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Electrochemical properties of Ti/SnO,—Sb,05 electrodes
prepared by the spray pyrolysis technique
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Cyclic voltammetry for the ferri-ferrocyanide redox couple has been used to study the Ti/SnO,—Sb,0s5
electrode prepared by spray-pyrolysis under different conditions. The obtained results shows that
increasing the preparation temperature and the duration of coating deposition results in a decrease
of i, and an increase of AE, for the ferri-ferrocyanide couple. This deviation from reversibility has
been attributed to the formation of a titanium oxide layer at the Ti/coating interface. Concerning
oxygen evolution at the Ti/SnO,-Sb,Os anodes, a mechanism is proposed in which water is dis-
charged at the anode forming hydroxyl radicals which are further oxidized to form dioxygen. Finally,

a generalized mechanism for oxygen evolution at oxide electrodes has been proposed.

1. Introduction

The literature on dimensionally stable anodes
(DSA®) [1, 2] shows that the nature of the oxide
coating strongly influences their electrochemical
behaviour. While electrodes based on RuQO, and
TiO, are widely used in chlor-alkali cells, electrodes
based on IrO, and Ta,Os; can be used for oxygen
evolution in sulfuric acid media [3, 4]. The case of
SnO, in this context is quite interesting, its role
ranging between that of minor component of some
DSA® materials and that of main component in
Sn0,—Sb,05 film electrodes, of interest in electro-
chemical combustion of organics [S—10].

Some aspects of the electrochemical behaviour of
Ti/Sn0O,—Sb,05 clectrodes have been discussed
earlier [11, 12]. Preparation of these electrode materi-
als and physicochemical and electrochemical proper-
ties have been discussed in relation with their
application for the electrochemical combustion of
organic pollutants in aquatic media [5-10]. Further
detailed treatment of the preparation problems, with
special reference to spray pyrolysis, have been given
[13, 14]. Correlations between preparation parameters
and physicochemical properties, have been described
too [15].

In the present paper an electrochemical study of
Ti/SnO,—Sb,05 electrodes has been carried out.
The formation of titanium oxide at the Ti/coating
interface during electrode preparation has been fol-
lowed by cyclic voltammetry using the [Fe(CN)¢]*>~/
[Fe(CN)¢]*~ redox couple. The mechanism of oxy-
gen evolution has been studied by cyclic voltammetry
and by steady state polarization measurements.

* To whom correspondence should be addressed.

2. Experimental details

The cyclic voltammetry experiments were carried
out with an EG&G PAR potentiostat—galvanostat
(model 362). A three-electrode cell was used. The
Ti/SnO,—Sb,0s electrodes (6cm?) were prepared
on titanium base metal by spray pyrolysis; the com-
position of the spray solution was 10 g SnCl, - 5H,O,
0.2g SbCl; in 100ml of ethanol-HCl mixture.
Unless otherwise stated, the mixed oxide loading
amounted to 25 gm™, corresponding to a thickness
of about 4 pum. Details of the preparation have
been given elsewhere [13, 14]. The counterelectrode
consisted of two interconnected platinum spirals
(total surface 25cm?) positioned in front of the two
faces of the working electrode, respectively. An
Hg/Hg,S04/K,S0, (sat.) electrode (Metrohm,
model 6.0703.100) was used as reference. The solution
temperature was maintained at 25°C.

Quasisteady state polarization curves with iR
drop correction were carried out using the same
potentiostat—galvanostat unit and the same cell as
used for the cyclic voltammetry experiments, with
one reference electrode more. Due to the possi-
bility of significant ohmic drops at the Ti/oxide
interface, ohmic drop correction becomes particularly
important in this case. This was achieved using the
arrangement shown in Fig. 1. The current inter-
ruption switch was custom built. It was based on
two timing units and two MOS switches (model
AQV-201).

The response delay of the switches was less than
80ms. One of the switches was connected to the
anode, the other to the cathode. One of the two
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Fig. 1. Scheme of the equipment used for the measurement of current/potential curves. (1) Anode (WE); (2) Pt cathodes (CE); (3) reference
electrodes; (4) potentiostat—galvanostat; (5) current interruption block; (6) X—Y recorder; (7) digital oscilloscope; (8) thermostatic unit.

clocks measured the real duration of the measure-
ment, the other checked the duration of the current
interruption. The change with time of the potential
of the potential difference between working electrode
and the second reference, after current interruption,
was followed by a memory storage oscilloscope
(Gould, model 1602 DSO).

