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Abstract

The electrochemical characteristics of Ti/Pt and Ti/Pt-Pd electrodes in oxygen evolution reaction and synthesis of
sodium hypochlorite from low concentrated NaCl solutions were investigated in this work. It has been shown that the
surface content of palladium has almost no effect on the value of the polarization of the electrode. The calculated
effective activation energies of oxygen evolution reaction at E = 1.6 V are 38.11 for Ti/Pt(2.0); 35.27 for Ti/Pt(2.0)-
Pd(0.2) and 34.88 k] mol! for heat-treated Ti/Pt(2.0)-Pd(0.2). That is, the palladation of titanium with its
subsequent heat treatment reduces the activation energy of oxygen evolution reaction compared to Ti/Pt by
3.33 k] mol1. Heat treatment leads to a significant reduction of the Tafel slope in the area of oxygen evolution
potentials from 232 for Ti/Pt to 86 mV on Ti/Pt-Pd. CE (NaClO) = 84-93% with CE (NaClO3) less than 0.5 % were
obtained on heat-treated Ti/Pt-Pd anodes in 0.15 M NaCl. Servise life of the electrodes involved was 1000 hours
without change of activity.

Keywords: platinized titanium; palladium; polarization curve; sodium hypochlorite.

EJIEKTPOXIMIYHA XAPAKTEPUCTHKA Ti/Pt TA Ti/Pt-Pd EJIEKTPO/ZIIB

Ouecqa b. llMmuukoBa,”/Imutpo B. 'upenko, Banentrnna O. Kuuw, Onekcanzp b. Besivenko

1/IBH3 «YKpaiHcbkull depacagHuli Ximiko-mexHoao02iuyHull yHigepcumemy, npocn. 'azapina 8, m. [Hinpo, 49005 Ykpaina

AHoTalia

Y il po6oTi gociaimxkeHo enekrpoximiuHi xapaktepuctuku Ti/Pt Ta Ti/Pt-Pd enexkrpojiB B peaknii BuAieHHA
KHCHIO Ta CHHTe3i rinoxJioputy HaTpil® 3 HU3BKOKOHIEeHTpoBaHuUX po34uHiB NaCl. Bys1o nmokasaHo, mo BMicT
najajil0 Ha NOBepXHi NMPAKTHYHO He BIUIMBAa€E Ha BeJIMYMHY mNoJspusanii egekrpoga. Po3paxoBaHi edpekTHBHI
eHeprii akTuBanii peakuii BuaisieHHs kucHio npu E = 1.6 B cranoBssats 38,11 g Ti/Pt(2,0); 35,27 gnaa Ti/Pt (2,0)-
Pd(0,2) Ta 34,88 kJx Mouabl ansa Tepmoo6po6isenoro Ti/Pt(2.0)-Pd(0.2). To6To majsajiloBaHHS TUTaHy 3
NMOAAJIbLIOI0 I0T0 TepMi4YHOI0 06POGKOI0 3MEHIy€ eHeprilo aKkTuBallii peakiii BUAijleHHA KMCHIO nopiBHAHO 3 Ti/Pt
Ha 3,33 k/I)x Mosbl. TepMmiyHa 06po6GKa NPUBOAUTH A0 3HAYHOrO 3MeHIIeHHs TadesiBCbKOro Haxujay B 06JacTi
noTeHuiaaiB BUAi/ieHHs KUcHIO 3 232 a4 Ti/Pt no 86 MB Ha Ti/Pt-Pd. Buxia 3a crpymom Hatpilo rinoxsioputy 84-
93 % Ta BHXij 3a CTyMOM HaTpilo xjopaTy MeHue 0.5 % 6y/i10 0OTpUMaHO Ha TepMo06po6aeHux aHogax Ti/Pt-Pd B
0.15 M NaCl. TepMiH ciayk6H JOC/TiJ)KyBaHUX eJ1eKTPOoAiB cTaHOBUB 1000 rogyuH 6e3 3MiHU aKTUBHOCTI.

