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Abstract

The method for the combined synthesis of dimensionally stable anodes with an active TixOy/Ptlayer on the metallic
titanium substrates is proposed it is based on electrolytical deposition of the thin layer of platinum on the substrate
and the further thermal treatment in air, which allows one to control the composition and the properties of the
obtained materials. The content of the platinum decreases from the surface to the substrate with an increase in the
ratio of metallic titanium and TiOz. It has been determined that coatings with the content of the platinum of up to 8
mg per cm2 are represented by the titanium which is almost completely coated with the platinum with cracks and
cavities. Thermal treatment leads to significant changes in the surface morphology, because the Pt is distributed
over the surface and in the bulk due to diffusion and sintering, as well it leads to the increasing of the degree of
crystallinity. It has been shown that the semiconductor properties of the composite TixOy/Pt electrodes on a
titanium substrate are caused by the formation of titanium dioxide, which is an n-type semiconductor. It has been
established that with the increasing of platinum coating thickness and the temperature of treatment, the potential
of flat zones and the number of carriers also increases. Anomalously high values of the slopes of the polarization
curves are explained by the presence of a space charge zone in the semiconductor. The data obtained indicate the
possibility of using the reduction peak of oxygen-containing platinum compounds on the inversion voltammogram
as a correlation parameter for predicting the electrocatalytic activity of the thermally treated Ti/Pt electrodes in
the oxygen transfer reactions.

Keywords: platinized titanium; composites; inversion voltammetry; Mott-Schottky approach.
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AHoTarniq

3anponoHOBAaHO MeTOJ KOMOiHOBAHOro CHHTe3y MaJ/IO3HOIIYBAHUX aHOAIB i3 akTuBHUM mapoMm TixOy/Pt Ha
MeTa/IiYHUX TUTAHOBHUX KOJIEKTOpPAX CTPyMy, AAKUN MOJISATa€ B eJEeKTPOJITUYHOMY OCAaJKe€HHi TOHKOro Iapy
IVIATMHU Ha KOJIEKTOP i3 HAaCTYNHOI0 TEPMiyHOI0 OGPOGKOI0 HA MOBITPi, 110 J03BOJISI€ KOHTPOJIOBATH CKJIAJ, i
BJIACTMBOCTiI OJAep>KyBaHMX MaTepiajiB. BMicT mjlaTUHM 3MeHIIYETbCS BiJ, MOBEPXHi A0 KOJIEKTOpa CTpyMy 3i
36i/IbIIeHHAM CNiBBiAHOLIEHHA MeTa/liYHOro TuTaHy Ta TiO2. By/1o BcTaHOBJ/I€HO, 1[0 MOKPHUTTA 3i BMiCTOM IJIaTHHH
A0 8 Mr/cm? aBJis€ COG0I0 TUTAH, Mai>Ke MOBHICTIO BKPUTHH IJIATMHOIO, 3i po3jioMaMu Ta 3anaguHaMu. TepmiuHa
06po6Ka NPpUBOJMTH [0 3HAYHUX 3MiH Mopdo.iorii moBepxHi Yepe3 po3noAia Pt Ha noBepxHi Ta B 06'e€Mi BHACTiA0K
Audysii Ta cnikaHHA, a TAK0XK [0 361/1blIIeHHS CTylleHA KpUCTaidYHOCTi. By/10 noka3aHo, 10 HaniBNpPOBiAHUKOBI
BJIACTUBOCTI KOMNO3UTHHUX eJieKTpPoAiB TixOy/Pt Ha TUTaHOBOMY KOJIEKTOPi CTpyMy OGYMOBJIeHi yTBOpEHHAM
AIOKCUAY TUTaHy, KU ABJIAETbCA HaNiBNPOBIAHUKOM n-TuUmy. BcTaHOBJIEHO, 10 3i 306i/IbIIEHHAM TOBUIMHU
IJIATUHOBOI'O NOKPUTTS Ta TeMIIepaTypy 06pO6GKH NOTEeHIia I IJIACKUX 30H i K/IbKiCTh HOCIiB TaK0K 36i/1bIIYI0ThCS.
AHOMaJ/IbHO BHMCOKi 3HaYeHHS1 HaXW/iB MOJISIpU3alliiiHUX KPUBHUX MOSCHIOIOTHCA HAsIBHICTIO 30HM NMPOCTOPOBOro
3apsAAy B HamiBnpoBigHMKy. OTpuMaHi JaHi BKa3ylOTb Ha MOMJ/IMBICTD BMKOPHUCTAHHA HiKy BiAHOBJIEHHS
OKCUTeHOBMiCHMX CHOJIYK IJIATMHM Ha iHBepciiiHili BosibTaMneporpami B AKOCTi KopeJsALiiiHOro napamMerpa Ajas
NPOTrHO3yBaHHA eJIEKTPOKAaTaJiTUYHOI AKTHMBHOCTI TepMi4yHO 06po6GJieHux esiekTpoAiB Ti/Pt B peakniax i3
nepeHeceHHSM OKCUTEHY.