3. Results and discussion

3.1. Voltammetric behaviour of the
[Fe(CN )¢l>~/[Fe(CN)¢]*™ redox couple

The behaviour of the [Fe(CN)¢]*/[Fe(CN)]*™ redox
couple, involving only outer-sphere electron transfer,
was studied at SnO,—Sb,0; films supported on tita-
nium, in order to investigate the influence of prepara-
tion variables on the Ti/coating interface.

In Fig. 2, cyclic voltammograms of the ferriferro-
cyanide couple are compared for Ti/SnO,—Sb,0;
electrodes prepared at different temperatures,
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between 400 and 550 °C. With increasing preparation
temperature, a decrease in the peak current density ,,
and an increase in the potential difference between
anodic and cathodic peak, AE, can be observed. In
Fig. 3, the dependence of i, on »'/2, is shown. A
good linearity is observed for the electrode prepared
at 450 °C (curve (a)) over the whole v range. For the
sample prepared at 550 °C (curve (b)) this is observed
only below 0.010 Vs~!. From the slope of the ip/vl/2
plot in Fig. 3 (curve (a)), a value of
1.2 x 107 m?s™! could be calculated for the diffusion
coefficient of the electroactive species, close to litera-
ture value [16].

The influence of the duration of coating deposition
on i, and AE, is shown in Fig. 4, a decrease of i,
(curve (a)) an increase of AE;, (curve (b)) is observed,
with increasing the duration of coating deposition.

This deviation from reversibility of the ferri-ferro-
cyanide couple with increasing preparation tempera-
ture and duration of deposition, has been attributed
to the formation of a titanium oxide layer at the
Ti/coating interface.
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Fig. 2. Cyclic voltammograms of the [Fe(CN)I*~ /[Fe(CN)6]4_ redox couple at Ti/SnO,—Sb, 05 electrodes prepared at different tempera-
tures: (a) 400 °C; (b) 500°C; (c) 550°C. The concentration of ferri- and ferrocyanide was 10mm and the supporting electrolyte was 0.1M

H,S0, +0.5M Na,S0,. v = 20mVs~ and T = 25°C.
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Fig. 3. Dependence of the peak current density, i, on the square
root of the potential scan rate, o2 , for the ferri-ferrocyanide redox
couple at Ti/SnO,—Sb,0; electrodes prepared at different tempera-
tures: (a) 450°C; (b) 550°C. Electrolyte as in Fig. 2. T =25°C.

Minimization of the Ti/coating interface can be
achieved by reducing deposition temperature. How-
ever, need for large thickness and good electrical
conductivity of the deposit restrict the choice of the
deposition conditions, the value of 550 °C adopted
in this work being most probably the best one. The
only way to minimize the oxidation of titanium sub-
strate is, therefore, to reduce the deposition time, by
increasing the solution flow [14]. At 550°C the Ti/
Sn0,—Sb,0s film growth rate can be led to a
maximum of about 0.8 ymmin~!, which would
allow attainment of 45 ym thicknesses with a spray-
ing time of 7-8 min. Improvement of film adhesion
and stability of the Ti/coating interface, however,
requires synthesis of convenient interlayers prior to
the SnO,—Sb,0; film deposition [22].

3.2. Cyclic voltammetry in 0.5 M H,SO,

In Fig. 5, cyclic voltammograms obtained in 0.5M
H,S0,, at 25°C are shown. In the first two cycles,
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Fig. 5. Shape modification of cyclic voltammograms for a Ti/
SnQ,—Sb,0; electrode with increasing the number of polarization
cycles. v = 20mVs™!. Electrolyte: 0.5m H,SOy; T = 25°C.

important anodic phenomena, probably bound to
rearrangement of the oxide/solution interface and oxi-
dation of impurities take place. After 60 cycles the
shape of the voltammogram remains more or less
constant, with only smaller changes with increasing
the number of cycles.

The anodic part of the voltammogram exhibits a
well defined peak, already at the second cycle (Fig.
5), whose maximum is at about 0.90V vs NHE. No
corresponding peak is found in the cathodic voltam-
mogram, in which, however, a monotonous increase
of current takes place, starting from about 0.70V, fol-
lowed by hydrogen evolution reaction itself. Another
smaller anodic peak is also evident at 0.0 V, probably
due to oxidation of adsorbed hydrogen.

