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This work reports the optimal conditions for the synthesis of a matrix for the creation of

photo- and electrocatalysts. Specifically, it is shown that TiO2 nanotube arrays has a high

specific surface area and improved catalytic properties, but has low conductivity and weak

structural strength, that requires further optimization. The original TiO2 nanotubes were

prepared by anodizing of Ti foil in ethylene glycol with 0.3 wt.% ammonium fluoride and

2 vol.% water at a constant potential, followed by another anodizing in ethylene glycol

with 5 wt.% H3PO4. The reduction was conducted in 1 M HClO4. Some samples were

thermally treated in the air using tube furnace. The study demonstrates how the synthesis

conditions of the coating affect the morphology and stoichiometry of the resulting oxide

coating. For the obtained materials, the Tafel slope in the oxygen evolution reaction is

determined by the semiconductor characteristics of the coating, which, in turn, depend on

the stoichiometry of the synthesized oxide. The higher the stoichiometry in the oxygen

sublattice, the fewer the charge carriers and the greater the contribution of the semiconductor

component to the Tafel slope. As for hydrogen evolution, the layers obtained after heat

treatment show a lower Tafel slope (175 mV dec–1).
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Introduction
The development of methods for

electrochemical formation of catalytically active
systems is one of the important tasks of modern
electrochemistry, as existing methods for obtaining
catalysts are labor-intensive and technologically
complex [1]. Applying a catalytic coating to a
substrate aims to increase the strength of the catalyst,
as well as its resistance to thermal and mechanical
stress. Among the known methods for applying a
catalytically active layer, the electrochemical method
stands out, which allows forming coatings of the
required composition and thickness, ensuring high
adhesion and significantly reducing the
manufacturing time of the catalyst by excluding
additional stages [2]. Issues of improving the
technology of applying catalytically active coatings
with platinum group metals, including on substrates
of non-noble metals and alloys, forming their highly
developed surface, and a rational choice of

electrolytes to control the composition of the
composite, are undoubtedly relevant, and solving
these problems is impossible without improving
existing and developing new methods for the coating
synthesis.

At the same time, considering the scarcity and
high cost of platinum group metals, great attention
is paid to reducing the content of noble metals in
catalytically active systems. The rational choice of
the catalyst composition allows the coating to provide
the necessary thermal stability, reduce the transition
resistance, and increase its corrosion resistance.
Recently, the scope of application of metallic carriers
for catalytic coatings has been expanding, which are
distinguished by high mechanical strength, plasticity,
thermal conductivity, improving thermal regulation
and preventing catalyst overheating compared to
ceramic carriers. However, the main disadvantage
of a metallic carrier is its low specific surface area,
which can be increased by anodic treatment [3].



87

Template synthesis for the creation of photo- and electrocatalysts

ISSN 0321-4095, Voprosy khimii i khimicheskoi tekhnologii, 2023, No. 3, pp. 86-93

The preliminary treatment of the substrate
surface is of significant importance in creating systems
that are operational in a wide range of conditions.
One of the most effective methods for preparing the
surface is the electrochemical method [1–3].

The electrode material plays a crucial role in
the electrochemical process for effective removal of
organic pollutants. Over the past two decades, the
metal oxide electrode (SnO2, Sb-doped SnO2, PbO2,
IrO2, etc.) with Ti as a substrate has been widely
used for wastewater treatment [4,5]. Although the
traditional SnO2 or doped SnO2 electrodes have
excellent catalytic properties and high oxygen
evolution potential [6], their low electrode stability
limit further application. Compared with the doped
SnO2 electrode, the PbO2 electrode has a longer
service life with stable electrochemical properties but
has low electrocatalytic activity [7]. Recently, a TiO2

nanotube array (NTA) has emerged, which has been
reported to improve electrode properties [8–10], as
TiO2 NTA has a highly ordered vertical array structure
with a high specific surface area. TiO2 NTA is usually
fabricated as an inner layer to enhance the stability
and catalytic properties of electrodes [11].

In this work, we selected the optimal synthesis
conditions for the template to create photo- and
electrocatalysts. The internal layer should meet
several requirements, including (i) high electrical
conductivity to enable electrochemical deposition
of the metal; and (ii) the material should possess a
high number of charge carriers, which can include
semiconductors with a high number of charge
carriers.

