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A B S T R A C T

A novel electrode having the compositional sequence Si/TiOx/Pt/TiOx was developed for ozone

electrogeneration. The spin-coating method, the sputtering deposition technique, and a post-annealing

procedure were all combined to assemble the electrode composition. A two-compartment electrolytic

cell separated by a Nafion membrane was used to generate ozone galvanostatically. The X-ray photon

electron spectroscopy (XPS) and atomic force microscopy (AFM) were used to reveal the electrode

composition and morphology. The influence of several factors including the electrode’s annealing

temperature, the electrolyte composition, and the electrolysis’ current density on the efficiency of ozone

production was investigated. A maximum ozone generation efficiency of 2.5% was obtained at

74 mA cm�2 at room temperature. Interestingly, the electrode preserved (ca. 80%) of its original activity

to produce ozone after 50 h of continues electrolysis at 74 mA cm�2 at room temperature.

� 2009 Elsevier B.V. All rights reserved.
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1. Introduction

Ozone is currently attracting a considerable interest due to its
wide applications in chemical, environmental, pulp, food, and
recently in medical industries [1–3]. Unlike chlorine, ozone does
not generate harmful residues and is about six times as strong as
chlorine in terms of oxidizing power. In water treatment, ozone is
more interesting due to its relatively short half-life even at normal
temperatures. Combinations of ozone and hydrogen peroxide or
ultraviolet radiation in water can generate powerful oxidants
useful in advanced oxidation processes, AOP [4]. Hence, the ozone
production has recently glittered as an attractive prospect [5].

Practically, two approaches have long been used to generate
ozone; the UV-light and corona-discharge [6]. The UV-light
approach can only be used when small amounts of ozone are
desired. Although more complicated and expensive, the corona-
discharge approach is able to produce much higher amounts of
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ozone. Recently, the electrochemical ozone production, EOP, from
water electrolysis, attracted a deal of attention due to its low cost
and simplicity [7–10]. In this process, ozone is produced at the
anode and hydrogen gas is produced at the cathode of an
electrolytic cell according to the following equations:

3H2O ! O3þ6Hþ þ6e�; E� ¼ 1:52 V vs:NHE; (1)

2Hþ þ2e� ! H2; E� ¼ 0:0 V: (2)

However, the anodic reaction is always competed by the oxygen
evolution reaction (OER);

2H2O ! O2þ4Hþ þ4e�; E� ¼ 1:23 V vs:NHE: (1a)

Hence, to generate ozone, an optimization is required to slow
down the oxygen evolution reaction and achieve the highest ozone
yield and efficiency. Basically, several factors are able to influence
the EOP such as the anode materials (high oxygen overpotential
anodes are favorable to minimize the oxygen evolution), the
electrolyte type, concentration, and acidity (the adsorption
mechanism may change by adding anions of a high adsorption
tendency), and the electrolysis parameters and temperature
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(lowering the temperature at the anode/electrolyte interface will
likely decrease the thermal dissociation of ozone) [11–14].

Lead dioxide, for long time, was the best candidate for EOP, and
a current efficiency of more than 7% was reported at a current
density of 600 mA/cm2 in 5 M H2SO4 [11]. The size and
morphology of lead dioxide particles could also greatly influence
the electrode performance [15,16]. However, the use of lead-
containing materials is unsafe and currently prohibited. Platinum,
on the other hand, is much less efficient than lead dioxide to
produce ozone (less than 2% at a current density of 400 mA/cm2)
[11]. This efficiency was improved to 8.5% by lowering the
temperature to �67 8C in 5 M eutectic H2SO4 [11].

Recently, tantalum–platinum composites have appeared pro-
mising for EOP; a current efficiency of up to 6% at 20 mA cm�2 was
reported at RT [10,13,17–19]. Nevertheless, the electrode material
is highly expensive and the preparation procedures are compli-
cated and lengthy. Titanium-based composites have next been
proposed as cheap materials for EOP [20]. Titanium oxides
participate in a broad range of industrial applications [21–23],
and recently exhibited a reasonable catalysis towards oxygen
reduction [24,25], and water splitting [26].

Herein, we report on the electrocatalytic activity of a titanium
oxide–platinum composite electrode prepared by the spin-coating
and sputtering methods towards EOP in perchloric acid. The
electrode’s performance is correlated to the electrode’s composi-
tion and the parameters of electrolysis.