To verify the reproducibility of the voltammo-
grams, experiments were also carried out on electro-
chemically preconditioned electrodes. Precondition-
ing consisted in polarizing the electrodes for two
hours under an anodic current of 50 mA cm ™. A com-
parison between the behaviour of as-prepared (second
cycle) and preconditioned electrodes is given in Fig. 6.
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Fig. 4. Dependence of i, and AE,, on the duration of the thermal treatment (curves (a) and (b), respectively). The final oxide loading was in
any case 25 gem 2. Electrolyte as in Fig. 2. v=20mVs~l. T =25°C.
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Fig. 6. Cyclic voltammogram for an ‘as prepared’ electrode (- - - - - )
and for a preconditioned electrode ( ) (anodic polarization at
50mAcm~2 for 2h). Electrolyte as in Fig. 5. v=20mVs'.
T =25°C.

For the latter only a trace of the anodic peak O,,
remains, and no other anodic signal is visible. A
cathodic peak, O, appears, around 0.45 V. The repro-
ducibility of the voltammograms for the activated
electrode was found to be quite good. Apparently,
the anodic pre-polarization also involves a significant
deactivation of the electrode for the oxygen evolution
reaction. '
Under the established pre-conditioning the influ-
ence of the value of the positive reversal potential E,
on the shape of the voltammograms was investigated.
As shown in Fig. 7, with extending the polarization
window in the direction of positive potentials, the
O, peak current increases. The increase becomes
more significant for £, > 1.50 V (Fig. 8). The forma-
tion of the intermediate whose reduction gives origin
to O, evidently occurs only above a given anodic
potential. The absence of a corresponding anodic
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Fig. 7. Change of the cyclic voltammogram for a preconditioned Ti/
Sn0,—Sb, 05 electrode, with increasing the positive reversal poten-
tial E, by 0.1V intervals (curves 1-15). Electrode as in Fig. 5.
v=20mVs!, T =25°C.
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Fig. 8. Dependence of i, for the cathodic peak O, on the value of the
positive reversal potential, E, (see Fig. 7).

signal, which most probably is covered by the
oxygen evolution current, points to large irreversi-
bility of the solid state redox process.

In 1M NaOH the voltammograms become feature-
less, as shown in Fig. 9. Although most probably con-
fined to the electrode surface, the redox phenomena
responsible for the peaks in acidic medium, involve
the proton as one of the reactants, as in the case of
other oxide electrodes [17—-19]. In alkaline media the
extension of the potential scan range does not
modify the shape of the voltammograms.

In Fig. 10(a) and (b) SEM images of an as-prepared
electrode surface (a) and after 800 cycles (b) in 0.5M
H,SO, are shown. Large crystallites of which the
oxide films consist, undergo probably extensive recon-
struction under cyclic electrochemical polarization.

The initial slow decrease of voltammetric currents
with increasing the number of cycles and the conco-
mitant decrease in activity towards the oxygen evolu-
tion reaction (Fig. 5) can be explained considering
that a certain degree of non-stoichiometry is present
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Fig. 9. Cyclic voltammogram of a Ti/SnO,—Sb,0;5 electrode in
alkaline solution (1M NaOH). v = 20mVs~!. T = 25°C.



PROPERTIES OF Ti/Sn0,-Sb,05 ELECTRODES

687

Fig. 10. Effect of potential cycling between —0.050 and 1.950V vs
NHE on the surface morphology of the Ti/SnO,—Sb, 05 electrode.
SEM image, of an ‘as prepared’ electrode (a), and after 800 polari-
zation cycles. (b) Electrolyte: 0.5m H,SO,. T = 25°C.

in as-prepared SnO, films [20, 21]. This initial defec-
tivity involves a larger concentration of catalytically
active sites, where the reaction:

SHO(Z,X) +H,0O — SnO(Z_X)(°OH) +HY +e”
(1)

takes place, with formation of adsorbed hydroxyl
radicals, *OH. A further oxidation may take place,
with an increase in oxygen stoichiometry, which,
however, at this stage is still below 2 (Equation 2):

SnOp_»(*OH) —— SnOp_ .y +yH' 4 ye~
(2)

From the decomposition of the species SnO; _ x4 y)
oxygen can be evolved, with regeneration of
SnOy, _ ) (Equation 3):

SnO(z_)H,y) —_— SnO(z_x) +1/2y0, (3)

Under anodic polarization and/or cycling between
hydrogen and oxygen evolution reaction, reconstruc-
tion of the film surface occurs, with loss of defectivity.
The oxygen evolution reaction can then occur through
the step:

SnO,(*OH) —— SnO, +1/20, + HY +e~ (4)
The role played by the anodic preconditioning could
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Fig. 11. Tafel plots for oxygen evolution reaction at a Ti/
Sn0,—Sb,0; electrode (a) and at a Ti/IrO, electrode (b). Electro-
lyte: 0.5m H,80,4. T =25°C.

then be the progressive increase of the y value
towards x.