Knawuvosi csn0ea: niaTUHOBaHWN THUTaH; KOMIO3WILiHHI MaTepiasu; iHBepciiHa BosibTammepoMeTpisi; rpadik Motra-
[loTTKH.
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AHHOTa M

IlpeaJioxkeH MeTOJ KOMGMHUPOBAHHOr0 CHHTe3a Ma/IOM3HAIIMBAaeMbIX aHOJO0B C aKTUBHBIM cjoeM TixOy/Pt Ha
MeTa/l/In4eCKUX TUTAHOBBIX M0 AJ/10)KKAX, KOTOPBIH 3aK/11I09aeTCs B 3/IEKTPOJIMTHYECKOM 0CAXKJAEeHUH TOHKOTO C/10
IJIATMHBI HA NOAJIOKKY C NOC/IeyIolieil TepMUYeCKoi 06paGoTKOI Ha BO3AyXe, YTO N03B0JiAeT KOHTPO/JIUPOBaTh
COCTaB U CBOMCTBA N0JIy4aeMbIX MaTepHua/ioB. CojepkaHue VIATUHbI YMeHbIIAaeTCA OT NOBEPXHOCTH K NOAJIOMKKE C
yBeJIM4eHHeM COOTHOLIEeHUs MeTa/l/Indeckoro TutaHa U TiOz. Bbl/10 ycTaHOBJ/IEHO, YTO NOKPBITHA C COJepPKaHUEeM
IJIATMHBI A0 8 Mr/cM? mpejcTaB/sOT COG0H THTAH, MOYTH MOJIHOCTbIO NMOKPBITHIH IVIATUHOW, C pa3jioMaMU U
BHasuHaMu. TepMuyeckas 06pa6oTKa NPUBOAUT K 3HAYUTETbHBIM H3MEHEHHAM MOP(OJIOrUH IOBEPXHOCTH U3-3a
pacnpejeseHuss Pt mo noBepxHoCTH U B 06beMe BejaeacTBUue JUbdy3un M cieKaHHs, a TaKKe K yBeJIUYEeHUI0
CcTeneH! KPHCTA/UIMYHOCTH. BbUIO NMOKa3aHO, YTO MOJIyNPOBOJHUKOBbIE CBOHWCTBA KOMMO3UTHBIX 3JIEKTPOJOB
TixOy/Pt Ha THUTaHOBOI NOJJOXKKe O0O6YyC/J0BJeHbl 00pa3oBaHMEeM [AUOKCHMAA THUTaHa, KOTOPBI ABAsETCA
MOJIyIPOBOAHUKOM N-THIA. YCTAHOBJIEHO, YTO C yBeJIUYEHUEM TOJIIIUHBI IVIATUHOBOTO MOKPBITHS M TEMIIEPATYPHI
06paGoOTKH MOTEHIHAJ IUVIOCKUX 30H U KOJIMYECTBO HOCUTEJIEH TaKkKe yBeJUYHBAKTCSI. AHOMaJ/IbHO BBICOKHE
3HaYEeHHUS] HAK/IOHOB MNOJIIPUM3alMOHHBIX KPUBBIX OGBSICHSAITCS HAa/IMYUEM 30HbI MPOCTPAHCTBEHHOrO 3apsAjAa B
noJiynpoBoaHuke. IlojiydeHHbIe AaHHBbIE YKa3bIBAalOT HAa BO3MOXKHOCTh HCNOJIb30BaHUSI NMHKa BOCCTAaHOBJIEHUS
KHUCJIOPOACOJEePKAIMX COeJUHEHMH IUIaTUHBI HAa HMHBEPCHUOHHOH BoOJIbTaMIeporpaMMe B KadecTBe
KOPPEeJSIMOHHOTO IapaMeTpa /JJisi NPOTHO3MPOBAaHHMA 3JIEKTPOKATAJIUTHYECKOH AKTUBHOCTH TEPMUYECKU
06pa6GoTaHHBIX 3J1eKTPo0B Ti/Pt B peaknyax c nepeHOCOM KHUCJI0POJa.