Karouo8i cno0ea: 11aTUHOBAHUM TUTAaH; NaJajil; moJgpuy3aliiiHa KpYBa; HaTPilo rinoXJI0pUT.
IJIEKTPOXUMHUYECKAA XAPAKTEPUCTHUKA Ti/Pt U Ti/Pt-Pd 3JIEKTPOA0B

Ousteca b. llImMprukoBa,”Imutpuii B. 'npenko, Banentrna A. Kabim, Anexkcanzap b. Bennyenko
I'BY3 «YkpauHckuii 2ocydapcmeeHHblll XUMUKO-meXHo102uYueckull yHusepcumemy, np. l'azapuna 8, 2. /[nunpo, 49005, Ykpauna

AHHOTa M4

B 3TOi1 pa6oTe uccaeAoBaHbl 3jaeKTpoxumMuuyeckre xapakrepuctuku Ti/Pt u Ti/Pt-Pd snekTposoB B peakuuu
BblJe/IeHUs] KMC/I0POAA U CUHTe3e IMINOXJIOPMTA HAaTPpUsA M3 HM3KOKOHIEHTPUPOBaHHbIX pacTtBopoB NaCl. Bsuio
NO0Ka3aHo, YTO CoAep:KaHUe Na/LIaJus Ha MOBEPXHOCTH NMPAKTHYECKH He BJIMSAET Ha BeJUYUHY MNOJISIPU3ALMU
ajseKkTpoaa. PaccuutaHble 3pPeKTHBHBIE 3HEPrUM AaKTHBAIUM peaKIUU BblAesJeHUs Kucjaopoja npu E = 1.6 B
coctaBasoT 38.11 gaa Ti/Pt(2.0) 35.27 aaa Ti / Pt (2.0) - Pd (0.2) u 34.88 k/I>)k MoJib'! AJ1s1 TEpPMOOGPAGOTAHHOTO
Ti/Pt(2.0)-Pd(0.2). To ecTh na/u1aAUpOBaHMe TUTaHa C NOC/AeAyOIIel ero TepMUYeCKOil 06paGOTKON yMeHbIIaeT
3HEPrv aKTUBALUU peaKIUU BblAejJeHUs KucIopoja no cpaBHeHuo ¢ Ti/Pt Ha 3.33 k/lxx mosib'l. TepMuyeckas
06paGoTKa NPUBOAUT K 3HAYMTEJbHOMY YMeHbIIeHHI0 TadeseBCKOro HaKJOHA B 06JacTH IOTEHIUAJ/IOB
BblAesieHus1 kuciaopoaa c 232 aaa Ti/Pt go 86 MB Ha Ti/Pt-Pd. Beixoa mo ToKy runoxsiopura HaTtpus 84-93 % u
BBIXO/] IO TOKY HaTpus xJiopaTa MeHee 0.5 % 6bLJ NOJIy4YeH Ha TepM0o06paGoTaHHbIX aHoAax Ti/Pt-Pd B 0,15 M NaCl.
CpoK ci1yk6bI UCCIEYEMBIX 3JIEKTPOA0B cocTaB/isal 1000 yacoB 6e3 M3MeHEeHUs] aKTUBHOCTH.

Knaroueswie caosa: HHaTHHHpOBaHHbIﬁ THUTAH, Haﬂﬂaﬂﬂﬁ; NoJIApU3alMOHHAA KpUBad; HATPUA T'MIIOXJIOPUT.

*Corresponding author: Tel.: +380562473627; fax: +380562473627; e-mail address: o_shmychkova@ukr.net
© 2021 Oles Honchar Dnipro National University
doi: 10.15421 /jchemtech.v29i3.239282


http://chemistry.dnu.dp.ua/

371

Journal of Chemistry and Technologies, 2021, 29(3), 370-379

Introduction

The creation of electrode materials with the
required physical and mechanical properties has
recognized as an important task in theoretical and
applied electrochemistry [1]. Electrode materials
traditionally used in electrolysis processes and
chemical sources of electrical energy, as well as for
supercapacitors, must be chemically and
electrochemically stable in corrosive media, have
good electrical conductivity, a developed reaction
surface and selectivity [2]. Composite materials
based on titanium oxides and platinum group
metals are widely used as catalysts [3; 4], photo-
and electrocatalysts [5-7], as well as in the
electrochemical processes of the synthesis of
strong oxidants [8], the destruction of organic and
inorganic substances [9], wastewater treatment
[10; 11], the active layer of dimensionally stable
anodes for electroplating and hydrometallurgy
[12]. There are various methods of obtaining
materials of this type, for example, sol-gel
technology, plasma-chemical, chemical deposition
from solutions in the presence of reductants, etc.
[13]. In this case, direct or combined
electrochemical methods are recognized as one of
the most promising, which, due to the ease of
implementation and the possibility of smoothly
changing the technological parameters of the
processes, allow one to control the composition
and properties of composites over a wide range
[14].

