n-n, p-p or n-p. Examples of n-type
semiconductors are: TiOz, BiVO4, WO3, Fe203, SnOz2, BiVOa4, NiTiO3 and p-type
are: SnSz, In2Ss, ZnIn2S4, Cu20, and NiO [229,230]. In addition, there is also a
heterojunction with the so-called Z-scheme, due to charge transfer along the Z-
shape. These combinations of semiconductors can improve the efficiency of the
PEC, but it is not so easy to obtain ideal junctions conducive to the charge carrier
transport [228]. There are also ways to combine hybrid semiconductors with
organic materials, such as conductive polymers (PEDOT:PSS) [231].
Nevertheless, the construction of heterojunction is widely used among scientists.
Examples of such materials are: Cu2S/Fe203 (jpn 1.19 mA/cm?) [232],
NiOOH/FeOOH/C0304/BiVO4 (joh 6.34 mA/cm?) [233], ZnO-WOsx (jor 3.38
mA/cm?) [234] or BaTiO3/TiO2/graded QDs (jpr 15.3 mA/cm?) [235]. All the
photocurrent densities are relative to the reverse hydrogen electrode (RHE). In
fact that, there are many possibilities of heterojunction construction (a wide range
of materials with different nanostructures, innovative possibilities of synthesis,
manipulation of bandgap energy and increased absorption in VIS light), this
modification becomes a very promising method of improving catalytic and

photocatalytic

5. Applications of TiO2 nanotubes

Titanium dioxide nanotubes are used in various fields, including photovoltaics,
environmental remediation, photo-optics, self-cleaning coatings, batteries, and
biomedicine [236]. Their popularity stems from their chemical resistance,
biocompatibility, large specific surface area, and ordered structure that supports
rapid charge transport, making them attractive substrates for biosensors
[237,238]. In photocatalysis, TiO, has gained popularity in the decomposition of

water pollutants using semiconductor powders [239]. Under illumination,
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photogenerated carriers drive redox processes that mineralize organic
compounds via hydroxyl radical pathways or direct surface oxidation [238]. In the
case of nanotubes, geometry is crucial: increasing the tube length typically
increases activity, while the diameter has a weaker effect-an effect related to
surface scaling and carrier lifetime. Compared to nanopowders, nanotubes are
ordered and easily recoverable, and their tubular channels reduce recombination

losses during photocatalysis [240].

Dye-sensitised and quantum-dot-sensitised architectures are particularly
important for solar energy conversion. Dye sensitisation extends absorption
beyond the wide bandgap of TiO,; early nanotube-based cells achieved almost
2.9% power conversion with nanoparticle decoration [241], TiO, nanotubes
enabled about 6.9%, and their combination (TiO, nanotubes with TiO,
nanoparticles) achieved up to 8% on luminescence [242]. Noble metal
modification (like Au, Ag, Pt, Pd) and coupling with semiconductor quantum dots
(e.g., CdS, CdSe, CdTe) improve absorption and promote charge separation
[243-245]. Together, these strategies highlight how interface engineering and
morphology control translate into higher device efficiency. Future progress will
likely come from tandem strategies that combine several modifications into a
single architecture, even if integrating multiple methods is experimentally
challenging. Addressing such challenges is part of our role as researchers in

delivering technologies that support a sustainable future.
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The aim of the thesis and research objectives
This dissertation aims to develop semiconductor photoanodes for solar supported

water splitting, with an emphasis on titanium dioxide nanotube arrays (TiO,-NTS)

as a durable, stable substrate for oxygen evolution under solar illumination. The

work combines experimental investigations with a critical review of the literature

to link structure, surface chemistry and interface engineering to electrochemical

and photoelectrochemical properties. The main performance parameters are

photocurrent generation under simulated solar illumination and the overpotential

required for the oxygen evolution reaction under specific conditions.

The primary research objectives are:

Hydrothermal annealing (HA) of TiO,-NTs. To examine how
hydrothermal treatment in controlled media (water and neutral aqueous
solutions) reorganises tube morphology, affects the electrode surface, and
how these changes influence charge separation, OER kinetics and

photocurrent generation.

Metal doping at low levels. To introduce a small amount of cobalt into
TiO,-NTs by the hydrothermal process and find the influence of

semiconductor energy bands and charge-carrier recombination.