However, TiO2 NTA is a coating obtained by
typical anodizing method, which has some defects
such as low conductivity and weak structural strength
[11]. Here, the preparation process still requires
further improvement to optimize material stability.
In some previous studies [12], a reinforced TiO2 NTA
anode was developed by double anodization and
cathodization to remove the fluoride-rich TiO2 layer
and enhance the strength of the NTA structure and
conductivity of the inner layer.

The method proposed by the authors was used
as a basis and several additional processing stages
were added in order to obtain a template with the
desired qualities.

Materials and methods
All chemicals were analytical reagent grade.

Composites were obtained by the original method,
which includes the stages of preliminary preparation
of the titanium substrate [13], such as degreasing in
NaOH and etching in 6 M HCl. The technical
titanium grade was VT1-0. Next, the Ti substance

grew enhanced TiO2 nanotubes follows the twice
anodization and cathodization process, as proposed
in ref. [10], since the anodization technique is one
of the well-known and straightforward methods,
which provides a wide area of uniform nanotubes on
Ti foil and enables the fine-tuning of the thickness
of the film oxide layer [9], among other approaches.
According to refs. [10,11], the structure strength of
a NTA can be improved by a second anodization
using a H3PO4/EG solution to form an additional
compact layer, which can eliminate the fluoride-
rich TiO2 layer during the synthetic process. The
above strategy enhances the attachment of the NTA
to the Ti substrate. Additionally, the conductivity of
NTAs is low but can be improved by cathodization
for further combination with a coating layer [11].
Coatings were obtained on titanium foil with an area
of 1 cm2. The original TiO2 nanotubes were prepared
by anodizing Ti foil in ethylene glycol with 0.3 wt.%
ammonium fluoride and 2 vol.% water at a constant
potential for 3 h (1st anodization), followed by another
anodizing in ethylene glycol with 5 wt.% H3PO4 (2

nd

anodization). The reduction was conducted in 1 M
HClO4 during 1 h (electrochemical reduction). Some
samples were thermally treated in the air using tube
furnace at 5000C for 3 hrs (thermal treatment).

Surface morphology was studied by scanning
electron microscopy (SEM) with Tescan Vega 3
LMU with energy-dispersive X-ray microanalyzer
Oxford Instruments Aztec ONE with X-MaxN20
detector. X-Ray powder diffraction (XRPD) data
were collected in the transmission mode on a STOE
STADI P diffractometer with CuK1-radiation,
curved Ge (1 1 1) monochromator on primary beam,
2/-scan, angular range for data collection of
20.000–110.2250 (2) with increment of 0.015, linear
position sensitive detector with step of recording of
0.4800 (2), times per step of 75–300 s; U=40 kV,
I=35 mA, and T=298 K. A calibration procedure
was performed utilizing SRM 640b (Si) and SRM
676 (Al2O3) NIST standards. Preliminary data
processing and X-ray qualitative phase analysis were
performed using STOE WinXPOW and PowderCell
program packages. Crystal structures of the phases
were refined by the Rietveld method with the program
FullProf.2k, applying a pseudo-Voigt profile function
and isotropic approximation for the atomic
displacement parameters, together with quantitative
phase analysis.

Oxygen and hydrogen evolution reactions were
investigated by steady-state polarization and by
electrode impedance method on computer controlled
GAMRY Potentiostat/Galvanostat/ZRA Reference
3000 in different electrolytes depending on the
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purposes of experiment.
Results and discussion
Study on surface morphology of the TiO2

nanotubes revealed formation of nanotubes with an
inner diameter in the range of 70–100 nm with a
wall thickness of about 15–20 nm (Fig. 1,a). The
surface morphology obtained by first anodization
process demonstrates pattern of nanocombs having
a diameter of about 130 nm. This nanocombed
pattern acted as a template for the growth of much
smaller diameter nanotubes during the second
anodization in the mixture of ethylene glycol and
phosphoric acid.

According to the EDX patterns, uniform
distributions of elements in the NTA lattice (35.3%
O and 51.5% Ti) were observed.

To confirm the existence of NTA in the hybrid
nanomaterials, XRD experiments were employed for
the structural analysis of obtained nanostructures
(Fig. 1,b). XRD results illustrate that after annealing
at 5000C for 3 h, NTA are converted to anatase
phases with a high degree of crystallinity. The
diffraction peaks at 2=25.30, 37.80, 48.00, and 55.10

are attributed to the (101), (004), (200), and (211)
anatase planes of NTA, respectively [10]. Phase
composition of this film was TiO2 anatase 57.6(9)
wt.%; and Ti 42.4(5) wt.%.