Karouesvle cn108a: TIaTUHUPOBAHHBIM TUTAH; KOMIO3UIIMOHHbIE MaTepHaJIbl; UYHBEPCHOHHAS BOJIbaMIIEPOMETPUS; padpuk

MoTTa-IlloTTKH.

Introduction

Composite materials based on titanium oxides
and the metals of the platinum group are widely
used as catalysts [1;2], photo [3;4] and
electrocatalysts [5;6], as well as in
electrochemical processes for the synthesis of
strong oxidizing agents [7], in the destruction of
organic and inorganic substances in wastewater
[8-10], as the active layer of dimensionally stable
anodes for electroplating and in hydrometallurgy
[11]. There are various methods of the obtaining
of the materials of this type, for example, the sol-
gel technology, plasma-chemical precipitation,
chemical precipitation from the solutions in the
presence of reducing agents, etc. [12-14].
Materials that include titanium oxides may be of
considerable interest to this area. As it is known,
the main difficulty arising during the operation of
anodes of this type is their high tendency to
passivation [15]. This problem can be solved by
modifying the surface of the electrodes with a
small amount of platinum [16]. Despite the variety
of methods for producing such materials,
combined electrochemical methods should be
distinguished as the most promising ones, which,
thanks to the ease of implementation and the
possibilities for smoothly changing of the
technological parameters of the processes, make it

possible to control the composition and the
properties of composites over a wide range.

In this regard, there is a need to develop the
new anode materials for such processes. The most
promising are the materials containing as an
active layer TiO,-Pt composite with a low content
of the latter. However, the issue of the directional
synthesis of materials of this type remains unclear,
because the effect of the preparation conditions on
the composition, physicochemical and
electrochemical properties and the selectivity of
the target process is not sufficiently studied for the
resulting composites.

Experiment and Methods

All chemicals were reagent grade. Platinized
titanium electrodes were obtained by the original
method, which includes the stages of preliminary
preparation of the titanium substrate [17; 18] and
the further electroplating of the platinum coating.

Next, a thin layer of platinum was
electrodeposited (the content of the platinum in
the active layer was 8 mg per cm?2) from the
alkaline electrolyte, wich contained K;PtClg;
NaNO; and NH;3 solution [16], with cathode
current densities equal to 20 or 30 mA cm-2 and
temperature 343 K. Then the resulting electrodes
were being chemically oxidized in a mixture (1:1)
of concentrated H»,SO, and H;0; and thermally
treated in the air in a tube furnace at temperatures
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of 503, 583 or 683 K for an hour. The choice of this
temperature range was caused by the allowance to
accurately compare the properties of the coatings.
The mechanisms of growth and migration of
platinum on the surface at these temperatures are
similar, but at temperatures above 723 K the
mechanism of interaction of platinum with TiO,
changes. As the treatment of the electrodes is
carried out in the air atmosphere, a new substance
and a new phase may appear (which is titanium
nitride) even at higher temperatures. Also, in the
selected temperature range, thermal diffusion of
the platinum over the surface occurs, while the
treatment at higher temperatures (683 K) leads to
the encapsulation of platinum with titanium oxide.

