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It was shown that the pre-reduced surface of the platinized titanium electrode undergoes
a series of transformations during the anodic polarization. Oxygen-containing particles
OH, are chemisorbed on the Ti/Pt surface in the low polarizations range. Such particles,
depending on the pH of the near-electrode layer, can be in equilibrium with OH,*,,, and
O™, With increasing polarization, the formation of both atomic oxygen and phase oxide
layers becomes possible. The formation of phase surface oxides occurs rapidly in supporting
electrolytes, and the oxygen evolution proceeds on a completely oxidized surface. The
presence of chloride ions in solution significantly decelerates this process. The higher the
Cl~ concentration, the longer the surface remains in the reduced state. The chloride ion
acts as a depolarizer, discharging on the surface and interacting with surface oxygen-
containing particles, thereby slowing down the oxidation of the surface. It was established
that both direct oxidation of CI~ and its oxidation by labile oxygen-containing particles of
the OH,, type occur on the reduced platinized surface. On the oxidized surface, the
formation of hypochlorite occurs directly on the surface of the layer of platinum phase
oxides with the participation of inert chemisorbed oxygen-containing particles and atomic
oxygen. The desorption of the products of primary oxidation of CI~ becomes slower, and
an increase in the degree of surface filling with active oxygen-containing particles of the
O, type leads to a significant increase in the rate of chlorate formation.
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Introduction

Platinized titanium is known to be the one of
the most available dimensionally stable anodes. Such
an electrode material has a number of unique
operational and electrocatalytic properties [1]. The
platinum coating can work at high anodic and
cathodic polarizations and it has significant corrosion
resistance in the presence of strong oxidizing agents.

The electrolysis of NaCl solutions over the
entire concentration range usually proceeds on the
oxidized surface of platinum [2]. In neutral solutions,
three main processes are realized: (i) the oxidation
of CI~ to hypochlorite, (ii) chlorite and chlorate,
and (iii) oxygen evolution reaction. The current
efficiency (CE) of hypochlorite reaches 85% on the
reduced surface in concentrated (1—2 M) NaCl
solutions, and the process proceeds at lower
polarizations of 0.4—0.45 V. Under these conditions,
chlorates are formed with an integrated current
efficiency of less than 10% [3]. However, the reduced
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surface gradually oxidizes during the electrolysis. At
the same time, the number of active sites at which
direct oxidation of CI~ is realized decreases. As a
result, the CE of CIO~ decreases to 70—75%, and
the current efficiency of chlorates almost doubles.
On the oxidized surface, the direct oxidation of CI~
even in 1—2 M NaCl proceeds at the limiting current,
the value of which is determined by the concentration
of active centers on the electrode surface. The number
of active centers decreases tenfold, as one can
conclude after a comparison of the values of the
limiting currents on the reduced and oxidized
surfaces. This phenomenon was discussed in details
in our previous publication [3]. However, it is not
always advisable to electrolyze concentrated NaCl
solutions in practice. The current efficiency of
hypochlorite usually does not exceed 40% when low
concentrated NaCl solutions (less than 0.2 M) are
electrolyzed on platinum and platinized titanium.
In addition, platinum exhibits a high catalytic activity
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in the oxidation of hypochlorite to chlorate with a
current efficiency of more than 20% [4—6]. One of
the ways to increase CE of CIO~ and decrease CE
of ClO, is to prepare platinized titanium with a
highly developed surface, since the decrease in the
true current density does not significantly affect the
CE of CIO™ [7]. At the same time, the data on the
kinetics of hypochlorite formation on platinum and
platinized titanium differ significantly in various
papers. It occurs, most likely, because an important
role is played not only by the specific surface area of
the catalyst, but also by its chemical nature.

In this work, we tried to elucidate the main
features of the processes occurring during the
electrolysis of low concentrated (0.15 M) NaCl
solutions depending on the state of the surface of
platinized titanium.