If the surface region of the semiconductor
electrode in the investigated potential range is
depleted of majority carriers, the experimental data
obtained by measuring the electrode capacitance
should be linear in coordinates C–2 vs. E and follow
the Mott-Schottky equation:
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where C is the capacitance of the electrode; e is the

electron charge; N is the carrier concentration; Efb

is the flat-band potential; k is the Boltzmann
constant; T is the absolute temperature;  is dielectric
constant and 0 is the electric constant.

As previous studies have shown [13], MnO2

and Ebonex are highly doped semiconductors
(N>1018 cm–3), so the Helmholtz layer capacitance
CH [8] needs to be taken into account in the Mott-
Schottky equation:

2 2

H fb

0

2 kT
C C E E .

e N e

   
    

  
  (2)

The slopes of equations (1) and (2) are equal,
but unlike the value of Efb obtained from (1):
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in the second case, one has
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Impedance measurements were carried out in
order to investigate the semiconducting properties
of the samples involved. Solution of 1 M HClO4 was
used for impedance measurements to eliminate effects
of adsorption. At a frequency of 1000 Hz, the C–2

vs. E dependences for investigated samples are linear
over a wide range of potentials (Fig. 2). Carrier
concentrations were found from the slopes of the
lines, and flat-band potentials were determined from
the segments cut off from the curves using equation
(4). The results are presented in Table 1. The slope
b in Table 1 is related to semiconductor material
parameters such as band gap and electron mobility.

The line obtained for sample 3 (Fig. 3) is
characterized by positive slope, indicating that the

                                        a                                                                                      b

Fig. 1. SEM image: planar view (a) and XPRD pattern (b) of film oxide layer obtained by two anodization and reduction steps
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studied material is an n-type semiconductor. Anodic
polarization of such electrodes will lead to carrier
depletion of the semiconductor above the flat-band
potential. This, in turn, will lead to a decrease in the
capacitance of the semiconductor component and
an increase in the slope of the polarization curve
plotted in semi-logarithmic coordinates [13].

The data presented in Figs. 2, 3 and Table 1
are in satisfactory agreement, as an increase in the
flat-band potential leads to a decrease in the total
potential and an increase in the number of carriers
leads to a decrease in the slope of the polarization
curve.

Heat treatment after the second and third stage,
or the absence of the third stage of reduction in 1 M
NaClO4, leads to a decrease in the number of charge
carriers (Table 1, Figs. 2 and 3).

Polarization curves represented in
semilogarithmic scale for electrodes in 1 M HClO4

(at a potential scan rate of 5 mV s–1) are shown in
Fig. 4. Oxygen overpotential depends on synthesis
conditions. In all cases, E vs. lg j curves are linear
and characterized by a high slope (>0.150 V dec–1).
It is well recognized that mechanism of the oxygen
evolution reaction on oxide electrodes, TiO2 in
particular, in acidic media assumes that the rate-
determining step is the first electron transfer, and

the Tafel slope is 118 mV dec–1. In this work,
however, there is a distortion of the polarization
curves, although the studies were carried out in an
acidic solution, which did not contain specifically
adsorbed ions. This denotes an increased
semiconductive component or porosity effects
(Table 2).

The slope of the resulting dependence will be
determined by the semiconductor characteristics of
the coating, which, in turn, will depend on the
stoichiometry of the obtained oxide. The higher the
stoichiometry in the oxygen sublattice, the lower
the number of carriers, the charge number, and the
contribution of the semiconductor component to the
Tafel slope will be greater.

The coating obtained as a result of two
anodizations consists mainly of unstable hydrated
oxide with a large proportion of defects, and the
contribution of the semiconductor component to the
slope will be average. Thermal treatment promotes
the conversion of part of the hydroxide into an oxide,
but on the other hand, there is an additional increase
in oxygen content (treatment in an oxygen
atmosphere), and the flat band zone increases.