Electrochemical processes were investigated
on a Pt rotating disk electrode (Pt-RDE, 0.19 cm?)
by the cyclic and the steady-state voltammetry,
voltammetry with the linear potential sweep, the
inversion voltammetry (IVA) and the electrode
impedance. Before each experiment, the electrode
surface was treated with a freshly prepared
mixture (1:1) of concentrated H.SO4 and H,0; [17;
18]. This preliminary treatment technique allows
to stabilize the electrode surface, which is oxidized
to a certain state (defined phase and chemical
composition of the surface oxides), under the
action of strong oxidizing medium. It determines
the favourable reproducibility of taking of the
cyclic voltammograms in the background
electrolyte. The measurements were carried out in
a temperature controlled three-electrode cell with
a Pt electrode as a counter electrode.
Investigations were carried out on three different
potentiostats in order to validate devices. They are

i) PI-50-1.1 pulse potentiostat, a PR-8
programmer, and an H-307/1 two-coordinate
potentiometer;

ii) GAMRY Potentiostat / Galvanostat / ZRA
Reference 3000 potentiometer; and

iii) MTech PGP-550M potentiostat-galvanostat,
which allows one to measure cyclic
voltammograms in the range of potentials of the
working electrode within + 3 V with a scan velocity
from 0.02 to 500 mV/s [19]. The permissible error
given in measuring the potential and current does
not exceed 0.15%. To communicate with a
personal computer, the device is equipped with a
high-speed USB interface and the user-friendly
software. It should be noted that all obtained data
were identical. Temperature was maintained of
298+ 1 K. All potentials were recorded and
reported vs. Ag / AgCl / KCI (sat).

Platinum oxides, which are formed in the
region of the potentials of oxygen evolution, were
investigated by the IVA method. At the first stage,

the electrode was polarized atj.= 100 mA cm-2 for
120 s, and then a cathode voltammogram was
obtained at a potential scan rate of 100 mV s-1.

The semiconductor properties of the electrodes
were investigated by the electrode impedance
method at 20 Hz frequency.

The surface morphology of Ti/Pt based
coatings was investigated by the scanning electron
microscopy (SEM) using a SEM-106I scanning
electron microscope. Images were taken in the
mode of the operation in secondary electrons with
a gun current of 120 mA. The limiting residual
pressure in the microscope column did not exceed
6.7x10-4 Pa.

Results and Discussion

The electrodes based on Ti/Pt can be obtained
both by the electrodeposition of the metal and by
the pyrolytic reduction of platinum from its salts.
In the latter case, due to the interaction with the
oxygen of the air, the surface of platinum is
oxidized and forms the composites containing
platinum and titanium oxides in the surface layer
[20]. In this paper, a combined method for
synthesizing of platinized titanium was used,
according to which at the first stage a thin
discontinuous coating of platinum (8 mg per cm-2)
was galvanically deposited onto the titanium
surface and then the electrode was thermally
treated at various temperatures. This method
allows one to expand the possibilities of obtaining
composite materials, which differ significantly
from traditional Ti/Pt anodes both in the
composition of the surface layer and in the
electrocatalytic activity. We investigated the
electrochemical and physico-chemical properties
of such electrodes.

Fig. 1 shows the CVA of the platinum electrode
in 1 M HCIO4. On the anode branch of CVA, a
weakly marked peak of the desorption of the
hydrogen is observed. The current plateau (1.0-
1.3 V) corresponds to the formation of the
platinum phase oxides and the exponential
increase in the current is caused by the evolution
of the oxygen at E = 1.3 V. Cathodic branch of the
curve is characterized by the presence of a
reduction peak of oxygen-containing platinum
compounds of different nature. With a gradual
increase in the range of cycling potentials,
platinum is increasingly oxidized, forming both
phase oxides and strongly bounded chemisorbed
oxygen; as a result the peak current increases and
the peak potential shifts to the lower values (Fig.
2). As the cycling potential increases to 1.8 V, a
second reduction peak appears on the cathodic
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branch of CV, indicating the presence of another form of chemisorbed oxygen or phase oxide, which

differs in energy characteristics [21].