It should be noted that there are no universal
anode materials suitable for use in any type of
system. This is due to significant differences both
in the composition of the solutions and in the
requirements for dimensionally stable anodes
[15]. So, for example, if high selectivity and
electrocatalytic activity to the target process is
required in electrosynthesis processes, then in
electroplating the oxidation rates of electrolyte
components should be minimized, and it is
preferable to have oxygen evolution from water as
the main reaction. Unfortunately, at the moment
there is no general strategy for the creation and
selection of anode materials, therefore, for each
specific process, such a problem is solved using an
individual approach.

Palladium is one of the most affordable and
demanded platinum group metals. Being a
universal catalyst and possessing high
anticorrosive properties, palladium is widely used,
and it is used in the form of a compact metal,
blacks, nanopowders, alloying additives, and
galvanic deposition [16]. The unique properties of
galvanic palladium deposits predetermined the

high interest in electrochemical studies of this
metal.

For the development of the technology of low-
temperature fuel cells, for example, it is necessary
both to search for new convenient methods for the
synthesis of catalysts and to comprehensively
study the kinetics and mechanism of
electrochemical reactions occurring on them.
Materials exhibiting catalytic activity to the
oxidation of the simplest carbon-containing
compounds are of particular interest for such
technologies [17]. In this respect, composites
containing platinum and/or palladium and oxides
of d-elements such as ruthenium, tungsten,
molybdenum, and titanium are promising. Having
in mind the above mentioned we investigated the
electrochemical characteristics of Ti/Pt and Ti/Pt-
Pd electrodes in this work.

Experimental and Methods

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

Next, a thin layer of platinum was
electrodeposited (the platinum content in the
active layer was 8 mg cm2) from the alkaline
electrolyte containing K,;PtCls; NaNO, and NHj
solution [18], with cathode current densities
equal to 12 mA cm-2 and temperature 70 °C. The
resulting electrodes were then chemically
oxidized in a mixture (1:1) of concentrated
H>S04 and H;0; and thermally treated in air in a
tube furnace at temperatures of 500 °C for an
hour. The choice of this temperature range was
due to the allowance of a similar assessment of
coatings properties, since the mechanisms of
growth and migration of platinum on the surface
at these temperatures are similar, at
temperatures above 450 °C the mechanism of
interaction of platinum with TiO; changes, and at
even higher temperatures, a new substance and a
new phase may appear, which is titanium nitride,
since the treatment of the electrodes was carried
out in an air atmosphere. Also, in the selected
temperature range, thermal diffusion of platinum
over the surface occurs, while treatment at higher
temperatures leads to the encapsulation of
platinum with titanium oxide [19]. Herein all the
values in parentheses near the element indicate
its content on the surface.

Electrochemical processes were investigated
on a Pt rotating disk electrode (Pt-RDE, 0.19 cm?)
by steady-state voltammetry, chronoampero-
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metry. Before each experiment, the electrode
surface was treated with a freshly prepared
mixture (1:1) of concentrated H,SO4 and H:0:
[14; 18]. This preliminary treatment technique
permits to stabilize the electrode surface, which
under the action of strong oxidizing medium is
oxidized to a certain state (defined phase and
chemical composition of the surface oxides),
which determines the satisfactory reproducibility
in taking of 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
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 [20]. 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 user-friendly software.

Results and Discussion

Voltammetric measurement. Quasi steady-state
j-E curves in 1 M HCIO4 were obtained at the
heat-treated Ti/Pt and Ti/Pt-Pd electrodes (Fig.
1). For comparison, a voltammogram was
recorded on heat-treated Ti/Pt electrode with 2
mg cm?2 Pt on the surface. The minimum
polarization of 1.606 V at 20 mA cm? was
observed on Ti/Pt-Pd(0.5). 20 mV higher
polarization was recorded at the anode Ti/Pt-
Pd(0.2) (1.626 V). However, heat treatment of
initial electrodes at 700-740°C led to a
significant increase in polarization: 200 mV for
Ti/Pt-Pd (0.5) and 167 mV for Ti/Pt-Pd(0.2),
respectively. These curves practically coincide
with the curve on Ti/Pt(2.0), which indicates the

absence of Pd or its oxides on these electrodes,
i.e. there is a sublimation of palladium when
Ti/Pt-Pd electrodes are heat treated at 700 °C.