3.3. Oxygen evolution in acidic medium at
Ti/SnO,—Sb,05 anodes

The Tafel plot corrected for ohmic drop, obtained at a
preconditioned Ti/SnO,—S8b,05 electrode in 0.5M
H,S0, is shown in Fig. 11. For the sake of com-
parison results obtained with a Ti/IrO, electrode have
also been given. Linearity across about two current
density decades is observed for the Ti/SnO,—Sb,05
electrode, with a slope of 0.12V dec™!. In agreement
with the literature a lower slope, 0.070Vdec ! is
found for the Ti/IrO, electrode at lower current den-
sities. The exchange current density is much larger
at the Ti/IrO, electrode (iy = 107> Acm?), than at
the Ti/SnO,—Sb,0s electrode (ip = 10~ Acm™).
Current/potential curves also allowed an estimate of
the potential of incipient oxygen evolution. The
value was 1.8V vs NHE in the case of the Ti/
Sn0,—Sb,05 electrode and 1.35V vs NHE for the
Ti/IrQ, electrode. The first is quite close to the
H,0,/H,0 redox potential (Equation 5) and the
second approximates that of the IrO;/IrO, redox
equilibrium (Equation 6).

H202 + 2H+ + 26_ ] 2H20 (5)
IrO; + 2H" + 2¢” — Ir0, + H,O  (6)

on the basis of the above results a generalized mechan-
ism for oxygen evolution at oxide electrodes in acidic
media can be proposed, whose scheme is shown in
Fig. 12. In the first step adsorbed hydroxyl radicals,
*OH, are formed:

MO, +H,0 — MO,(*OH) +H' +e¢~ (7)

In the case of ‘inert’ oxides, where electroactive sites
are absent, weakly adsorbed hydroxyl radicals are
further oxidized to form dioxygen, by the so called
peroxide mechanism:

MO,(*OH) —— 1/20,+H* +¢” + MO, (8)



688 B. CORREA-LOZANQ, CH. COMNINELLIS AND A. DE BATTISTI

HO
i .
MO X 120,
@
H++e
® /B
120+ Hte
MOX ( OH) MOX+ !
@

+ o

H +e
Fig. 12. Mechanism of the oxygen evolution at oxide anodes: (1) for-
mation of *OH radical by water oxidation; (2) transfer of oxygen
from *OH to the oxide lattice (formation of a higher oxide site);

(3) oxygen evolution by electrochemical oxidation of *OH species;
(4) oxygen evolution by chemical decomposition of the higher oxide.

(hydrogen peroxide is probably an intermediate).
Apparently at anodically pretreated Ti/SnO,—Sb,05
electrodes the oxygen evolution reaction takes place
through steps (7)-(8). In fact, hydroxyl radicals
have been detected at the surface of SnO, electrodes
during water oxidation [9]. The lack of higher oxida-
tion states for the metal ions in the oxide structure
involves a lower stability of hydroxyl radicals inter-
mediates, which justifies the high overvoltages of the
oxygen evolution reaction at these electrode materials
(Fig. 11).

For metal oxides with electroactive sites (typically
the noble metal oxides like RuO, and IrO,), which
are catalytically active for oxygen evolution reaction,
adsorbed hydroxyl radicals can be stabilized by
interaction with metal cations in the oxide lattice,
causing a formal increase of their oxidation state:

MO,("OH) — MO, +H" +e~  (9)
The decomposition of this unstable species gives
origin to dioxygen:

MO, ., — MO, +1/20, (10)

4. Conclusion

The electrochemical study of the Ti/SnO,—Sb,0;
electrode prepared by spray-pyrolysis technique has
shown that the experimental conditions influence
strongly the performance of this electrode. This has
been attributed to the formation of a titanium oxide
layer at the Ti/coating interface.

A mechanism for oxygen evolution at Ti/
Sn0O,—Sb,05 electrode is proposed in which H,O is
discharged forming *OH which are further oxidized
to dioxygen.
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