Surface modification with metal-based cocatalysts. To precisely
deposit cobalt nanoparticles (size control and distribution) onto TiO2-NTs
and oxidise them to CoOOH or Co3;0,. Further, to test electrocatalytic
activity for the OER and to understand the mechanism of

photoelectrochemical water oxidation.

Surface modification with metal-free cocatalysts. To synthesise 6
metal-free carbon nitride photoanode cocatalyst materials: three yellow
(melem, melon, g-C3N4) and three white (melem, melon, g-C3N4 modified
with sulfuric acid). To evaluate and compare them in the context of Z-
scheme junctions and to test their permeability to the electrolyte under the

influence of polarisation and illumination.

This research centres on n-type titanium dioxide nanotube photoanodes grown

on titanium and evaluated in aqueous electrolytes under simulated solar
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illumination. The processing route comprises anodisation, calcination,
hydrothermal annealing, targeted morphology control, low-level cobalt doping
and cocatalyst deposition. The materials are characterised by SEM for
morphology, XRD and Raman Spectroscopy for crystal structure, XPS and FTIR
for surface chemistry, and UV-Vis spectroscopy for optical response.
Electrochemical and photoelectrochemical behaviour is assessed by cyclic and
linear sweep voltammetry, chronoamperometry and electrochemical impedance
spectroscopy, recorded in the dark and under illumination. Performance is judged
by the photocurrent density under simulated sunlight at defined potentials and by
the overpotential required for the oxygen evolution reaction (OER) under

specified conditions.

Chapter I. It outlines the fundamentals of photoelectrochemical water splitting,
the role of photoanodes, synthesis of TiO, nanotubes, and key modification
strategies (thermal treatment, morphology control, metal and non-metal doping,
cocatalysts and semiconductor—semiconductor junctions). It also surveys
applications and summarises the methods used throughout the thesis. The
subsequent experimental chapters (Chapters IlI-VI) provide an integrated
commentary on the collection of publications that constitutes the core of this

doctoral thesis.

Chapter Il. It summarises the materials and methods used throughout the thesis.
It lists key reagents and sample preparation routes, and outlines the core optical
(ike  microscopy, diffraction, spectroscopy ), electrochemical and
photoelectrochemical characterisation employed to evaluate TiO, nanotube

photoanodes and their modifications.

Chapter lll. Hydrothermal modification of TiO, nanotubes in water and alkali
metal electrolytes (LINO3;, NaNOs, KNO3) — Direct evidence for photocatalytic
activity enhancement. Here, the focus is on post-synthetic hydrothermal
treatments, linking changes in morphology and surface chemistry to operational
descriptors. This is one of the simplest methods for heat- and water-based
modification. No toxic elements are introduced, and the process is inexpensive

and safe. The chapter includes the publication and its supplementary information.
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Chapter IV. Hydrothermal Cobalt Doping of Titanium Dioxide Nanotubes towards
Photoanode Activity Enhancement. This chapter describes the introduction of
cobalt via a hydrothermal route, the resulting structural and surface changes, and
the shared testing framework, followed by the publication and its supplementary

information.

Chapter V. Tailoring TiO, nanotube photoanodes with electrodeposited Co3;0,
and CoOOH cocatalysts for enhanced electrocatalytic and photoelectrocatalytic
oxygen evolution. The third modification method is to reuse cobalt, but in different
oxide forms. It details electrodeposition and phase conversion of cobalt species
and compares their roles as OER cocatalysts on hydrothermally treated TiO,-

NTs, followed by the publication and supplementary information.

Chapter VI. Exploring the role of carbon nitrides (melem, melon, g-CsN,) in
enhancing photoelectrocatalytic properties of TiO, nanotubes for water electro-
oxidation. The last modification method is to use cobalt-free catalysts, in line with
trends in environmental ecology, especially new carbon-based catalysts. The
application of a metal-free cocatalyst makes it possible to avoid limitations related
to mineral resources, especially the critical cobalt mineral resources. This chapter
covers the preparation of metal-free interlayers, junction formation and
assessment within the common protocol, together with the publication and

supplementary information.

