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The possibility of using materials based on electrochemically reduced mesoporous titanium
dioxide, including those micro-modified with platinum, as anodes in processes where
oxygen evolution is the primary reaction was studied. The materials were obtained by
anodizing metallic titanium for 3—4 hours. The resulting material was an n-type
semiconductor. Then mesoporous TiO, was electrochemically reduced under cathodic
polarization at a current density of 5 mA/cm?. According to the data obtained, an increase
in the reduction time of titanium dioxide leads to an increase in the number of charge
carriers in the semiconductor and in the flat-band potential. It was shown that the
Tafel slope decreases as the reduction time increases up to 60 minutes, from 221 to
121 mV/dec. The higher experimental values observed initially indicate the influence of
the semiconductor component and polarization curve distortion. Micro-modification of
the reduced oxide with metallic platinum leads to the stabilization of properties over
time during prolonged anodic polarization.

Keywords: mesoporous TiO,, electrochemical reduction, semiconductor properties, oxygen

evolution, anodic polarization.

DOI: 10.32434/0321-4095-2026-167-4-52-57

Introduction

Materials based on titanium oxides are widely
used in the manufacture of anodes for applied
electrochemistry [1—4]. For instance, Dimensionally
Stable Anodes (DSA) contain up to 70% TiO,. Due
to the high content of platinum group metals or their
oxides (up to 30%), such materials exhibit high
electrocatalytic activity and selectivity toward oxygen
and chlorine evolution reactions, high electrical
conductivity, and a significant operational lifetime.

However, these electrodes possess several serious
drawbacks. Specifically, the sol-gel technology used
for their fabrication is complex, labor-intensive, and
fails to produce materials with standardized properties;

furthermore, the cost remains high due to the precious
metal content [5]. Additionally, these electrodes are
unsuitable for use in complex electrolytes where
oxidation of solution components is undesirable, such
as in electroplating.

As previously shown, anodes based on titanium
suboxides, characterized by low oxidation rates of
electrolyte components, could serve as an alternative
[6]. However, such anodes exhibit poor mechanical
properties and are prone to passivation during long-
term operation. To prevent this, it has been proposed
to apply a thin, non-continuous layer of platinum
followed by heat treatment to disperse the metal both
on the surface and within the titanium oxide bulk.
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While this resolves the passivation issue and reduces
platinum content to 2 mg/cm?, it does not address
the mechanical strength or shape limitations of these
electrodes [6].

Consequently, reduced titanium oxides obtained
by electrochemical methods represent a viable
alternative [7,8]. This method offers numerous
advantages over chemical or sol-gel technologies,
allowing flexible control over the synthesis process
using inexpensive equipment and low energy
consumption.

This study investigates the feasibility of using
reduced and platinum micro doped titanium oxides
as anodes in processes where oxygen evolution is the
primary reaction. Such materials can function as
independent anodes or as substrates for DSAs,
eliminating the need for a transition layer to prevent
titanium passivation in case of active layer cracking
or pore formation. For example, using platinized porous
titanium as a substrate for modified lead dioxide anodes
enables high current yields of ozone [9]. The main
differences from already known systems are one-step
anodization process, optimized electrochemical
reduction procedure and low content of platinum.

Experimental

The method for obtaining the materials includes
several stages of preliminary preparation of the titanium
substrate (grade VT1-0 titanium). The first stage is
the anodization of Ti foil in ethylene glycol with the
addition of 0.3 wt.% ammonium fluoride and 2 vol.%
water for a certain period of time at a voltage of 40 V.
Electrochemical reduction was carried out in 1 M
HCIO, at a current density of 5 mA/cm? for various
durations. After this, if necessary, a platinum layer
was deposited from a nitrite-based plating electrolyte
[7]. The amount of platinum was controlled
gravimetrically. The electrode area was 1 cm?. Reagents
of «chemically pure» (c.p.) and «pure for analysis»
(p.a.) grades, as well as bidistilled water, were used for
the work.

Quasi steady-state voltammetry and cyclic
voltammetry were applied to study the electrochemical
properties of the obtained materials using a
VERSASTAT 3A-500 potentiostat/galvanostat. All
potentials are reported vs to the silver/silver chloride
(Ag/AgCl) reference electrode.