The reduction of nanotubes leads to a decrease
in the number of hydrated areas and a decrease in
the flat band zone, which affects the magnitude of

Fig. 2. Mott-Schottky plots for investigated samples. Synthesis

conditions are shown in Table 1. Frequency is 1000 Hz

Table  1

Semiconductor properties of TiO2 nanotube arrays

Fig. 3. Mott-Schottky plot for electrode obtained by twice

anodization and cathodization process (sample 3). Frequency

is 1000 Hz

No. Synthesis conditions b, V N, cm–3 Efb, V 

1 1st anodization; 2nd anodization 1.311010 2.71020 –2.7 

2 1st anodization; 2nd anodization; thermal treatment 1.31010 2.71020 0.18 

3 1st anodization; 2nd anodization; electrochemical reduction 1.96109 1.81021 –0.87 

4 1st anodization; 2nd anodization; electrochemical reduction; thermal treatment 5.02109 7.031020 –0.02 
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the Tafel slope.
Introduction of lattice defects in TiO2 can

facilitate the creation of a new electronic band and
expand its light absorption into the visible range [14].
Assuming that defects can be «planted» in anodized
TiO2 by oxygen-deficient anodization of Ti in a low-
oxygen environment. The aim is to propose a new
method for producing non-stoichiometric TiO2 and
achieve a breakthrough in visible light-driven TiO2

photocatalysis.
It is generally accepted that the hydrogen

evolution reaction (HER) can occur via two possible
mechanisms in an acidic environment [8]. The
reaction starts with hydrogen electrochemical
adsorption on the catalyst surface, which is known
as the Volmer reaction (5). This involves the transfer
of one electron to form an intermediate adsorbed
hydrogen atom [8]:

H+
(aq)+e–Hads (Volmer)                       (5)

The next step involves the formation of
hydrogen molecules through two alternative routes:
the adsorbed species can react with a proton from
the electrolyte in the Heyrovsky reaction (6) or it
can combine with other adsorbed hydrogen atoms

on the catalyst surface to generate H2 via the Tafel
reaction (7):

H+
(aq)+Hads+e–H2(g) (Heyrovsky)               (6)

Hads+HadsH2(g) (Tafel)                        (7)

The actual HER mechanism for a given catalyst
can be analyzed in terms of the Tafel slope, which is
the slope of potential vs. logarithm of current density
profiles. These values can be determined by
theoretical kinetic analysis of the HER in acid media,
as follows [15]: (i) if the Heyrovsky and Tafel
reactions are much faster than the Volmer step,
theoretical calculations would predict a Tafel slope
of 0.118 V dec–1 at 250C; (ii) if the mechanism is
assumed to be formed only by the Volmer/Heyrovsky
reactions, with the Heyrovsky reaction being the rate-
determining step, the theoretical Tafel slope would
result in 0.040 V dec–1; (iii) finally, if the mechanism
is formed by the Volmer/Tafel steps, having the Tafel
reaction as the limiting step, the theoretical slope
results in 0.030 V dec–1.

Polarization curves on hydrogen evolution in
acidic medium are presented in Fig. 5. The calculated
Tafel slopes of the materials involved are summarized
in Table 3. All the layers are characterized by a high
Tafel slope. The layers obtained after heat treatment
(3 and 4) are characterized by a lower Tafel slope
(175 mV dec–1).

Under cathodic polarization of electrodes in
an acidic solution at low current densities, the proton
donor is the hydroxonium ion. The rate-determining
step of the hydrogen evolution process depends on
the treatment of the material. As the electrode
potential shifts towards the cathode and the cathodic
current density increases, diffusion limitations arise.
Then, the limiting current for hydroxonium ions is
reached, and in the vicinity of active centers where
H3O

+ ions are discharged, local alkalization of the
electrolyte occurs, creating conditions for the
formation of titanium hydroxide hydrosol, which has
the ability to firmly adsorb on various surfaces. An
increase in the fraction of the electrode surface
covered with TiO(OH)2 and an increase in the

Table  2

Electrocatalytic activity in OER

Fig. 4. Polarization curves of oxygen evolution reaction in 1 M

HClO4 represented in semilogarithmic scale. Potential scan rate

5 mV s–1. Synthesis conditions are shown in Table 1.

No. Synthesis conditions Tafel slope, mV dec–1 

1 1st anodization; 2nd anodization 151 

2 1st anodization; 2nd anodization; thermal treatment 169 

3 1st anodization; 2nd anodization; electrochemical reduction 106 

4 1st anodization; 2nd anodization; electrochemical reduction; thermal treatment 221 
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thickness of the hydrated titanium hydroxide film
over time lead to a slight decrease in the rate of
hydrogen evolution, which is observed when
registering potentiodynamic polarization curves at
negative potentials above –1000 mV. The decrease
in current is particularly noticeable at higher potential
scan rates. At the limiting current area, the rate of
the process is limited by the diffusion of H3O

+ ions
through the thin colloidal film of titanium hydroxide
and does not depend on mixing.