Material and methods

All chemicals were reagent grade. Electroche-
mical measurements were carried out in 1 M HCIO,
with computer controlled MTech PGP-550 M
potentiostat (Ukraine) in a standard temperature-
controlled three-electrode cell. All potentials were
recorded and reported vs. Ag/AgCI/KCI (sat.)
reference electrode. The reference electrode was
brought to the working electrode through the Luggin
capillary. The temperature was 25+1°C.

Platinized Ti anode was prepared by deposition
of platinum from a nitrite electrolyte on a prepared
titanium surface at 10 mA cm™2 and 80°C [1,8]. The
surface content of platinum was 2.0 mg cm™2.

The area of anode was 2 cm? in j, E measure-
ments. The selectivity of the Ti/Pt anode (4 cm?) in
the synthesis of sodium hypochlorite was evaluated
during the electrolysis of 300 mL of 0.15 M NaCl
solution in a diaphragm-less cell with a Ti/Pt cathode
(1 cm?).

The concentration of NaClO and NaClO, in
solutions was determined by iodometric titration [9].
The standard deviation in determining the
concentration does not exceed £3 mg L7! and
2 mg L' for sodium hypochlorite and sodium
chlorate, respectively. The standard deviations for
current efficiencies are 1.0 and +0.5% for
hypochlorite and chlorate, respectively.

Results and discussion

The reduction of even utterly oxidized surface
of Ti/Pt proceeds quite quickly at the potentials of
the hydrogen evolution reaction. During the cathodic
polarization of the electrode at —20 mA cm™2, the
surface is reduced within a few seconds. When pre-
treated in such a way Ti/Pt electrode surface is
polarized anodically in the galvanostatic mode, the
chronopotentiogram is S-shaped with an induction

period during which the potential does not exceed
1.3—1.4 V in solutions of 0.1—2.0 M NaCl. Let us
conventionally call this state of the surface «reduced».
After the induction period, one can see a rapid
increase in potential to values above 1.6—1.7 V, which
corresponds to the «oxidized» surface (Fig. 1). The
induction period on a pre-reduced sample in 0.15 M
NaCl is 1000 s and 160 s at 20 mA cm™2 and 40 mA
cm™2, respectively. In 1.0 M NaCl, the time spent
in the reduced state increases significantly and, at
given current densities, is 3600 and 1500 s,
respectively.
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Fig. 1. Chronopotentiograms on pre-treated Ti/Pt electrode in
0.15 M NacCl at j,=40 mA cm™2 (1) and 20 mA cm™ (2)

A current wave at the potentials of more positive
than +0.8 V is observed due to the formation of
labile chemisorbed oxygen-containing particles on
the reduced platinum surface in 0.15 M NaCl
(Fig. 2, curve 1). When the potential reaches 1.15V,
an exponential increase in current begins, which is
because of the discharge of CI~ ions [3]. Further, the
current reaches its limiting value of 55—60 mA c¢cm™
(the limiting current wave is not shown in Fig. 1). To
get further insight into the processes occurred on
the platinum surface during anode polarization, the
reduced surface was sequentially polarized at
40 mA cm™? twice during 20 s and thrice during
60 s. After each polarization cycle, the corresponding
polarization curve was recorded (Fig. 2, curves 2—
6). As one can see, curves 2 and 3 are almost parallel
to curve 1, but they are somewhat shifted to more
positive potentials, which indicates a gradual
oxidation of the surface. The wave of the limiting
current corresponding to Cl~ discharge is reflected
in curve 4. Curve 5 shows a smaller current, and the
current wave in the potential range of 1.2—1.4 V is

Influence of Ti/Pt electrodes history on its electrochemical properties during electrolysis of NaCl
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Fig. 2. Voltammograms recorded in 0.15 M NaCl on the
reduced (1) and oxidized (6) surface of Ti/Pt. The numbering
of curves is explained in text. V=20 mV s™!

barely noticeable on the oxidized surface (curve 6).
The current wave decreases almost 20 times from 56
to 3 mA cm~2 when the state of the electrode surface
changes from completely reduced to oxidized. Tafel
slopes are 40—50 mV dec™ and 240 mV dec™! for
curves 1—5 and curve 6, respectively. This indicates
a significant change in the state of the electrode
surface.