Results and discussion

The starting point for developing new anodic
materials was the standard procedure for obtaining
TiO, nanotubes on a titanium substrate [10]. The
advantage of this method is the presence of the
titanium substrate itself, which serves as a current
collector in DSA systems. Typically, TiO, nanotubes
are produced in two stages: anodization in a fluoride
electrolyte followed by a phosphate solution. To

simplify the method, we omitted the second stage, as
it leads to the formation of more stoichiometric
titanium dioxide, which is inconsistent with the
objectives of this work. Anodizing the titanium plate
for 3—4 hours results in a mesoporous TiO, layer.

Most titanium oxides are n-type semiconductors.
It should be noted that requirements for titanium
oxide-based photocatalysts and electrocatalysts differ
significantly. For the former, more stoichiometric
TiO, in the anatase form with a low carrier
concentration and flat band potential is required
[11,12]. Such materials cannot be successfully applied
as electrocatalysts for anodic oxygen transfer reactions
(for instance, oxygen evolution) due to significant
electron depletion in the space charge region during
anodic polarization.

Therefore, the semiconductor properties of the
obtained titanium oxides were studied using impedance
spectroscopy. If the surface region of a semiconductor
electrode is depleted of majority charge carriers within
the studied potential range, the experimental
capacitance data should be linear in C2 vs. E
coordinates according to the Mott—Schottky equation:

2 (5-5,-4)
eeg N e )’
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where C is the capacitance of the electrode; e is the
charge of the electron; N is the concentration of
charge carriers; E—E,, is the potential of the flat zone;
k is the Boltzmann constant; T is the absolute
temperature; ¢ is the dielectric constant; and g, is the
electrical constant.

Since in most cases titanium oxides are highly
doped semiconductors (N>10'® cm™3), therefore, in
the Mott—Schottky equation, it is necessary to take
into account the capacitance of the Helmholtz layer

Cy [6]:
2 (55, -4)
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The coefficients in Equations (1) and (2) are
the same, but in contrast to the value of the flat bond
potential E;, obtained from equation (1):

kT
Efb:Esz:o__9 (3)
€
in the second case, we have:
_ eeg )N kT
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For the calculations, a 1 M HCIO, solution was
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used to eliminate adsorption effects. At a frequency of
1000 Hz, the C2 vs. E dependence for the material
anodized in fluoride electrolyte for 3 hours is linear
over a wide potential range (Fig. 1). Carrier
concentrations were determined from the slope, and
flat band potentials were derived using Equation (4).
The results (Table 1) indicate that a 3-hour
anodization forms an oxide layer that behaves as a
heavily doped n-type semiconductor. The high carrier
concentration is likely due to the small thickness and
non-stoichiometry of the oxide film. Consequently,
the surface does not undergo significant electron
depletion, and the metallic titanium acts as an electron
donor. Increasing the anodization time to 4 hours
leads to a slight increase in both carrier density and
flat band potential. Beyond 4 hours, the surface
morphology and semiconductor properties stabilize,
making further increases in duration unnecessary.
However, the carrier density and flat band
potential of these materials remain relatively low for
creating an effective anode. Electrochemical reduction
of anodically formed TiO, was performed in 1 M
HCIO, at a current density of 5 mA/cm? for varying
durations. As shown in Table 1, the carrier density

1.0 1=2 1 i.4
E (Ag/AgCl), V

Fig. 1. Mott—Schottky dependence for a titanium plate
anodized in a fluoride electrolyte for 3 hours at 40 V.
Frequency 1000 Hz. 1 M HCIO, solution

and flat band potential increase significantly during
the first hour of reduction and then remain nearly
constant.

The materials obtained after one hour of
reduction are slightly inferior to titanium suboxides
of the General Formula Ti,O,,_, (n=4—10) in terms
of semiconductor characteristics but significantly exceed
the purely anodic materials. For example, for Ebonex,
the flat band potential and carrier density are 0.42 V
and 8-10%, respectively [6]. Thus, under the condition
of electrochemical reduction, it is hardly possible to
completely transform the anode titanium dioxide into
Ebonex, the main phase of which is suboxides of the
total composition of TiO,,. However, due to
electrochemical reduction, oxides with a sufficiently
large non-stichometry for oxygen are formed.

