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n-Type TiO, Thin Films for Electrochemical Ozone Production
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An electrode for the electrochemical production of ozone, which has the compositional sequence Si/TiO,/Pt/TiO, (TiO, is
titanium oxide), was fabricated by sputtering TiO, thin film (the thickness is typically 300 nm) on a Si/TiO,/Pt substrate. The TiO,
thin film was characterized by X-ray diffraction, transmission electron microscopy, UV photoelectron spectroscopy, UV-visible
spectroscopy, and photoelectrochemical measurements: It is an n-type semiconductor of the rutile-type TiO,. The electrochemical
ozone production (EOP) was realized, and a high current efficiency of 9% was achieved at a low current density of 8.9 mA cm™
in 0.01 M HCIO, at 15°C. The observed high efficiency of EOP was considered to originate from the electrocatalysis of the n-type
TiO, in the dark when a large anodic bias was applied in which, based on the band structure of the n-type TiO,/HCIO, solution
interface, electron tunneling can take place through a deep depletion layer of the TiO, surface.
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Ozone is a powerful oxidizing agent with a broad range of ap-
plications, and the use of ozone in aqueous solutions is of particular
importance because of its environmentally friendly decomposition
via a free radical chain mechanism to yield O,. Electrochemical
ozone production (EOP) has been studied extensively "’ for several
green applications in various industries including the chemical, wa-
ter treatment, pulp, food, and medical industries. The ozone produc-
tion reaction at the anode by water electrolysis can be expressed as

3H,0 =03+ 6H" + 6e E =151 V [1]
This reaction occurs at a higher potential than the oxygen evolution
reaction (OER) (E° = 1.23 V). Consequently, for efficient EOP, the
competition between the O, and O3 formation should be shifted in
favor of Oj, thereby suppressing the O, evolution at a reasonable
current. This can be achieved using a suitable material, which is
required to possess a high overpotential for the OER Lead dioxide
(PbO,) electrode was the best candidate for EOP>*!8 and a current
efficiency of 6 7% for ozone production using a phosphate buffer
was reported However, the use of lead-containing materials for
EOP, e.g., for water sterilization, is not recommended because of the
dissolution of poisonous lead species. Several papers have been pub-
lished for exploring the use of alternative materials for the EOP that
may meet a high overpotential for OER and that are nonpoisonous
as electrodes for EOP, such as Pt** and boron- doped diamond
(BDD),*? together with various electrolyte solutions. Pt has the
highest oxygen overpotential among the noble metals and their al-
loys, but it does not necessarily have a high ozone production efﬁ—
ciency (e.g., less than 2% at a current density of 400 mA cm‘z)
Being a p-type semiconductor, BDD has a wide electrochemrcal
potentlal window and also a high oxygen overpotentlal ? However,
it is not widely used in EOP due to its high cost and/or low ozone
production efficiency at low current densities.

Recently, our group has found an excellent catalysis of tantalum
oxide (TaO,) insulator thin films, which were deposited on a Si/Pt
substrate using the radio-frequency (rg sputtering method, for the
ozone productlon in model tap water ~ and 0.1 M perchloric acid
(HC104) in which its high oxygen overpotential was found to
originate from the TaO, band structure and a high current efficiency
for ozone production (8% at 10 mA cm™2) was achieved. The ob-
tained current efficiency is among the highest values at room tem-
perature, and therefore TaO, thin film is one of the promising elec-
trode materials for EOP. Furthermore, we have found a superior
electrocatalysis of low priced titanium oxide thin film electrodes
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(Si/TiO,/Pt/TiO,) fabricated by spin coating on a Si/TiO,/Pt (TiO,
is titanium oxide) substrate for EOP and have reported the prelimi-
nary results on the EOP.'>'® The influence of several factors includ-
ing the electrode annealing temperature, the electrolyte composition,
and the electrolysis current density on the efficiency of ozone pro-
duction was investigated. A maximum ozone production efficiency
of 2.5% at 74 mA cm™ was obtained at room temperature. How-
ever, in this case, the Pt substrate also functioned as an electrode
surface because of its partial exposure to the electrolyte solution.
This is because the TiO, thin film does not completely cover the Pt
substrate, and thus the electrolyte solution reaches its surface. There-
fore, it was impossible to clarify the essential role of TiO, thin film
itself in the EOP and the EOP mechanism.