2 4 3/1/ 5

30

1.5 16 17 1.8 1.9
E vs. Ag/AgCl/ V

Fig. 1. Quasi steady-state j-E curves obtained at
various electrodes in 1M HClO4, where 1 - Ti/Pt(2.0); 2
- Ti/Pt(2.0)-Pd(0.5); 4 - ti/Pt(2.0)-Pd(0.2) heat
treated at 500°C; 3 - Ti/Pt(2.0)-Pd(0.5); 5 - Ti/Pt(2.0)-
Pd(0.2) heat treated at 700 °C. v =5mV s'1

A series of cumulative electrolyses in 0.15 M
NaCl was performed at an anode current
density of 40 mA cm-2 for the presented anodes.
As follows from the experimental data (Table
1), heat-treated at 500-530°C palladium-
modified anodes reveiled close to 90 % current
efficiency (CE) of hypochlorite and less than
2 % current efficiency of chlorate. On Ti/Pt, as
expected, CE (NaClO) = 40 % with CE (NaClO3) =
18%. On heat-treated at 700°C anodes
Ti/Pt(2.0)-Pd(0.2) and  Ti/Pt(2.0)-Pd(0.5)
current efficiencies of NaClO and NaClOz are
close to those on Ti/Pt. This also confirms the
assumption of sublimation of the palladium
coating under conditions of prolonged heat
treatment at 700 °C.

Table 1

Current efficiencies of NaClO and NaClOs at various anodes under conditions of cumulative electrolysis of 0.15
M Nac(l solution”

Material CE(NaCl0)/ % CE(NaCl03)/%
Ti/Pt(2.0) heat treated at 500 °C 41 18
Ti/Pt(2.0)-Pd(0.5) heat treated at 500 °C 91 0.5
Ti/Pt(2.0)-Pd(0.2) heat treated at 500 °C 89 1.0
Ti/Pt(2.0)-Pd(0.5) heat treated at 700 °C 45 11
Ti/Pt(2.0)-Pd(0.2) heat treated at 700 °C 41 15
Ti/Pd(2.0) heat treated at 500 °C 91 0.7
Ti/Pd(2.0) heat treated at 700 °C 86 11

*Cathode: Ti. ja = 40 mA cm-2. Undivided cell. The duration of electrolysis is 60 minutes.
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A series of anodes was made on a
standardized Ti/Pt substrate (2.0) in order to
understand the reasons for the catalytic action
of the palladium-based coating. Palladium was
applied from the phosphate palladium
electrolyte on substrates of 2x1 and 1x1 cm,
which were cut from a solid plate of platinum
titanium with a surface platinum content of
2.0 mg cm2. The electrochemical properties of
the obtained Ti/Pt-Pd anodes were compared
with each other, as well as with the anode
without heat treatment Ti/Pt (2.0) and heat
treated at 530 °C.

When registering several successive quasi
steady-state potentiodynamic j-E curves at the
Ti/Pt(2.0) anode, a shift of each subsequent
curve to the region of higher potentials is
observed, which is probably due to the
oxidation of the surface phase oxide PtOx to
stoichiometric oxide PtO; [21]. At the same time
there is a slight decrease in the Tafel slope.
Reproducibility is observed after registration of
the 6t curve. The surface turns into a
completely oxidized state (Fig. 2).

Ti/Pt surface oxidizied
20+

1.2 1.3 14 15 16 1.7 1.8
E vs. Ag/AgCl/ vV

Fig. 2. Quasi steady-state j-E curves obtained at
Ti/Pt(2.0) without heat treatment in 1M HCIO04.v =5
mV s-1, The numbering of the curves corresponds to

the sequence of their registration

The surface of Ti/Pt (2.0) heat treated at 500
°C is also gradually oxidized in the process of
sequential recording of quasi steady-state j-E
curves. At the same time, higher polarization
values are observed on the oxidized surface of
the heat-treated anode in comparison with the
non-heat-treated one (Fig. 3): the potential
increases by 35 mV at 20 mA cm-.