The electrocatalytic activity was studied in the
oxygen evolution reaction (OER). The quasi steady-
state polarization curves presented in semi-logarithmic
coordinates for electrodes in 1 M HCIO, (at a potential
scan rate of 5 mV/s) are shown in Fig. 2.
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Fig. 2. Quasi steady-state polarization curves in 1 M HCIO,
electrodes obtained under different conditions:
1) anodization (4 h); 2) anodization (4 h) — electrochemical
reduction (60 min); 3) anodization (4 h) — electrochemical
reduction (60 min) + 0.25 mg/cm? Pt

Table 1
Semiconductor properties
No. Synthesis conditions N, cm* Erg. V
1 Anodizing (3 h) 8.49-10%° 0.12
2 Anodizing (4 h) 9.50-10%° 0.14
3 Anodizing (4 h), electrochemical recovery (10 min) 3.40-10% 0.30
4 Anodizing (4 h), electrochemical recovery (30 min) 1.20-10% 0.37
5 Anodizing (4 h), electrochemical recovery (60 min) 2.10-10% 0.38
6 Anodizing (4 h), electrochemical recovery (120 min) 2.80-10% 0.38
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As it can be seen from the polarization curves
(Fig. 2), the overpotential decreases with an increase
in reduction time and does not change after 1 hour.

The overpotential of OER depends on the
conditions for the electrochemical synthesis of oxide
materials. In all cases, the dependences of E on log j
are linear, which made it possible to calculate the
Tafel parameters for the OER on titanium oxides
(Table 2).

According to Table 2, the Tafel slope decreases
with an increase in reduction time to 60 minutes,
and then almost does not change. As is known [6],
on titanium oxide electrodes in acidic solutions, the
rate-determining step is the transfer of the first electron
(electrochemical adsorption) with the theoretical Tafel
slope of 118 mV/dec. However, in most cases (Table
1), higher values are observed, which indicates the
contribution of the semiconductor component and
the distortion of polarization curves. Increasing
electrochemical reduction times gradually offset this
effect by increasing the number of carriers and the
flat bond potential.

It should be noted that long-term anodic
polarization of titanium oxide electrodes leads to their
gradual passivation. In this case, there is an increase
in the overpotential of OER and an increase in
the Tafel slope to values close to electrodes without
reduction. To avoid the negative effects of prolonged
anodic polarization, titanium oxide electrodes
were modified with low content of platinum
(0.25 mg/cm? Pt).

It was shown that platinum cannot be
electrodeposited on TiO, surface after anodization which
due to its low electrical conductivity. However, platinum
can be electrodeposited onto the reduced oxide surface
with a current efficiency of 28%. Platinum coating
(0.25 mg/cm? Pt) is not continuous and has a small
island character. In fact, a small amount of platinum
on the surface of titanium oxides acts as an electron
donor.

Cyclic voltammograms recorded for the electrode
obtained under the mode: anodization (4 hours) —
electrochemical reduction (1 hour) — electrodeposition

of 0.25 mg/cm? of Pt. It is important to note that its
electrochemical behavior does not differ in appearance
from the curve for metallic platinum. An increase in
the range of cycling potentials in the anodic direction
leads to the formation of phase platinum oxides
(mainly PtO for the given anode potentials). As a
result, an increase in the reduction peak current is
observed, and the peak potential is shifted to lower
potential values (Fig. 3).

As can be seen from the polarization curves
(Fig. 2, Table 2), the Tafel slope completely coincides
with the theoretical value. According to the electrode
impedance data, such an electrode completely loses
its semiconductor properties. The main advantage of
this system is the stability of electrochemical properties
over time. Such an anode is not passivated during
long-term anodic polarization. Thus, in order to
preserve the properties of the reduced titanium oxide
electrodes, it is recommended of its micro modification
with platinum, which acts as an electron donor.
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Fig. 3. Cyclic voltammograms obtained on an electrode
(4 hours of anodizing and 60 minutes of recovery) containing
0.25 mg/cm? of platinum, with different cycling ranges:

1) —0.2..+1.2 V; 2) =0.2..+1.3 V; 3) —=0.2..+1.4 V,

4) —0.2...+1.5; 5) —0.2...+1.6 V. Solution — 1 M HCIO,.
The potential sweep rate is 50 mV/s

Table 2
Tafel slope (b) for the oxygen release reaction in 1 M HCIO,
No. Anode Synthesis Conditions b, mV/dec
1 Anodizing (4 h) 221
2 Anodizing (4 h), electrochemical recovery (10 min) 185
3 Anodizing (4 h), electrochemical recovery (30 min) 124
4 Anodizing (4 h), electrochemical recovery (60 min) 121
5 Anodizing (4 h), electrochemical recovery (120 min) 120
6 Anodizing (4 h), electrochemical recovery (60 min), 0.25 mg/cm” Pt 118
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Conclusions