0.002

0.001

0.000

ja/A cm2

-0.001 4

-0.002 . , r - T 1
0.0 05 1.0 15

E vs. Ag/AgCl/ V

Fig. 1. Cyclic voltammogram of Pt in 1IMHCl04 v=100
mV/s

CV obtained for platinized titanium electrodes
with the content of the platinum of 8 mg per cm-2
(which is about 1 micron) resembles the curve
obtained for the platinum and is characterized by
the presence of the same characteristic regions
(Fig. 3a-d). One can note higher currents that are
implemented on platinized titanium compared to
the platinum (Fig. 3a), which is most likely due to
the developed surface of the Ti/Pt electrode. At the

jo5)

0.02

0.00

ja/ A cm2

-0.02

T v T T T
0.0 0.5 1.0 15

Evs. Ag/AgCl/ V

0.000

-0.002 4
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-0.004 ~

0.0 I 04 0.8
Evs. Ag/AgCl/ V

Fig. 2. Cyclic voltammograms of Pt in 1MHCIO4 with
a different range of potentials sweep:
1--02-12;2--02-14;3--0.2-1.6;4--0.2 -
1.8V.v=100 mV/s

same time, the overvoltage of the oxygen evolution
reaction remains unchanged, although the current
has increased by almost an order of magnitude,
which confirms our assumption about the nature
of the observed changes. Most likely, matching of
the currents to the values of true surfaces of the
electrodes will lead to the coincidence of the
polarization curves.
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Fig. 3. Cyclic voltammogram in 1MHCIO4 of Ti/Pt (8 mg cm-2) termally treated at 298 (a), 503 (b), 583 (c) and 683
K (d).v=100 mV/s

Such a distinction in the electrochemical
activity of Ti/Pt electrodes treated at various
temperatures is possible because of the
differences in the surface morphology and its
chemical composition. Unfortunately, generally
when it comes to electrocatalytic processes, these
two groups of factors are almost impossible to
separate, because changing the conditions for
obtaining a material has a complex effect on its
composition and physicochemical properties.
However, by changing its properties and the
composition to varying degrees, the most
significant factors can be identified. In this regard,
we investigated the surface morphology of various

28KV XS,

6088083

samples of platinized titanium. As one can see
from the SEM-image (Fig. 4a), titanium is almost
completely coated with platinum with cracks and
cavities on the Ti/Pt coatings with the content of
the platinum of 8 mg per cm-2.

As follows from Fig. 4b, thermal treatment of
Ti/Pt at 683 K leads to the significant changes in
the surface morphology. First, the coating
becomes more uniform, which is probably caused
by the distribution of Pt over the surface because
of thermal diffusion and sintering [22]. In addition,
during the heat treatment, the degree of
crystallinity of the platinum coating increases.

=16.0mm

b

Fig. 4. SEM images of non treated Ti/Pt (a) and termally treated at 683 K

In order to determine the distinction in the
nature and the number of platinum oxides, formed
in the region of the potentials of OER on the Pt and
Ti/Pt-electrodes, the method of inversion
voltammetry with a linear potential sweep was
used.

IVA curves for Pt electrode are presented on
the Fig. 5. With an increase in the sweep rate, a
significant shift of the potential peak to smaller
values is observed, which indicates an irreversible
electron transfer. The dependence of the peak
current on the square root of the potential sweep
rate is linear (Fig. 5b) and follow the Delahay
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equation [23], as described in the literature for
analogous conditions [24].

0.000
-0.001
-0.002

-0.003 ~

ja/ A cm™

-0,004 ~

-0.005

0.0 0.2 0.4 0.6

E vs. Ag/AgCl/V
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Inv/ Vst
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v1/2/ (mV s1)1/2

2.2 4

2.4

-2.6 o

-2.8 4

Ig ja/ A cm?

-3.0 4

lgv/ Vst

Fig. 5. (a) Hydrogen reduction peak of Pt in1 M HClO4 at various potential sweep rate: 5 (1); 10 (2); 30 (3); 50 (4);
100 (5); 150 mV/s (6). (b) Peak current vs. square root of potential sweep rate. (c) Peak potential vs. potential sweep
rate in semi-logarithmic coordinates. (d) Peak current vs. potential sweep rate in logarithmic coordinate

The dependence of the peak potential on the
natural logarithm of the potential sweep rate is
also linear (Fig. 5c), which indicates that the
limiting stage is the irreversible transfer of an
electron. This conclusion is also confirmed by the
value of the Semerano criterion for the Pt
electrode obtained from the slope of the
dependence logj - log V (Fig. 5d) which is 0.5 [22].