Ti/Pt surface oxidizied
20+

154

b=132 mV

E vs. Ag/AgCl/ V

1.2 1.3 14 15 16 1.7 1.8
E vs. Ag/AgCI/ V

Fig. 3. Quasi steady-state j-E curves obtained at
Ti/Pt(2.0) heat treated at 500 °C in 1M HClO04. v =5 mV
s'1, The numbering of the curves corresponds to the
sequence of their registration. Inset: Quasi steady-
state j-E curves obtained at Ti/Pt(2.0) without and
heat treated at 500 °C in 1M HCl04. v =5 mV s-1,

On all palladated samples in the process of
anodic polarization the opposite regularity is
observed - at consecutive registration of quasi
steady-state j-E curves polarization of
electrodes slightly decreases as it is shown in
Fig. 4 for Ti/Pt(2.0)-Pd(0.2) and in Fig. 5 for
heat treated Ti/Pt(2.0)Pd(0.2). At the same time
on heat-treated electrodes already after
registration of the second curve good
reproducibility is observed. The remaining
heat-treated anodes Ti/Pt(2.0)-Pd(0.5) are also
characterized by high reproducibility of
current-voltage curves, and, consequently, and
rapid achievement of a quasi steady state of the
surface.

20~

15 4

10

il mA cm™

122 1.3 14 15 1.6
E vs. Ag/AgCl/ V

Fig. 4. Quasi steady-state j-E curves obtained at
Ti/Pt(2.0)-Pd(0.2) without heat treatment in 1M
HClO4. v = 5 mV s'1. The numbering of the curves
corresponds to the sequence of their registration
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30+

25 1

204

154

i/ mA cm™

10+

-—

b=82 mV

T
1.2 1.3 14

E vs. Ag/AgCl/ V

T
1.5 1.6

Fig. 5. Quasi steady-state j-E curves obtained at Ti/Pt(2.0)-Pd(0.2) heat treated at 500 °C in 1M HCl04. v =5 mV
s'1, The numbering of the curves corresponds to the sequence of their registration

Fig. 6 shows reproducible polarization curves
on Ti/Pt(2.0)-Pd and heat-treated Ti/Pt(2.0)-Pd
anodes in 1 M HCIO4. For comparison, in Fig. 6
additionally presented curves for Ti/Pt(2.0) and
heat treated Ti/Pt(2.0). In comparison with heat-
treated Ti/Pt(2.0) on heat-treated Ti/Pt(2.0)-Pd

25 4

20

anodes at 20 mA cm2 the decrease in polarization
is about 190 mV. On all heat-treated electrodes
Ti/Pt(2.0)-Pd with different palladium content, a
decrease in the Tafel slope on the polarization
curves is observed.

1.3 14 1.5

1.6 1.7 1.8

E vs. Ag/AgCl/ V

Fig. 6. Quasi steady-state j-E curves obtained at various electrodes in 1M HClO4, where 1 - Ti/Pt(2.0); 3-
Ti/Pt(2.0)-Pd(0.2); 5 - Ti/Pt(2.0)-Pd(0.5) without heat treatment; 2 - Ti/Pt(2.0); 4 - Ti/Pt(2.0)-Pd(0.2); 6 -
Ti/Pt(2.0)-Pd(0.5) heat treated at 500 °C;. v =5 mV s1

The surface content of palladium has almost
no effect on the value of the polarization of the
electrode: an increase in the surface content of Pd
(0.2 and 0.5 mg cm) at a current density above
15 mA cm2 leads to a decrease in polarization by
3-5 mV. Thus on voltammograms in the semi-
logarithmic coordinates received on not heat-
treated Ti/Pt(2.0)-Pd electrodes one can allocate
two linear sites with slopes of 105 mV in the low
polarizations area and 232 mV in the high one.
Such a significant increase in the slope of the

curve at potentials above 1.55 V is most likely
caused by blocking the surface with oxygen, due
to its slow desorption from the surface. Heat
treatment leads to a significant reduction of the
Tafel slope in the area of oxygen evolution
potentials from 232 to 86 mV (Fig. 7). Probably
the heat-treated surface becomes more
homogeneous, it is easier to desorb oxygen or the
mechanism changes - the rate of transfer of the
first electron increases [22].
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2.04
1.5 1
1.0 1

059 Ti/pt(2.0)-Pd(0.2)

log(j)

0.0 1

-0.5 1

-1.0 T

82 mV

105 mV_

~332 mV

Ti/Pt(2.0)-Pd(0.2) heat treated

1.4

T
1.5 1.6

E vs. Ag/AgCl/ V

Fig. 7. Quasi steady-state j-E curves obtained at Ti/Pt(2.0)-Pd(0.2) in 1M HClO4 built in semi-lorarithmic scale. v
=5mVsl,