One can assume a high integral current
efficiency of hypochlorite ions on the reduced surface
and sufficiently low integral current efficiency on
the oxidized one, since the current on the reduced
surface is mainly due to the discharge of chloride
ions. Two series of accumulative electrolysis were
performed in 0.15 M NaCl on Ti/Pt as an anode at
j.=20 mA cm™ to confirm this assumption. To
minimize hypochlorite losses due to its reduction at
the cathode, the electrolysis was carried out at
jc=—80 mA cm? and non-intensive mixing [6]. The
electrolysis duration was 1000 s, which does not
exceed the induction period at a given current density
(see Fig. 1). In the first series of experiments, the
anode was previously reduced at j.=—20 mA cm™
during 5 min; in the second series, it was oxidized at
+40 mA cm? during 20 min. However, contrary to
the assumption made, the integrated current
efficiency of hypochlorite rises only to 38% on the
reduced surface. Current efficiency of CIO™ rises to
29% on the oxidized surface. The current efficiency
of ClO,™ on the oxidized surface was 21%, and it
was only 9% on the reduced surface.

We performed steady-state voltammetry
measurements to get a further understanding of the

electrochemical properties of Ti/Pt electrodes during
electrolysis of NaCl. For these experiments, a Ti/Pt
sample was reduced in 0.15 M NaCl at 20 mA c¢cm™
during 300 s. Next, the sample was transferred into
a cell containing 0.15 M NaCl and 0.005 M NaCIO
(pH 9.0). This solution was obtained by electrolysis
of 0.15 M NacCl solution using Ti/Pt electrodes at
ja=40 mA cm2 during 100 min. The use of such a
solution minimizes the change in the composition
and pH of the electrolyte during the experiment.
The sample was further polarized at j,=40 mA cm™
for a given period of time (t,). Then, the electrodes
were thoroughly washed in bidistilled water and
transferred to a cell containing 1 M HCIO,, where
the j, E curve was recorded under conditions of linear
potential sweep into the cathode region at v=10 mV s
After recording the j, E curve, the experiment was
completely repeated at a new t, value.

As one can see from Fig. 3 (curve 1), a repetitive
increase in current is initially observed on the reduced
surface, caused by electrochemical adsorption of
hydrogen, followed by an increase in current (after
0.0 V), accompanied by hydrogen evolution. After
surface oxidation for 5 s, the stationary potential
shifts by 30 mV to the anode region, and a current
peak appears at the curve with a maximum at 500 mV
due to the reduction of labile chemisorbed oxygen-
containing particles on the platinum surface. When
the sample is oxidized for 10 and 20 s, a further shift
of the stationary potential is observed, which indicates
continued filling of the surface with chemisorbed
oxygen-containing particles. In this case, there is a
slight increase in the peak area at 500 mV. After
oxidation for 40 seconds, a new current wave appears
on curve with a maximum at 1.15 V, the area of
which increases significantly with increasing anodic
polarization time (curves 5—9). The occurrence of
this wave even after washing the electrode in
bidistilled water (Fig. 4) indicates that the chlorine-
containing particles are firmly fixed to the surface.
The reduction wave of Cl- oxidation products
practically disappears if the electrode is washed after
anodic polarization in an ultrasonic cleaner. This
indicates that these particles are fixed on the surface,
but their adsorption is reversible. Most likely, these
molecules can be Cl, and HCIO molecules [4,10].