2. Experimental

2.1. Electrode preparation

A spin-coating method (Kyowariken, K-359 S-1, Japan) was
used to deposit the titanium precursors on the Si/TiOx/Pt
substrates. Ti (3%) metallic precursors were purchased from
Koujundo Kagaku. Co. Ltd., Japan. The following procedure was
applied to prepare the Si/TiOx/Pt substrate. An RF sputtering
machine (ULVAC, Inc.) was used to deposit a titanium oxide (TiOx)
film on a Si substrate for 10 min at room temperature (RT) under a
total gas pressure of 0.6 Pa (Ar/O2 ratio = 0.48/0.52) and an RF
power density of 6.4 W/cm2. This was done to strengthen the
adhesion of the Si substrate and the Pt film, and to suppress the
mutual diffusion of Si and Pt. Next, the Pt film was deposited on the
TiOx layer, hitherto deposited on the Si substrate, for 1 min at RT
under an Ar gas pressure of 0.7 Pa and RF power density of 4.8 W/
cm2. The substrate was then subjected to spin-coating with
titanium precursors. Two-step spinning at 1000 rpm for 10 s
followed by another one at 3000 rpm for 30 s was done to coat the
Si/TiOx/Pt substrate with titanium precursors. After that, the
electrode was left to dry in air at RT for 10 min and next at 200 8C
for another 10 min. The average thickness of the Ti layer was
�60 nm. Finally, the electrodes were annealed at different
temperatures (550, 600, and 650 8C) for 10 min in air.

2.2. Electrochemical measurements

The cyclic voltammograms (CVs), measured at 0.1 V/s in 10 mM
HClO4, and the linear sweep voltammograms (LSVs), measured at
5 mV/s in 10 mM HClO4, were all done in N2 atmosphere using a
BAS 100 B/W electrochemical analyzer. The working electrode and
the counter electrode (a platinum spiral wire) were separated by
porous glass. A Ag/AgCl (KCl sat.) electrode was used as the
reference electrode.

Electrogeneration of O3 was performed galvanostatically at RT
in HClO4 acid in a Nafion membrane cell. The cell was of two
compartments separated by a Nafion membrane. Ag/AgCl (KCl sat.)
was used as a reference electrode. Ohmic drop was minimized
using a Luggin capillary approaching the working electrode. The
counter electrode was Pt electrode of a large surface area. Electrode
area was determined before electrolysis based on the charge
associated with the hydrogen underpotential deposition peaks
(220 mC/cm2) [27].

A simple and rapid potentiometric method with a high
sensitivity and selectivity was used in this study to measure the
concentration of gaseous and soluble ozone [28,29]. In this
method, a Pt electrode was used as an indicator electrode and
the I3

�/I� redox couple was used as a probing potential buffer. The
analysis is based on measuring the change of the open circuit
potential of the indicator electrode that results when the oxidant
reacts with I�. The following Nernstian equation was developed to
estimate the change in potential, DE, when an oxidant, Ox, gains
two electrons in the oxidation reaction of I� at 25 8C under the
condition of being the initial concentration of iodide, [I�]o, much
greater than that of the oxidant, [Ox].

DE; mV ¼ 29:6 logfð1þ ð½Ox�=½I3
��oÞg; (3)

where [I3
�]o is the initial concentration of I3

�. The O3 gas escaped
from the cell during electrolysis was in-situ analyzed by passing
into an I3

�/I� potential buffer solution. The electrolytic cell is well
designed to ensure a complete trapping of O3 gas into the potential
buffer solution. The current efficiency was determined according
to Faraday’s law based on Eq. (1) using the total concentration of O3

both dissolved in the electrolyte solution and in the gas phase.

2.3. Electrode characterization

The X-ray photon electron spectroscopic (XPS) analysis was
performed using an ESCA-3400 electron spectrometer (SHI-
MADZU) having a non-monochromatic Mg Ka (hn = 1253.6 eV)
X-ray source, with power given by the emission of 20 mA at a
voltage of 10 kV. The atomic force microscopic (AFM) images were
pictured ex-situ in the direct contact mode using the AFM
(Nanoscale Hybrid Microscope VN–8000—KEYENCE) microscope.