Value of the Tafel slope in 1 M HClO4 does not
depend on temperature for heat-treated Ti/Pt-Pd
anodes. Fig. 8 shows a series of polarization
curves on the anodes involved at different
temperatures. As one can see from Fig. 8, heat-
treated Ti/Pt(2.0)-Pd(0.2) at currents of 10, 20
and 40 mA cm? is characterized by a constant
temperature polarization coefficient of 18 mV K-1.
For the anode without heat treatment with
increasing current density, the temperature
polarization coefficient increases from 35 to 58
mV K-1. As shown above, the magnitude of the
polarization and the Tafel slope of the oxygen
evolution reaction (OER) affect the current
efficiency of NaClO and its dependence on the
anode current density. Thus, one should expect
that the composition of the obtained solutions of
sodium hypochlorite on the heat-treated anodes
Ti/Pt-Pd will be less dependent on the
temperature of the electrolysis and the anode
current density.

The calculated effective activation energies of
OER at E = 1.6 V are 38.11 for Ti/Pt(2.0); 35.27
for Ti/Pt(2.0)-Pd(0.2) and 34.88 k] mol-! for heat-
treated Ti/Pt(2.0)-Pd(0.2). That is, the
palladation of titanium with its subsequent heat
treatment reduces the activation energy of OER
compared to Ti/Pt by 3.33 k] mol-1.

The kinetics of the oxygen evolution reaction
at the metal anodes Ti/Pt, Ti/Pt-Pd in
background indifferent solutions is rather weakly
dependent on pH. Thus, the polarization of OER
in 1 M HCIO4 (pH 0.2) and in 1 M NaClO4 (pH 9.0)
differs atj = 20 mA cm2 by 45-55 mV.

A series of voltammetric measurements was
performed in a low-concentrated 0.15 M NaCl
solution in order to explain the nature of the high
catalytic activity and selectivity of palladium for
ClO- synthesis. In previous works [23-25], the
property of Ti/Pt anodes to be passivated in NaCl
solutions during anodic polarization was
demonstrated. In chloride-containing solutions,
in contrast to Ti/Pt, the palladium surface is not
passivated, and the polarization curves are well
reproduced. The surface content of Pd and the
state of the surface (heat treatment) has no
significant effect on the course of polarization
curves. The Tafel slope for these polarization
dependences is 40-44 mV. In comparison with
the oxidized heat-treated Ti/Pt (2.0), the
reduction of polarization on heat-treated anodes
containing Pd is 550 mV. The Ti/Pd(2.0) anode
has a minimum polarization of 0.15 M NaCl.

Chronopotentiometric measurements. In 1 M
HCIO,, the current-free potential on the reduced
Ti/Pt surface has almost the same value of 0.65-
0.70 V (vs. Ag/AgCl). There is a monotonic
increase in potential, when polarizing the current
meander +5 mA cm2 for 40 s on Ti/Pt(2.0); and
after disabling the polarization, the potential
drops rapidly to 1.2-1.3 V, then slowly drifts to
the value of 1.1-1.2 V, and then to the initial
potential of 0.65-0.70 V. The potential of 1.2-1.3
V after anodic polarization in 1 M HClO4 is due to
the presence on the surface of adsorbed oxygen
[21]. The shift of the currentless potential after
anodic polarization to 0.65-0.70 V is due to the
slow desorption of oxygen from the anode
surface.
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1M HCIO4; 5 mV/s

40 )
—Ti/Pt(2.0); t=15°C
—— TilPt(2.0)-Pd(0.2); t=15°C
1 —— Ti/Pt(2.0)-Pd(0.2)-500°C; t=15°C
— TilPt(2.0); t=25°C
30 o = Ti/Pt(2.0)-Pd(0.2); t=25°C
—— Ti/Pt(2.0)-Pd(0.2)-500°C; t=25°C
o w— Ti/Pt(2.0); t=35°C
'E | Ti/Pt(2.0)-Pd(0.2); t=35°C
o e Ti/P1(2.0)-Pd(0.2)-500°C; t=35°C
< 20
€
=
10 1
0 7 =
1.3 1.4 1.5

16 17 1.8
E vs. Ag/AgCI/V

Fig. 8. Quasi steady-state j-E curves obtained at various electrodes in 1M HClO4 at 15, 25 and 35 °C.v =5 mV s'1

If the surface of Ti/Pt(2.0) is reduced, and
during the cycle of anodic polarization it does not
have time to go into a completely oxidized state
(passivation), then after turning off the current
potential for 200-400 s relaxes to its original
currentless value. If the surface is almost
completely oxidized (the potential during
polarization current becomes greater than +1.4
V), then after turning off the current current-free
potential is set at 1.1-1.2 V and then very slowly
in 10-15 minutes shifts to 0.65 -0.70 V (Fig. 9).
Thus, on the oxidized surface of platinum, the
desorption of oxygen is much slower than on the
reduced.