The thesis closes with an integrated discussion of how processing choices shape
structure and surface states, how these control photocurrents and OER

overpotentials, and where future work should concentrate.
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Materials characterisation
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[I.1 Chemicals and reagents

All reagents used were of analytical grade. We purchased ammonium fluoride
(NH4F) and ethylene glycol from Chempur (Piekary Slgskie, Poland), whilst
orthophosphoric acid (Hs;PO,), sodium nitrate (NaNO3) and potassium nitrate
(KNO3) were obtained from POCH Gliwice (Gliwice, Poland). Lithium nitrate
(LINO3), potassium sulphate (K,SO,) and methylene blue were supplied by
Sigma-Aldrich (St. Louis, USA). Titanium foil (99.5% metals basis, annealed,
thickness 0.25 mm) was obtained from Alfa Aesar (Kandel, Germany). Triple-
distilled water was used for all preparations and measurements. For experiments
involving cobalt modification by hydrothermal insertion or electrochemical
deposition, cobalt(ll) chloride (POCH Gliwice, Poland; CoCl, or CoCl,-6H,0,
analytical grade) was used as the cobalt source. Trisodium citrate (NazCgHsO-)
and methylene blue were purchased from Sigma-Aldrich (St. Louis, USA), while
sodium hydroxide (NaOH), ethylene glycol and orthophosphoric acid were from
POCH Gliwice (Gliwice, Poland). Distilled water with an electrical conductivity of
0.1 puS/cm was used for these cobalt-deposition studies unless otherwise
indicated. For carbon nitride modification, melamine (Thermo Scientific
Chemicals, 99% purity) served as the precursor. Nafion - perfluorinated resin
solution (5 wt% in lower alcohols/water) was purchased from Sigma-Aldrich.
Sodium sulphate (Na,S0O,), sulphuric acid (H,SO,, 95%) and orthophosphoric
acid (H;PO,, 85%) were analytical grade, and ethylene glycol was sourced from

Chempur (Piekary Slgskie, Poland).

II.2 Techiques of characterisations

All electrode morphologies and synthesised materials were characterised using
a field-emission scanning electron microscope (JSM-7800F, JEOL, Tokyo,
Japan). Microscopic studies were carried out at an accelerating voltage of 5 kV.
The images revealed changes in nanotube dimensions and ordering. They also
showed the size and spatial distribution of cocatalyst deposits. Elemental
composition and/or mapping were obtained with an energy-dispersive X-ray
detector (Octane Elite, EDAX, Mahwah, NJ, USA). X-ray diffraction patterns were
collected using Rigaku MiniFlex 600 (Rigaku, Tokyo, Japan) or X’Pert PRO-MPD
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(Philips, Amsterdam, The Netherlands) diffractometers with Cu Ka radiation (A =
1.5406 A). Diffractograms were used to confirm the anatase structure and detect
changes in the modified materials. Raman spectra were recorded using an InVia
Raman microscope (Renishaw, Wotton-under-Edge, UK) with 514 nm argon-ion
excitation. Spectra confirmed the crystal structures of the materials. Shifts and
broadening of the spectra of modified materials were used to investigate
structural changes or to verify the deposited compounds on TiO2. X-ray
photoelectron spectroscopy employed monochromatic Al Ka radiation on PHI
VersaProbe Il (ULVAC-PHI, Chanhassen, MN, USA) or Escalab 250Xi (Thermo
Fisher Scientific, Waltham, MA, USA). Binding energies were calibrated to
adventitious carbon C 1s at 285.0 eV. Survey and high-resolution spectra were
collected with appropriate pass energies. High-resolution Ti 2p, O 1s, C 1s, and
Co 2p or impurity (phosphorus, sulphur, etc.) envelopes were deconvoluted using
mixed Gaussian—Lorentzian line shapes (Avantage/MultiPak) to quantify
oxidation states and surface composition. ATR-FTIR spectra were obtained on a
Nicolet iS10 spectrometer (Thermo Fisher Scientific, Waltham, MA, USA). Thirty-
two scans at 4/cm resolution were averaged to improve the signal-to-noise ratio.
Characteristic bands of carbon nitride and cobalt species were assigned to verify
the XPS findings.

Diffuse reflectance spectra were recorded using an Evolution 220 (Thermo Fisher
Scientific) or a Lambda 35 (PerkinElmer, Waltham, MA, USA) spectrophotometer
with dual Si photodiode detectors. Using BaSO, as a blank, spectra were
measured over 200-800 nm. Subsequently, optical bandgaps were estimated
from Kubelka—Munk-transformed data using Tauc plots (indirect allowed). The
interference (electronic transitions) in the visible range for TiO, nanotubes was

further discussed using absorbance spectra.