3. Results and discussion

3.1. Effect of annealing temperature

Titanium oxide electrodes are usually prepared either by dry
methods such as sputtering [30] and chemical vapor deposition
methods [31] or by wet processes such as dip coating [32] sol–gel
[33,34] spray coating [35] and spin-coating methods [36]. Wet-
processing operations are, indeed, easier and require no particular
equipment. However, the produced oxide is usually amorphous,
and thermal treatments are required to obtain a uniform oxide film
with a desired structural and electrocatalytic characteristics [37].
Figs. 1 and 2 show the CVs and LSVs in 10 mM HClO4 acid solution
at three different spin-coated Si/TiOx/Pt/TiOx electrodes after
annealing at 550 (a), 600 (b) and 650 8C (c). The characteristic
behavior of a polycrystalline Pt electrode is clearly shown in the
CVs of the three electrodes; Pt oxidation, which extends over a
wide range of potential, is coupled with the reduction peak at ca.
0.30–0.35 V (vs. Ag/AgCl). This couple corresponds to the solid-
state surface redox transition (SSSRT) involving Pt/PtO. In addition,
ill-defined peaks for the hydrogen adsorption/desorption are
shown in the potential range from 0.0 to �0.2 V vs. Ag/AgCl. This
behavior in Fig. 1 indicates that the platinum layer underneath the
spin-coated titanium oxide layer is exposed to the electrolyte. In
other words, the oxide film has some cracks. A similar porous
structure has previously been observed for tantalum oxide films
deposited on platinum using the sol–gel method [13]. This may
explain the illness of the hydrogen adsorption/desorption peaks



Fig. 1. The cyclic voltammograms in 10 mM HClO4 solution under N2 atmosphere at

three Si/TiOx/Pt/TiOx electrodes annealed at (a) 550, (b) 600 and (c) 650 8C.

Potential scan rate: 0.1 V/s.

Fig. 2. The linear sweep voltammograms in 10 mM HClO4 solution under N2

atmosphere at three Si/TiOx/Pt/TiOx electrodes annealed at (a) 550, (b) 600 and (c)

650 8C. Potential scan rate: 1 mV/s. The surface area is normalized based on the real

surface area.

Table 1
Effect of annealing temperature on the ozone concentration and current efficiency.

Electrolysis is done by applying 74 mA/cm2 for 5 min in 10 mM HClO4 acid. The

surface area is normalized based on the real surface area.

Tannealing, 8C O3 concentration, mM O3 current efficiency, %

550 7.5 1.2

600 15.3 2.5

650 9.8 1.6

Fig. 3. The Ti 2p XPS spectra of the Si/TiOx/Pt/TiOx electrodes at different annealing

temperatures (a) 550, (b) 600 and (c) 650 8C.
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that probably resulted from accumulating gas bubbles in the pores
of the TiOx film. In fact, TiOx/Pt electrodes have shown an
enhancement for the hydrogen spillover as previously reported by
Malevich et al. [38]. The LSVs curves in Fig. 2 indicate a difference
in the onset potential of the oxygen evolution of the electrode
annealed at 550 8C (�1.46 V vs. Ag/AgCl) and the other two
electrodes (�1.52 V vs. Ag/AgCl). In other words, oxygen evolves
early (�60 mV less) if the electrode is annealed at 550 8C. In turn,
for the sake of minimizing the oxygen evolution, the use of 550 8C
as an annealing temperature for this electrode in EOP is disfavored.
The rate of oxygen evolution would also be considered when
comparing the performance of a set of electrodes towards EOP. The
lower rate of oxygen evolution is often favored in EOP technology.
As shown in Fig. 2, the rate of oxygen evolution of the electrode
annealed at 600 8C is lower than that of the other electrode
annealed at 650 8C, particularly at high potentials that are typically
used for EOP. Based on the above observations, one can predict that
the electrode annealed at 600 8C will be the best among the three
electrodes for EOP.
In parallel, the EOP have been investigated using the same
electrodes annealed at 550, 600, and 650 8C. Table 1 lists the
concentrations and efficiencies of ozone generated galvanostati-
cally at 74 mA/cm2 for 5 min in 10 mM HClO4 solution at RT. As
expected above, the data in Table 1 shows that the electrode
annealed at 600 8C is more efficient than the other two electrodes.
The ozone yield and efficiency of this electrode were at least two
times higher than those of the other two electrodes. We believe
that the reason of favoring the annealing temperature of 600 8C
might be understood within the framework of the O-Ti phase
diagram. In order to understand this behavior, we have measured
the XPS spectra for the three electrodes to reveal their surface
composition.