1.8 1
1.6 1

1.4

1.2 4

At the palladated electrode Ti/Pt(2.0)-Pd(0.5)
at polarization the quasi stationary potential is
established almost instantly. After disabling the
polarization, the potential drifts fairly quickly for
100-200 s to its original currentless value. Thus,
the desorption of oxygen proceeds approximately
twice as fast as for platinum, from the palladated
surface of the anode. If the anode Ti/Pt(2.0)-
Pd(0.5) is heat treated, the rate of relaxation and,
consequently, the desorption of oxygen from the
surface decreases. In any case, the desorption of
oxygen from the surface of Ti/Pt-Pd occurs
several times (almost 10 times) faster than from
the surface of Ti/Pt.
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Fig. 9. Chronopotentiogram in 0.15 M NaCl on Ti/Pt(2.0) electrode during polarization by the anode current
meander during 40 s. The electrode surface is pre-reduced; ja, mA cm2: 10 (curve 1), 20 (curve 2) and 30 (curve 3).
The surface is pre-oxidized, ja = 30 mA cm2 - curve 4

As shown earlier [23-25], unusually high
current efficiencies of sodium hypochlorite at the
level of 85 % were recorded on the reduced Ti/Pt
surface during short-term electrolysis of 0.15 M

NaCl. On palladated Ti/Pt-Pd, the NaClO current
efficiencies are close to 90 %. One can find the
correlation between the rate of desorption of
oxygen from the surface of the anode and the
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current efficiency of NaClO. On the reduced
surface Ti/Pt (2.0), Ti/Pt(2.0)-Pd and heat
treated Ti/Pt(2.0)-Pd after short-term anodic
polarization there is a comparable rate of
relaxation of the potential to the original current-
free value, i.e. there is a close rate of oxygen

1.2

0.8

E vs. Ag/AgCl/ V

o
o
| WY A

0.4 T

desorption. Moreover, on the heat-treated surface
the rate of oxygen desorption is slightly lower
than on the non-heat-treated anode (Fig. 10). On
the oxidized (passive) Ti/Pt surface the rate of
oxygen desorption is very low (see Fig. 9, curve
4).

Ti/Pt(2.0)-Pd(0.5)-500°C

Ti/Pt(2.0)-Pd(0.5)

T
50 100

o

T T 1
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/S

Fig.10. Chronopotentiograms in 0.15 M NaCl on Ti/Pt(2.0)-Pd (0.5) without and heat treated at 500 °C
electrodes with polarization of the anode current meander during 40 s. ja, mA cm-2: 10 (curve 1), 20 (curve 2) and
30 (curve 3)

It should be noted that Ti/Pt-Pd anodes
without heat treatment in chloride solutions have
no practical interest. Under conditions of anodic
polarization in the presence of Cl- palladium
dissolves from the electrode surface, the
electrolyte gradually takes on a characteristic
yellowish color. Heat treatment of Ti/Pt-Pd
allows one to obtain a dimensionally stable anode
for the synthesis of sodium hypochlorite.

To minimize the consumption of precious
metals while maintaining satisfactory parameters
of catalytic activity, selectivity and service life, a
series of electrodes Ti/Pd and Ti/Pt-Pd with
different content of Pt and Pd was prepared. To

determine the current efficiencies of hypochlorite
and chlorate on the obtained anodes, a series of
accumulative electrolyses were performed in
0.15 M NaCl in a cell without a diaphragm. The
data obtained are given in Table 2, which also
compares the test results of Ti/Pt, OIRTA and
OITA anodes. Excluding the proportion of
hypochlorite that is reduced at the cathode and
the desorption of hydrochloric acid from the
surface of the solution, the current efficiency of
NaClO at all anodes containing palladium at a
current density of 40 mA cm2 is approximately
91 % at CE (NaClOs3) less than 1% .