After 100 or more seconds of anodic
polarization, a current wave begins to superimpose
on the peak of the reduction of chemisorbed oxygen-
containing particles at 0.4—0.5 V due to the reduction
of stronger bound chemisorbed oxygen and platinum
phase oxides. In this case, the reduction peak area
of more labile chemisorbed oxygen-containing
particles remains practically unchanged, and the
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surface content of strongly bonded chemisorbed
oxygen and phase platinum oxides increases. The
assumption that phase oxides begin to form after
100 s of polarization is in accordance with
chronopotentiometric measurements (Fig. 1), which
indicate that the reduced surface transforms into an
oxidized state in 100—200 s of polarization at
j.=40 mA cm™. A similar increase in the reduction
currents of chemisorbed oxygen and phase platinum
oxides is seen in cyclic voltammogramms (CV) in
1 M HCIO, at various reversal potentials in the anode
region (Fig. 5).
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Fig. 3. Voltammetry curves recorded on Ti/Pt after anode
polarization in 0.15 M NaCI+0.005 M NaClO at
j.=40 mA cm™ at different t, (s): (1) 0; (2) 5; (3) 10; (4) 20;
(5) 40; (6) 100; (7) 200; (8) 400; (9) 600. Supporting
electrolyte 1 M HCIO,. v=20 mV s!
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Fig. 4. Voltammetry curves recorded on Ti/Pt after anode
polarization in 0.15 M NaCl + 0.005 M NacClO at
ja=40 mA cm2 during 400 s (1). The sample was washed
in an ultrasonic cleaner after oxidation (2)
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Fig. 5. CV recorded on Ti/Pt in 1 M HCIO,. v=50 mV s
Potential reverse: +1.4 V (curve 1) and +1.5 V (curve 2)

One can explain a similar behavior of the surface
of platinized titanium by the occurrence of several
simultaneous oxygen transfer reactions. The main
processes in this case are as follows: (i) oxygen
evolution reaction; (ii) chloride ion discharge with
the formation of the main (Cl,, HCIO, CIO~) and
additional (ClO,”, CIO;7) products; and (iii) the
formation of phase oxides of platinum.

An exponential increase in current at potentials,
which are close to the equilibrium potential of
chlorine evolution (1.58 V), on the reduced Ti/Pt
surface indicates a direct discharge of Cl~ (Volmer
stage):

Cl =Cl,4te". (1)

Further, recombination (2) or electrochemical
desorption (3) occur:

Clads+Clads=C12; (2)

Cl,+Cl7=Cl,+e". (3)

However, even before the Cl- discharge on
platinum, the discharge of water and the formation
of the first oxide layers from chemisorbed oxygen-
containing particles take place [7]:

H,0=0H,,,+tH*+e"; (4a)
OH,,,+H*S OH," (4b)
OH,, 5 O tHY; (4c¢)
OH,,=0,+tH"t+e . (4d)

Influence of Ti/Pt electrodes history on its electrochemical properties during electrolysis of NaCl
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The pre-reduced surface of the platinized
titanium electrode undergoes a series of
transformations during the anodic polarization.
Oxygen-containing particles OH,,, are chemisorbed
on the Ti/Pt surface in the low polarizations range.
Such particles, depending on the pH of the near-
electrode layer, can be in equilibrium with OH,"
and O, (4, b and c). With increasing polarization,
the formation of atomic oxygen (4,d) and the
formation of phase oxide layers become possible
[7,11]. In stock solutions, the formation of phase
surface oxides occurs rapidly, and the oxygen
evolution proceeds on a completely oxidized surface.
The presence of chloride ions in solution significantly
slows down this process. The higher the CIl-
concentration, the longer the surface remains in the
reduced state. The chloride ion acts as a depolarizer,
discharging on the surface, interacts with surface
oxygen-containing particles, thereby slowing down
the oxidation of the surface.

Among different mechanisms of chlorine
evolution that exist today [12], the features established
in this paper can be well described from the point of
view of the reaction schemes developed by Denton-
Harrison:

Cl +S=S—-Cl,,te; (5a)
H,0+S5S-OH,, ,+H"+e"; (5b)
S—Cl,4s+SOH . =S—HOCI, (5¢)
and by Erenburg-Krishtalik:
H,0+SSS—OH,,,+H"+e; (6a)
S—OH,*+C1"=S—(HO)Cl,,te; (6b)
HOCI+HCI1s Cl1,+H,0, (6¢)

where S is the active surface site.

It should be noted that a direct discharge of
Cl~ can simultaneously proceed according to the
mechanism (1)—(3). For completeness of description,
it is appropriate to add to these schemes the stage of
desorption of a molecule of hypochlorous acid or
chlorine from the surface of the anode, which on
the oxidized surface becomes, in all probability, slow:
S—HOCI,S S+HOCI,,. (7)

The presence of a slow desorption stage explains
the accumulation of CI~ oxidation products on the
surface, the reduction peaks of which at potentials

of 1.2—0.7 V are observed in Fig. 3.