Fig. 3 shows the Ti 2p XPS spectra of the Si/TiOx/Pt/TiOx
electrodes annealed at temperatures 550 (a), 600 (b) and 650 8C (c).
The data revealed the existence of several phases of titanium
oxides in the three electrodes. The concentration of these phases
depended on the annealing temperature. Titanium oxides can,
indeed, exist in multiple phases and several phases can, moreover,
coexist under certain conditions [39–41]. The annealing tempera-
ture and time are very critical in identifying the relative
concentrations of these phases in the oxide. An XPS investigation
by Boffa et al. [42] pointed out that annealing of titanium oxide
films, grown by vapor phase deposition on platinum substrate, in
oxygen atmosphere in the temperature range between 300 and
1000 8C for 5 min affects greatly the total (Ti4+ + Ti3+) titanium and
the relative Ti3+ contents. Our XPS data indicated that the Ti4+

(TiO2) was the major component in all the electrodes whatever was
the annealing temperature. The Ti doublet at 458.8 and 464 eV is
assigned to 2p3/2 and 2p1/2, respectively [41,42]. Lower quantities
of Ti3+ phase also existed as the peaks at 456 eV (2p3/2) and 462 eV



Fig. 4. Three-dimensional atomic force microscopy image (contact-mode) for one of

the Si/TiOx/Pt/TiOx electrodes (a) before and (b) after electrolysis at 74 mA/cm2 for

5 min in 10 mM HClO4 acid.
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(2p1/2) indicate [41,42]. These peaks are shifted little to higher
binding energies in case of the sample annealed at 600 8C (see
curve (b)) to appear at 456.5 and 463.5 eV. A significant decrease in
the Ti3+ content was observed with increasing the annealing
temperature from 550 to 600 8C, in agreement with Boffa et al. [42]
but very little amount of Ti3+ was detected when the sample was
annealed at 650 8C. In addition, well-defined peaks at �455.5 and
462 eV were only observed in the sample annealed at 600 8C, and
are likely assigned to the TiO phase [41]. A similar but broader peak
appeared with lower intensity for the sample annealed at 650 8C.
The peak around 454 eV in curve b is assigned to metallic Ti [41].
From the XPS data analysis, it seems for us that the existence of
small quantities of Ti2+ phase, in addition to Ti3+ and Ti4+ phases in
the sample annealed at 600 8C is responsible for the enhancement
of the electrocatalytic activity of this sample towards EOP.
Hereafter, 600 8C will be selected as the optimum annealing
treatment.

3.2. Effect of the electrolyte concentration

The effect of the electrolyte (HClO4 acid) concentration on the
ozone concentration and efficiency is further investigated for one
of the electrodes annealed at 600 8C. Electrolysis was performed in
1, 10 and 100 mM HClO4 acid solution at RT galvanostatically for
5 min at 74 mA cm�2. By lowering the electrolyte concentration,
we observed a significant increase in the overall cell potential but
little increase in the potential was observed at the working
electrode. The increase in the cell potential is likely due to the
increase in the iR drop of the electrolyte. However, no significant
change in the ozone concentration and efficiency was observed
within this range of electrolyte concentrations (see Table 2).

3.3. AFM investigation

Viewing topography by itself is very informative in surface
deformations in various materials. Surface roughness, in particular,
is an important factor that influences the physicochemical
properties of materials. Characterization of surface roughness
involves two steps: instrumental measurement and quantification
of the surface roughness. The latter includes two attributes:
roughness heights and lateral dimensions. Fig. 4 represents high-
resolution three-dimensional AFM (contact mode) images of one of
the electrodes annealed at 600 8C before and after ozone
generation at 74 mA cm�2 for 5 min in 10 mM HClO4. The AFM
pictures did not reveal a significant difference in the surface
morphology of the electrodes before and after EOP. In addition,
very close roughness factors were obtained for both measurements
(about 0.06% increase in the surface roughness was observed after
ozone generation). This indicates that ozone generation at
74 mA cm�2 does not damage the electrode and, therefore, it
can further maintain reasonable electrocatalytic activity.

3.4. Effect of current density

We have further examined the effect of current density employed
in EOP on the ozone concentrations and efficiencies. In Fig. 5, the
Table 2
Effect of electrolyte (HClO4) concentration on the ozone concentration and current

efficiency. Electrolysis is done by applying 74 mA/cm2 for 5 min in different

concentrations of HClO4 acid. The surface area is normalized based on the real

surface area.