Table 2
Current efficiencies of NaClO and NaClOs3 at various anodes under conditions of cumulative electrolysis of 0.15
M NacCl solution
ja/ mA cm- CE(NaCl0)/ CE(NaCl03)/

Anode 2 % %

Ti/Pt(2.0) 40 37 20
Ti/Pt(2.0)-500 °C 40 41 18
Ti/IrOx (OITA) 40 78 <0.1
Ti/RuOx-IrOx (OIPTA) 40 70 <0.1
Ti/Pd(2.0)-500 °C 20 92 0.5
Ti/Pd(2.0)-500 °C 40 91 0.7
Ti/Pd(2.0)-500 °C 80 82 2.9
Ti/Pd(2.0)-700 °C 80 86 1.1
Ti/Pt(2.0)-Pd(0.2)-500 °C 20 89 0.5
Ti/Pt(2.0)-Pd(0.2)-500 °C 40 89 1.0
Ti/Pt(2.0)-Pd(0.2)-500 °C 40 92 0.3
Ti/Pt(2.0)-Pd(0.2)-500 °C 80 84 1.3
Ti/Pt(2.0)-Pd(0.5)-500 °C 20 93 0.5
Ti/Pt(2.0)-Pd(0.5)-500 °C 40 91 0.5
Ti/Pt(2.0)-Pd(0.5)-500 °C 80 91 1.0
Ti/Pt(2.0)-Pd(0.2)-700 °C 40 41 15
Ti/Pt(2.0)-Pd(0.5)-700 °C 40 45 11
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Heat-treated Ti/Pd anodes with a Pd surface
content of 2.0 mg cm? showed high catalytic
activity and selectivity for the hypochlorite
synthesis reaction. Despite the high catalytic
properties of the anodes Ti/Pd(2.0), the service
life of all such anodes in 0.15 M NaCl was not
more than 40 hours. The coating begins to
dissolve. Thus, heat-treated Ti/Pd has no
practical application for the synthesis of sodium
hypochlorite.

As concerns the Ti/Pt-Pd anodes, the most
optimal is the heat treatment temperature of
500-530 °C. At 700 °C palladium is sublimated
from the electrode surface, as shown above. In
this case, coating is actually converted into an
anode made of heat-treated Ti/Pt. In
confirmation of the absence of palladium on the
surface, at this anode were recorded current
efficiencies of hypochlorite and chlorate close to
the anodes Ti/Pt (see Table 2).

CE (NaClO) = 84-93 % with CE (NaClOs) less
than 0.5% were obtained on heat-treated Ti/Pt-
Pd anodes in 0.15 M NaCl. Changing the platinum
content in the sublayer up to 3.0 mg cm-2 does not
affect the catalytic activity and selectivity of the
electrode. Changing the surface content of
palladium from 0.2 to 2.0 mg cm2 also does not
lead to a significant change in the catalytic
properties of the anode. Control samples of
anodes in 0.15 M NaCl at a current density of
40 mA cm2 for 1000 hours of operation did not
change their activity.

Conclusions

It has been revealed, that the surface content of
palladium has almost no effect on the value of the
polarization of the electrode: an increase in the
surface content of Pd (0.2 and 0.5 mg cm2) at a
current density above 15 mA cm? leads to a
decrease in polarization by 3-5 mV. One can
allocate two linear sites with slopes of 105 mV in
the low polarizations area and 232 mV in the high
one on voltammograms in the semi-logarithmic
coordinates received on not heat-treated
Ti/Pt(2.0)-Pd electrodes. Such a significant
increase in the slope of the curve at potentials
above 1.55 V caused by blocking the surface with
oxygen, due to its slow desorption from the
surface. Heat treatment leads to a significant
reduction of the Tafel slope in the area of oxygen
evolution potentials from 232 to 86 mV. This
phenomenon can be described eitherby the heat-
treated surface homogenity, or by facilitating of
oxygen desorbtion because of increasing of the
first electron transfer rate in OER. Heat-treated
Ti/Pd anodes with a Pd surface content of 2.0 mg

cm2 are characterized by high catalytic activity
and selectivity for the hypochlorite synthesis
reaction. Despite the high catalytic properties of
the anodes Ti/Pd(2.0), the service life of all such
anodes in 0.15 M NaCl was not more than 40
hours. CE (NaClO) = 84-93% with CE (NaClO3)
less than 0.5% were obtained on heat-treated
Ti/Pt-Pd anodes in 0.15 M NaCl. Changing the
platinum content in the sublayer up to 3.0 mg cm-
2 does not affect the catalytic activity and
selectivity of the electrode. Changing the surface
content of palladium from 0.2 to 2.0 mg cm2 also
does not lead to a significant change in the
catalytic properties of the anode. Control samples
of these anodes in 0.15 M NaCl at a current
density of 40 mA cm<2? for 1000 hours of
operation did not change their activity.
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