Cyclic voltammetry, linear sweep voltammetry, and chronoamperometry were
performed using a PGSTAT 30 (Eco Chemie/Metrohm Autolab, Utrecht,
Netherlands). Figure 11A shows the potentiostat-galvanostat. Experiments used
a three-electrode cell with TiO, nanotube working electrodes, a platinum mesh
counter electrode, and an Ag/AgCIl/3 M KCI reference. Electrolytes were 0.2 M
Na,SO, for TiO,-NTs/CxNy, and 0.1 or 0.2 M K,SO, for unmodified and cobalt-

modified TiO, nanotubes. All electrolytes were purged with argon for 30 minutes.
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A Julabo F-12 thermostat maintained the temperature. For PEC measurements,
a 150 W xenon lamp (Osram XBO 150, Quantum Design, Darmstadt, Germany)
with an AM 1.5 filter and a quartz window provided illumination. The lamp’s
shutter operated in 5-second cycles. Figure 11B shows a schematic of the

electrochemical/photoelectrochemical cell.

Rrpom inket
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Figure 11. (A) The image of potentiostat-galvanostat PGSTAT 30, (B) photoelectrochemical cell

Electrochemical impedance spectroscopy was acquired on an Autolab PGStat10
with an FRA module from Eco Chemie B.V. Measurements were provided in the
range of 20 kHz-0.1 Hz with an amplitude of 10 mV point—to—point in the AC
signal. Capacitances were obtained from measured 1000 Hz point or obtained
from equivalent-circuit fits (Brug approach). These values were needed to

estimate flat-band potentials from Mott—Schottky plots.

Photocatalytic methylene-blue decolourisation was measured in a black glass
reactor stirred at 150 rpm under the same xenon lamp. Each experiment used 10
MM MB in a 50 ml flask, followed by 20 min of ‘dark’ adsorption and 2 h of
illumination. Photodegradation was examined by analysing UV-Vis spectra
(UV5100, METASH, Shanghai, China), with parallel blank controls. For UV-Vis
tests, 0.75 mL of solution was withdrawn every 20 min.
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Chapter Il

Hydrothermal modification of TiO>
nanotubes in water and alkali metal
electrolytes (LINO3, NaNO3s, KNO3) —
Direct evidence for photocatalytic
activity enhancement
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l11.1 Methods in Brief and Key Results

This paper examines how hydrothermal annealing of calcined titanium dioxide
nanotubes in water or aqueous solutions of alkali metal nitrates (Li, Na, K) can
provide reproducible improvements in photocatalytic and photoelectrochemical
performance. Attention was focused on the correlation of morphology, surface
chemistry (hydroxyl, phosphate, and carbon-containing groups), and light
absorption with OER activity. This assumption was confirmed: the introduction of
Li*, Na*, or K* did not result in a photoactivity increase comparable to that
observed when water was used as the processing medium. After HA modification,
the samples showed reduced surface concentrations of fluorine, phosphorus, and
carbon compounds. The duration of hydrothermal annealing strongly influenced
the nanotube architecture, removing agglomerates and changing the nanotube
inclination, wall thickness, and spacing between adjacent tubes due to HA time
(SEM images in the publication clearly demonstrate this). The idea is presented

in Figure 12.
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Figure 12. Graphical abstract.

Interestingly, these changes correlated with color-interference effects, as
evidenced by shifts in the absorption maximum in the UV-visible spectra. Among
the tested conditions, hydrothermal treatment in water produced the most
photoactive and photoelectroactive material, resulting in only minor changes in
the bandgap and flat-band potential. In contrast, electrodes treated with alkali
metal electrolytes exhibited a reduced bandgap (down to 2.72 eV) and an anodic
shift in the flat-band potential (up to 0.25 V). The HA TiO2-NTs electrode, modified
in H20 for 24 hours at 100°C, achieved almost twice the photocurrent efficiency

(from 20.7 pA/cm? to 39.5 pA/cm?). This minor treatment effectively enhanced
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both photoelectrocatalysis and photocatalysis (as evidenced by higher absorption
in methylene blue decolorization), achieving a higher absorption than in samples
modified with electrolytes. Prolonged hydrothermal exposure in both water and
electrolyte also reduced the initial potentials required for the oxygen evolution
reaction. Overall, these results demonstrate that hydrothermal treatment is an
effective method for improving the photocatalytic properties of TiO, nanotubes,
while indicating that the inclusion of alkali metals is detrimental to maintaining

high photocatalytic performance.
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