Platinized titanium electrodes with a platinum
content of 8 mg per cm2 are characterized by the
large values of the peak potentials of the cathode
reduction of the platinum oxides (Fig. 6).

Since the thickness of the active layer of such
materials is substantially greater than of the other
ones, such coatings are uniform and the potentials
of the peaks for the electrodes thermally treated at
503 and 583 K coincide. Probably, the processes of
mutual penetration of the active layer and the

substrate are less pronounced for the thick
platinum coatings because of thermal diffusion.

-0.006 \

0.2 I 03 I 0.4 I 05
E vs. Ag/AgCl/ V
Fig. 6. Reduction peak of platinum oxides in 1 M

HCI1O4 for Ti/Pt electrodes (8 mg Pt per cm2) thermally
treated at 503 (1), 583 (2) and 683 K (3). v=100 mV/s
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The peak current for Ti/Pt thermally treated at
583 K is somewhat higher, which is caused by the
growth of the true surface of the active layer
because of the more uniform distribution of the
platinum. Thermal treatment at 683 K leads to
thermal diffusion of platinum into titanium and to
its oxidation, as a result the peak current
decreases.

An increase in the peak potential indicates the
formation of mixed oxides of titanium and
platinum. An indirect proof of this is the change in
the morphology of the electrode surface (see Fig.
4b).

0.14 4

0.12

0.10

0.08

0.06

ja/ A cm2

0.04

0.02

E vs. Ag/AgCl/ V

According to the data obtained (Fig. 7a), the
overpotential of the oxygen evolution depends on
the conditions for obtaining the electrode
material. It should also be noted that for all the
cases considered there are high slopes of the
polarization curves (Table 1), built in semi-
logarithmic coordinates (Fig. 7b). The values of the
slopes which significantly exceed the theoretical
value and the linear form of the dependences
clearly indicate the presence of a semiconductor
component of the capacitance of the electrode.

1.80 4
1.75 4
1.70 4

1.65

1.60

1.55

E vs. Ag/AgCl/ V

1.50

1gja/ A cm?

Fig. 7. Polarization curves (a)and E vs. log ja plots (b) for Ti/Pt electrodes thermally treated at 298 (1), 503 (2),
583 (3) u 683 K (4). Supporting electrolyte 1M HClO4, v=5 mV/s

Table 1
Semiconductor properties of composite Ti/Pt
electrodes with 8 mg/cm-2 Pt content

Temperature  The intersept (a) Semiconductor
of treatment and the slope(b) characteristics
Nx10-23,
a, Vv b, mV Ers, V

cm3

298 2.14 212 0.650 2.8

503 1.99 161 0.214 1.3

583 2.00 178 0.530 3.7

683 1.99 167 0.51 2.0

The semiconductor properties of platinized
titanium electrodes are caused by the formation of
titanium dioxide, which, as it is known [25], is an
n-type semiconductor. Devilliers et al. [26] noted
that the presence of titanium dioxide in the
coating, in the transition layer or substrate affects
the electrochemical behavior of other materials,
for example, the lead dioxide, which itself has
metallic conductivity [27]. The characteristics of

titanium dioxide as a semiconductor largely
depend on the method of preparation and are
determined by the thickness of the oxide film, the
stoichiometry of the oxide and its allotropic form
[28].

In this regard, we investigated the
semiconductor properties of an oxide film
obtained on titanium during its thermal treatment
in a tube furnace in air at 683 K for an hour
(Fig.8a). Such a material is an n-type
semiconductor with a potential of flat zones equal
to -0.589 V and a carrier concentration of 6x1020
cm3. Such a high -carrier concentration is
obviously caused by the small thickness of the
oxide film and its nonstoichiometricness, as a
result of which the surface is not very depleted of
electrons, since metallic titanium acts as their
donor. Ti/Pt electrodes are high-alloyed
semiconductors, because in this case, along with
the metallic titanium, platinum also acts as an
electron donor.
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14 5 a
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Fig. 8. Mott-Schottky plots of (a)TiOz, obtained by thermal treatment of titanium at 683 K for one hour and (b)
Ti/Pt electrodes thermally treated at 298 (1), 503 (2), 583 (3) and 683 K (4). Alternating current frequency 20 Hz

The number of carriers does not almost depend
on the treating temperature for the Ti/Pt
electrodes (Fig. 8b). Such phenomenon is
observed since the amount of platinum on the
surface does not change and such coatings are less
defective. The anode, which was not thermally
treated, is characterized by a high value of the
potential of flat zones (see Table 1), which is
caused by a significant amount of platinum
(electron donors) on its surface.