The studied system is non-stoichiometric. It is
not only structural ly but also chemically
heterogeneous, as there are areas on the surface
containing titanium oxide or hydroxide. Two
processes occur in the system: (i) hydrogen evolution,
and (ii) proton diffusion, which leads to the reduction
of the oxide. Although it accumulates in the bulk, it
changes the composition of the coating surface.

This means that heating the composites under
the proposed conditions leads to enhancement in
the HER kinetics as compared to the initial material.
Moreover, the deposit phase composition also
influences the HER. The increase in electrochemical
activity of titanium oxide layers may be related to
the presence of nonstoichiometric Ti oxides. Creation
of new active centers on the electrode surface
influences the activity more than the simple effect

of surface area increase.
Hydroxylated TiO2 is a low-conducting material

with a small number of active centers. The Tafel
slope increases as one can see in Table 3. When one
conducts thermal treatment, the proportion of
stoichiometric TiO2 increases, and when one reduces
the material, it partially restores the oxide, forming
hydroxylated TiO2 and possibly titanium suboxides.
In the oxygen sublattice, oxygen is replaced by OH-

ions, and the width of the bandgap decreases. One
then further stabilizes the surface, removes the non-
conducting hydroxylated portion, and the system on
the surface becomes more crystalline, making it more
conductive. One observe a decrease in hydrogen
evolution overpotential on materials that undergo
only two stages of anodic treatment, and the
reduction processes on such a material, including
metal deposition, are inhibited, while on materials
that undergo all stages of treatment, the phase is
sufficiently stable. These materials work more on
the principle of titanium suboxides like Ebonex.

If the target process when using the coating is
not hydrogen evolution, but for example, cathodic
dehydrohalogenation of organic substances, then it
is necessary for the hydrogen evolution overpotential
to be high. If the process occurs with diffusive
kinetics, then hydrogen will be released later, and

Table  3

Electrocatalytic activity in HER

a                                                                                          b

Fig. 5. Polarization curves of hydrogen evolution reaction obtained in 1 M HClO4 (a); comparison of Tafel plots for samples (b).

Potential scan rate 5 mV s–1. Synthesis conditions zre shown in Table 1

No. Synthesis conditions Tafel slope, mV dec–1 

1 1st anodization; 2nd anodization 218 

2 1st anodization; 2nd anodization; thermal treatment 294 

3 1st anodization; 2nd anodization; electrochemical reduction 173 

4 1st anodization; 2nd anodization; electrochemical reduction; thermal treatment 175 
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the target process (dehydrohalogenation) will proceed
with a higher current efficiency, and a drop in this
current efficiency will occur later.

Having in mind the above mentioned the system
involved is of interest as (i) a template for the
subsequent creation of photo- and electrocatalysts
by electrochemical deposition of metals, which will
act as electron donors; (ii) cathode material in
dehydrohalogenation reactions; and (iii) anode
material in electroplating, since when using this type
of coating the components of the electrolyte do not
oxidize, as was shown in ref. [13].

Conclusions
The investigated material, as a non-

stoichiometric semiconductor, is of certain interest
as a substrate for creating photo- and electrocatalysts.
High overvoltage of hydrogen evolution widens the
range of possibilities for using this material for the
reduction of organic compounds in aqueous solutions.
The Tafel slope in OER for obtained materials is
determined by the semiconductor characteristics of
the coating, which, in turn, depended on the
stoichiometry of the synthesized oxide. The higher
the stoichiometry in the oxygen sublattice, the lower
the number of carriers, the charge number, and higher
the contribution of the semiconductor component
to the Tafel slope. As for hydrogen evolution, the
layers obtained after heat treatment are characterized
by a lower Tafel slope (175 mV dec–1).
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ÑÈÍÒÅÇ ÌÀÒÐÈÖ² ÄËß ÑÒÂÎÐÅÍÍß ÔÎÒÎ- ÒÀ
ÅËÅÊÒÐÎÊÀÒÀË²ÇÀÒÎÐ²Â