The method of electrochemical synthesis of an
electrocatalyst based on titanium oxides is based on a
combination of anodization and electrochemical
reduction. The test material is an n-type semiconductor.
An increase in the time of anodization and oxide
electrochemical reduction for 1 hour leads to the
formation of a material characterized by a high number
of charge carriers and the value of the flat bond
potential. The value of the Tafel slope for the oxygen
evolution reaction is determined by the semiconductor
characteristics, which in turn depend on the
stoichiometry of the synthesized oxide. The
combination of anodization and electrochemical
reduction makes it possible to create a material with
high electrical conductivity, which provides electrolytic
deposition of platinum and significantly increases the
stability of anodes over time under anodic polarization
conditions. The main differences from already known
systems are one-step anodization process, optimized
electrochemical reduction procedure and low content
of platinum.
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BUAUIEHHA KHCHIO HA BIZIHOBJIEHHOMY
ME3OITIOPYBATOMY OKCUII TUTAHY

B. Knuw, T. Jlyk’anenko, O. Illmuuxosa, /[. Kosmynos,
C. Yepnux, O. Beaiuenxo

Byj0 oLiHEHO MOXJIMBICTH BUKOPUCTAHHSI MaTepiajiB
Ha OCHOBI €JeKTPOXiMiYHO BiZIHOBJIEHOIO MeE30TOpYyBATOrO Ii-
OKCUJy TUTaHY, BKJIIOYAIOUM Ti, 10 MikpoMoaudikoBaHi Ija-
TUHOIO, K aHOJIB Yy IpoLecax, /1&é OCHOBHOIO PEaKIli€lo € BU-
NiIeHHsT KUCHI0. Marepianu Oy ofepxXaHi LUISIXOM aHO.Iy-
BaHHSI METAJEeBOrO TUTAHY MPOTAroM 3—4 roauH. Y pesysbraTi
OyB OTpMMaHMil HamiBNpoBiAHUK n-tumny. [loriMm Me3omnopy-
BaTuil TiO, enexTpoxiMiuHO BiZHOBJIIOBABCS Mill KAaTOIHOIO
MOJISIPU3ALI€I0 TPU TYCTHHI CTpyMy 5 MA/cM? 3rigHoO 3 OTpH-
MaHUMM JaHUMHU, 301TbLICHHS 4Yacy BiZHOBJIEHHS MiOKCUAY
TUTaHY TIPU3BOAMTD /10 301UIbILIEHHS KiJbKOCTI HOCIiB 3apsiay B
HAMIBIPOBIIHUKY Ta TMOTEHLialy rjackux 30H. Bysno mokasza-
HO, 110 Haxui Tadens 3MEeHIIYETbCSl MPU 30UIbLIEHHI Yacy
BimHOBeHHs 10 60 xBuimH 3 221 go 121 mB/nek. Excrniepu-
MEHTaJbHI 3HAYEeHHSI, CIOCTEPEXeHi CrovyaTKy, CBiayaTh IMpo
BIUIMB HaIliBIIPOBIAHMKOBOT KOMITOHEHTH Ta CIIOTBOPEHHS KPH -
BOI mousipusauii. Mikpomoaudikailiss BiTHOBJIEHOTO OKCHIY
METaJIeBOIO TUIATUHOIO MPU3BOIUTH 10 CTabili3allii BIacTUBO-
CTeil 3 yacoM TIiJl Yac TPMBAJIOi aHOAHOI TMOJIsIpU3allii.

KmouoBi caoa: mesonopyBatuii TiO,, eiaekTpoximiuHe
BilHOBJIEHHSI, BJACTMBOCTI HAIiBIPOBIAHUKIB, BUIiJEHHS
KMCHIO, aHOIHA TOJIsIpU3allis.
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The possibility of using materials based on electrochemically
reduced mesoporous titanium dioxide, including those micro-
modified with platinum, as anodes in processes where oxygen
evolution is the primary reaction was studied. The materials were
obtained by anodizing metallic titanium for 3—4 hours. The
resulting material was an n-type semiconductor. Then mesoporous
TiO, was electrochemically reduced under cathodic polarization
at a current density of 5 mA/cm?. According to the data obtained,
an increase in the reduction time of titanium dioxide leads to an
increase in the number of charge carriers in the semiconductor
and in the flat-band potential. It was shown that the Tafel slope
decreases as the reduction time increases up to 60 minutes, from
221 to 121 mV/dec. The higher experimental values observed
initially indicate the influence of the semiconductor component
and polarization curve distortion. Micro-modification of the
reduced oxide with metallic platinum leads to the stabilization of
properties over time during prolonged anodic polarization.
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