As a result, carrier depletion of semiconductor
occurs at higher potential. The thermal treatment
of such a material leads to the oxidation of
platinum with the atmospheric oxygen, as well as
to its diffusion to the titanium substrate and the
formation of a larger amount of titanium dioxide.
At the same time, the potential of flat zones
decreases. An increase in the treatment
temperature to 583 K leads to an increase in the
potential of the flat zones, which may be caused by
the thermal diffusion of the Pt into the substrate
and its distribution over the volume of titanium
dioxide. A further increase in temperature does
not lead to a noticeable change in the
semiconductor properties, since in the case of
thick platinum coatings, the processes of thermal
diffusion proceed with great difficulty.The data
presented in the Table 1 are agreed upon with the
experiment and explain the nature of the change
in the slope of the polarization curves given in
semi-logarithmic coordinates. Thus, an increase in
the number of carriers leads to a decrease in the
contribution of the semiconductor component, as
a result of which the slope of the polarization
curves decreases [27].

Since the peak of the oxygen reduction on the
IVA characterizes the number of electrochemically

active Pt compounds on the surface of the Ti/Pt
electrodes, the amount of electricity used for the
reduction of the platinum oxides can be used to
predict the electrocatalytic activity of thermally
treated materials with the same Pt content. As
follows from the data obtained, the
electrocatalytic activity of thermally treated Ti/Pt
electrodes increases with the increasing of the
peak area, i.e. of the amount of electricity (Table
2).

The amount of electricity used for the
reduction of Pt oxides for electrodes, thermally
treated at 583 K, has a maximum value, because in
this case there is the thermal diffusion of platinum
over the surface. However, the treatment at higher
temperatures leads to the encapsulation of

platinum with the titanium oxides.
Table 2
Comparison of the amount of electricity used for the
reduction of Pt oxides formed in the OER potential
region (E=1.8 V) with the electrocatalytic activity
thermally treated Ti/Pt electrodes with 8 mg/cm-2 Pt

content
Temperature of Q mC I, mA
treatment, K
503 0.55 50.0
583 0.65 62.4
683 0.57 51.0

A method for the combined synthesis of
dimensionally stable anodes with an active
TixOy/Pt layer on the metallic titanium substrates
is proposed, it is based on the electrolytical
deposition of the thin layer of platinum on the
substrate and the further heat treatment in air,
which allows one to control the composition and
the properties of the electrodes.
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Conclusions

During the platinum deposition on a titanium
substrate, a composite coating is formed. It consist
of oxides of titanium, metallic titanium, platinum,
and the intermetallic compound TixPt,. The
content of the platinum decreases from the
surface to the substrate with an increase in the
ratio of metallic titanium and TiO,. Coatings with
the content of the platinum of up to 8 mg per cm-2
are represented by the titanium, almost
completely coated with the platinum with cracks
and cavities. Thermal treatment leads to the
significant changes in the surface morphology,
because the Pt is distributed over the surface and
in the bulk due to diffusion and sintering, as well
as it leads to an increase in the degree of
crystallinity.

The semiconductor properties of composite
TixOy/Pt electrodes on a titanium substrate are
caused by the formation of titanium dioxide,
which is an n-type semiconductor. It has been
established that with the increasing of platinum
coating thickness and the temperature of the
treatment, the potential of the flat zones and the
number of carriers increases. Anomalously high
values of the slopes of the polarization curves are
caused by the presence of a space charge zone in
the semiconductor.

The data obtained indicate the possibility of
using the reduction peak of oxygen-containing
platinum compounds on the inversion
voltammogram as a correlation parameter for
predicting the electrocatalytic activity of
thermally treated Ti/Pt electrodes in oxygen
transfer reactions.
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