As shown above, the integrated current
efficiency of chlorate is 2 times higher on the oxidized
surface than on the reduced one. It is known [13]
that chlorate is formed during the electrolysis of
chloride-containing solutions through two main
routes: (i) electrochemical and (ii) chemical. On an
oxidized surface, processes occur at more positive
(for 400 mV) potentials. The shift of the electrode
potential during electrolysis to the anode region
makes possible the reaction (4d) and, respectively,
and leads to an increase in the surface concentration
of highly active O, particles. This results in an
increase in the rate of further oxidation of HOCl,,
HOCI,, and CIO~,, to chlorite and chlorate:

S—HOCI,,,+S—0,,=S—CIO, , +H*:  (8a)
§—0,4+C107,,=S—Cl0, u:; (8b)
S—Cl10, 4 +S—0,,,=S—ClO; ... (8¢)

Equations (8, a-c) describe the electrochemical
mechanism of chlorate formation. In the bulk, the
concentration of chlorate can also increase due to
the following slow reaction:
c10-,,+C10, ,,—»Cl17,,+CIO;7,,. 9)

Thus, both the direct electrochemical oxidation
of CI~ and its secondary chemical oxidation by labile
oxygen-containing particles of the OH,, type occur
on the reduced Ti/Pt surface. The main products
are hypochlorous acid and molecular chlorine, which
are desorbed from the surface of the electrode and
dissolved in the bulk solution. On the oxidized
surface, the formation of hypochlorite occurs directly
on the surface of the layer of platinum phase oxides
with the participation of strongly bonded chemisorbed
oxygen-containing particles OH,,, and atomic
oxygen. An increase in the degree of surface filling
with more active oxygen-containing particles leads
to a significant increase in the rate of formation of
chlorate.

Conclusions

It has been established that the pre-reduced
surface of Ti/Pt electrode undergoes a series of
transformations during the anodic polarization.
Layers of labile and then inert chemisorbed oxygen-
containing particles begin to form on the Ti/Pt
surface in the region of low polarizations. With
increasing polarization, the formation of atomic
oxygen becomes possible and phase oxide layers are
formed. In stock solutions, the formation of phase
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surface oxides occurs rapidly, and the oxygen
evolution proceeds on a completely oxidized surface.
The presence of Cl- in solution significantly
decelerates this process. Chloride ion acts as a
depolarizer, discharging, interacts with surface
oxygen-containing particles, thereby slowing down
the oxidation of the surface. Thus, both direct
oxidation of CI~ and its oxidation by labile oxygen-
containing particles of the OH,, type occur on the
reduced platinized surface. On the oxidized surface,
the formation of hypochlorite occurs directly on the
surface of the layer of platinum phase oxides with
the participation of strongly bounded (inert)
chemisorbed oxygen-containing particles and atomic
oxygen. The desorption of the products of primary
oxidation of CI~ becomes slower, and an increase in
the degree of surface filling with active oxygen-
containing particles of the O, type leads to a
significant increase in the rate of chlorate formation.
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BIL/IMB ITOIIEPEJHBOI'O OBPOBJIEHHS Ti/Pt
EJIEKTPO/IIB HA IX EJIEKTPOXIMIYHI BJIACTUBOCTI
ITPU EJIEKTPOJII3I NaCl