[HClO4], mM O3 concentration, mM O3 current efficiency, %

1.0 12.9 2.1

10.0 15.3 2.5

100.0 10.1 1.6
concentration and efficiency of ozone generated in 10 mM HClO4 at
RT galvanostatically for 5 min are plotted as a function of the current
density used in EOP. The amount of ozone increased in a semi-linear
fashion with the current density. However, a maximum was
Fig. 5. Effect of current density on the EOP yield and current efficiency. Electrolysis

was done by applying different current densities for 5 min in 10 mM HClO4 acid at

RT.



Fig. 6. Change in the potential of a Si/TiOx/Pt/TiOx electrode with electrolysis time.

Electrolysis was done galvanostatically at 74 mA/cm2 in 10 mM HClO4 acid.
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observed in the current efficiency at about 74 mA cm�2. The
decrease of efficiency with increasing the electrolysis current can
be attributed to two reasons. The first is the increase in the local
heating at the vicinity of the electrode with increasing the current.
The increase in the current density was always accompanied by an
increase in the cell voltage and the electrolyte temperature. In fact,
the anode surface temperature rather than the bulk electrolyte
temperature is critical in ozone synthesis. As the heating effect at the
anode is roughly proportional to the square of current density,
temperature discrepancies can become significant at higher current
densities [11]. Increasing the local heating with the current density
will definitely increase the rate of ozone decomposition, and
therefore, the efficiency decreases. The second reason is perhaps the
competition of other side reactions with EOP. By increasing the
electrolysis current, the observed anodic potential increases and
both the rates of OER and EOP are expected to increase. The electrode
material and electrolyte are among the factors that determine the
relative rates of both reactions. In fact, the electrolyte composition
influences the EOP efficiency by changing the anion adsorption
mechanism at the electrode surface, which further affects the
activation energy and electrode kinetics of OER and EOP [14,43]. The
influence of the anion adsorption becomes more pronounced at
higher overpotentials, where a stronger interaction between the
electrode surface and the anions takes place, thus leading to a
considerable change in the apparent electronic transfer coefficient
[14,43]. In the current investigation (utilizing TiOx electrodes and
perchloric acid solution), we believe that high electrolysis currents
increase the active sites for OER on the expense of EOP speeding up
the OER and lowering the rate of EOP. Therefore the efficiency of EOP
decreases with current in the high current region. Similarly, the
ozone current efficiency decreased with the generation current
density in sulfuric acid, phosphoric and fluoride containing solutions
on lead dioxide electrodes [11]. Therefore, a maximum current
efficiency (2.5%) was obtained at 74 mA cm�2 for the Si/TiOx/Pt/TiOx
electrode in 10 mM HClO4 at RT. This efficiency is almost comparable
to that obtained previously on b-PbO2 in 6 M HClO4 solution (3.5% at
0 8C and 0.90 A cm�2) [14].

3.5. Stability investigation

The stability of the electrode is an important criterion especially
when it is used at a high anodic potential such as in O3 generation.
The stability of the electrode prepared at 600 8C was inferred by
measuring the change in the electrode potential with time upon
applying a constant current of 74 mA cm�2 (a current at which the
highest efficiency was obtained) in 10 mM HClO4 (see Fig. 6). The
potential decreased at the beginning and then remained fairly
constant for about 50 h. We have examined the efficiency of EOP
before and after this long electrolysis to evaluate the electrode
stability. A little change in the EOP efficiency was observed after
(efficiency ca. 2.0%) compared to the original efficiency before
(efficiency ca. 2.5%) the long electrolysis experiment. This means
that the electrode is maintaining about 80% of its original activity
to produce ozone after 50 h continues electrolysis. The perfor-
mance of the electrode may be improved if long but disconnected
use of the electrode is desired. Understanding the details of the EOP
mechanism is under investigation.

4. Conclusions

The spin-coating, and sputtering deposition techniques were
combined to assemble a new electrode with the compositional
sequence Si/TiOx/Pt/TiOx for ozone electrogeneration. Ozone was
synthesized galvanostatically in a two-compartment electrolytic
cell separated by a Nafion membrane. The effects of several factors
including the electrode’s annealing temperature, the electrolyte
composition, and the electrolysis current density were investi-
gated. A temperature of 600 8C, a concentration of 10 mM of HClO4

solution and 74 mA cm�2 were found optimum for EOP in the
current study. A maximum ozone generation efficiency of 2.5% at
74 mA cm�2 was obtained at RT. The electrode effectiveness
towards EOP is decreased a little with continuous electrolysis for
about 5 h and then remained almost constant for 50 h. Further
work is necessary to achieve an understanding for the mechanism
of ozone generation at this electrode.
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