Â. Êíèø, Î. Øìè÷êîâà, Ò. Ëóê’ÿíåíêî, Î. Âåë³÷åíêî

Â ö³é ðîáîò³ ï³ä³áðàí³ îïòèìàëüí³ óìîâè ñèíòåçó ìàò-
ðèö³ äëÿ ñòâîðåííÿ ôîòî- òà åëåêòðîêàòàë³çàòîð³â. Çîêðåìà,
ïîêàçàíî, ùî TiO2 íàíîòðóáêè ìàþòü âèñîêó ïèòîìó ïîâåð-
õíþ ³ ïîêðàùåí³ êàòàë³òè÷í³ âëàñòèâîñò³, àëå ìàþòü íèçüêó
ïðîâ³äí³ñòü ³ ñëàáêó ì³öí³ñòü êîíñòðóêö³¿, ùî ïîòðåáóº ïî-
äàëüøî¿ îïòèì³çàö³¿. Âèõ³äí³ íàíîòðóáêè TiO2 áóëè ñèíòåçî-
âàí³ øëÿõîì àíîäóâàííÿ Ti ôîëüãè â åòèëåíãë³êîë³ ç 0,3 ìàñ.%
àìîí³þ ôòîðèäó òà 2 îá.% âîäè ïðè ïîñò³éíîìó ïîòåíö³àë³ ç
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íàñòóïíèì àíîäóâàííÿì â åòèëåíãë³êîë³ ç 5 ìàñ.% H3PO4.
Â³äíîâëåííÿ ïðîâîäèëè â 1 Ì HClO4. ×àñòèíà çðàçê³â áóëà
òåðì³÷íî îáðîáëåíà íà ïîâ³òð³ â òðóá÷àñò³é ïå÷³. Ïîêàçàíî,
ÿê óìîâè ñèíòåçó ïîêðèòòÿ âïëèâàþòü íà ìîðôîëîã³þ òà ñòå-
õ³îìåòð³þ îäåðæóâàíîãî îêñèäíîãî ïîêðèòòÿ. Äëÿ îäåðæà-
íèõ ìàòåð³àë³â íàõèë Òàôåëÿ â ðåàêö³¿ âèä³ëåííÿ êèñíþ âèç-
íà÷àºòüñÿ íàï³âïðîâ³äíèêîâèìè õàðàêòåðèñòèêàìè ïîêðèò-
òÿ, ÿê³, â ñâîþ ÷åðãó, çàëåæàòü â³ä ñòåõ³îìåòð³¿ ñèíòåçîâàíî-
ãî îêñèäó. ×èì âèùà ñòåõ³îìåòð³ÿ â êèñíåâ³é ï³äðåø³òö³,
òèì ìåíøå íîñ³¿â çàðÿäó ³ òèì á³ëüøèé âíåñîê íàï³âïðîâ³ä-
íèêîâîãî êîìïîíåíòà â íàõèë Òàôåëÿ. Ùî ñòîñóºòüñÿ âèä³-
ëåííÿ âîäíþ, òî ïîêðèòòÿ, îäåðæàí³ ï³ñëÿ òåðì³÷íîãî îá-
ðîáëåííÿ, õàðàêòåðèçóþòüñÿ ìåíøèì íàõèëîì Òàôåëÿ (175 ìÂ).

Êëþ÷îâ³ ñëîâà: ìàñèâè òèòàíîêñèäíèõ íàíîòðóáîê;
âíóòð³éøí³é øàð; íàï³âïðîâ³äíèêîâ³ âëàñòèâîñò³;
åëåêòðîîñàäæåííÿ, ðåàêö³ÿ âèä³ëåííÿ êèñíþ; ðåàêö³ÿ
âèä³ëåííÿ âîäíþ.
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This work reports the optimal conditions for the synthesis
of a matrix for the creation of photo- and electrocatalysts.
Specifically, it is shown that TiO2 nanotube arrays has a high
specific surface area and improved catalytic properties, but has
low conductivity and weak structural strength, that requires further
optimization. The original TiO2 nanotubes were prepared by
anodizing of Ti foil in ethylene glycol with 0.3 wt.% ammonium
fluoride and 2 vol.% water at a constant potential, followed by
another anodizing in ethylene glycol with 5 wt.% H3PO4. The
reduction was conducted in 1 M HClO4. Some samples were
thermally treated in the air using tube furnace. The study
demonstrates how the synthesis conditions of the coating affect
the morphology and stoichiometry of the resulting oxide coating.
For the obtained materials, the Tafel slope in the oxygen evolution
reaction is determined by the semiconductor characteristics of
the coating, which, in turn, depend on the stoichiometry of the
synthesized oxide. The higher the stoichiometry in the oxygen
sublattice, the fewer the charge carriers and the greater the
contribution of the semiconductor component to the Tafel slope.
As for hydrogen evolution, the layers obtained after heat treatment
show a lower Tafel slope (175 mV dec–1).

Keywords: titanium nanotube arrays; inner layer;
semiconductor properties; electrodeposition; oxygen evolution
reaction; hydrogen evolution reaction.
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