JI. Tupenxo, O. IlImuuroea, O. Beaiuenxo

Tloka3zarno, wjo nonepednbo 8i0HOBAECHA NOBEPXHS NAAMUHO-
6AHO20 MUMAHOB020 eAeKmpo0a 3a3HAE HU3KU NepemeopeHb nid
uac aHoOHoi noaspusauii. 3a Hu3bKux noaspusayii Ha nogepxti Ti/
Pt xemocopbyromocs okcueenoemicui wacmunku OH,,. Taki uac-
munku, 3anrexcto 6i0 pH naexonroenekmpodnoeo wapy, mMoycyms
nepebysamu ¢ pienosasi 3 OH,* . ma O~ ,,. 3i 30invweHHAM noas-
pusayii Moxcauee ymeopeHHs AmomMapHo20 OKCUeeHy ma ymeopeH-
Hs hazoeux wapie oxcudy. YV gonosux pozuunax ymeopenus ¢azo-
8UX NOBEPXHEBUX OKCUOIG 8i00yeaembcsi WBUOKO, | 6UOINCHHS KUC-
HI0 6id0ysacmobcs Ha NoBHICMI0O OKucAeHill nosepxHi. Hasenicmo
ioHi6 X10puUdy 6 PO34UHI 3HAUHO CNOBINbHIOE Yell npoyec. Yum euwja
xonyenmpauyis CI~, mum doguie nogepxHs 3a1UaemMovCsl 8iOHOBAE-
How. Xnopud-ion die sk denoaspusamop, po3psaoxucar4ics Ha no-
6epxHi, 83a€MO0iE 3 NOBEPXHEBUMU OKCULEHOBMICHUMU YACMUHKA-
MU, MUM CAMUM CROBINbHIONYY OKUCAeHHS noeepxHi. Bcmanoeie-
HO, wjo K npsame okucaenns Cl-, mak i 1020 oKucieHHs 1abinbHu-
Mu okcueenogmicHumu vacmunkamu muny OH,, 6iobysaromecs Ha
8i0HO6GACHIU naamuHosaHnii nosepxti. Ha oxucaeniii nosepxuni ym-
B0OpeHHs1 2inoxnopumy 8idbyeacmaocs 6e3nocepedHbo Ha NOBEPXHI uapy
@aszosux okcudie nAGMUHU 34 YHACMIO IHEPMHUX XeMOCOPOOBAHUX
OKCUREHOBMICHUX YACMUHOK mMa amomaphoz2o okcueery. [lecopoyis
npodykmie nepeurroeo oxkucaerns ClI~ cnosinbHioemocs, a 30inbuien-
Hsl CMYNeHsi NOBEPXHe8020 HANOGHEHHS AKMUBHUMU OKCUSECHOBMI-
cHumu wacmunxamu muny O, npueooums 0o 3HA4HO20 30iNbUeHHS
weuoKkocmi ymeopeHHs. X10pamie.

KiarouoBi ciioBa: mjaaTUHOBAHMN TUTaH, €JIEKTPO/,
TorepeaHe 0OpoOIeHHS, HATPIii TIMOXJIOPUT, €JIEKTPOJIi3.
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It was shown that the pre-reduced surface of the platinized
titanium electrode undergoes a series of transformations during the
anodic polarization. Oxygen-containing particles OH,, are
chemisorbed on the Ti/Pt surface in the low polarizations range.
Such particles, depending on the pH of the near-electrode layer,
can be in equilibrium with OH,",,, and O, With increasing
polarization, the formation of both atomic oxygen and phase oxide
layers becomes possible. The formation of phase surface oxides occurs
rapidly in supporting electrolytes, and the oxygen evolution proceeds
on a completely oxidized surface. The presence of chloride ions in
solution significantly decelerates this process. The higher the CI~
concentration, the longer the surface remains in the reduced state.
The chloride ion acts as a depolarizer, discharging on the surface
and interacting with surface oxygen-containing particles, thereby
slowing down the oxidation of the surface. It was established that
both direct oxidation of CI- and its oxidation by labile oxygen-
containing particles of the OH,,; type occur on the reduced platinized
surface. On the oxidized surface, the formation of hypochlorite occurs
directly on the surface of the layer of platinum phase oxides with the
participation of inert chemisorbed oxygen-containing particles and
atomic oxygen. The desorption of the products of primary oxidation
of CI- becomes slower, and an increase in the degree of surface
filling with active oxygen-containing particles of the O, type leads
to a significant increase in the rate of chlorate formation.

Keywords: platinized titanium; electrode; pre-treatment;
sodium hypochlorite; electrolysis.
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