Sputtering is one of the most utilized methods for obtaining uni-
form and dense TiO, thin film with a well-controlled stoichiometry
among a variety of methods used to prepare TiO, thin films. There-
fore, in this study, we employed a sputtering method to prepare a
uniform and dense TiO, thin film on the Si/TiO,/Pt substrate. The
electrochemical and photoelectrochemical properties, the band posi-
tion, and the EOP activity of the TiO, thin film prepared were in-
vestigated in detail. Moreover, the observed high efficiency of the
EOP is successfully explained based on the band structure of the
n-type TiO,/HClO, solution interface.

Experimental

Preparation of the Si/TiO,/Pt/TiO, electrode— Figure 1 shows
the cross-sectional structure of the fabricated electrode. A Si sub-
strate was placed inside the chamber of the rf sputtering unit (UL-
VAC, Inc.), and a TiO, film was deposited onto the Si substrate. The
TiO, layer acts as a binding agent between the Si substrate and the
subsequent Pt layer, increasing the durability of the electrode. It also
suppresses the mutual diffusion of the Si and Pt layers. The Pt layer
was deposited onto the TiO, film (previously deposited on the Si
substrate) by sputtering. Then, a metallic Ti thin film was deposited
on the Pt film (previously deposited on Si/TiO,) for 36 min at room
temperature under an Ar gas pressure of 0.67 Pa and an rf power of
100 W. Finally, the Ti thin film of the thus-prepared Si/TiO,/Pt/Ti
electrode was annealed at 600°C for 30 min in air. The fabricated
Si/TiO,/Pt/TiO, was set on the Ti substrate, and the Pt layer of the
Si/TiO,/Pt/TiO, was electrically connected with the Ti substrate
using a Ag conducting paste. Then, the surface of the TiO, thin film
was covered with a fluorine resin insulating tape, leaving a geomet-
ric area of 2.25 cm? (1.5 X 1.5 cm) exposed.

Ozone production— A cell separated by a cation-exchange
membrane (Nafion) was used to evaluate the ozone production by
water electrolysis. A 0.01 M perchloric acid solution (HCIO,) was
used as the electrolyte solution, and the solution temperature was
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Figure 1. Cross-sectional structure of the Si/TiO,/Pt/TiO, electrode.

maintained at 15°C. A Pt plate was used as the cathode and the
Si/TiO,/Pt/TiO, as the anode, and the distance between the anode
and the cathode was maintained constant (1 cm). Constant-current
electrolysis was performed for 1 min, in which the current was
changed in the range of 20-120 mA (the current densities were
8.9-53.3 mA cm™2). The concentration of ozone, which was elec-
trogenerated and partitioned in the electrolyte solution phase was
measured by a colorimeter (DR/4000U, HACH), and the amount of
ozone gas partitioned in the gas phase (i.e., liberated from the elec-
trolyzed solution) was not determined. Therefore, “the current effi-
ciency for EOP” used in this study based on the amount of ozone
partitioned in the electrolyte solution. The error introduced by ignor-
ing the gas phase ozone in the estimation of the EOP current effi-
ciency was determined to be less than 0.5%.

Characterization of the TiO, thin film.— The crystal structure
of the TiO, thin film was determined by grazing incidence X-ray
diffraction (XRD) operated with Cu Ko (A = 1.54056 A) radiation
at 16.2 kW (D8-DISCOVER, Bruker AXS). A transmission electron
microscope (TEM) was operated at 200 keV to observe the cross
section of the TiO, thin film (JEM-2100F, JEOL). The UV-visible
spectrum of the TiO, thin film surface was obtained using a thin-
film metrology system (Filmtek 3000, SCI, Inc.). Ultraviolet photo-
electron spectroscopy (UPS) using He(I) (21.2 eV) with a negative
bias voltage (—10.0 V) was applied to the TiO, thin film to increase
the sensitivity in the region of the lower binding energy. The spectra
were calibrated with respect to the Fermi edge of Au.
Si/TiO,/Pt/TiO, was annealed at 200°C for 60 min in air to remove
surface impurities before UPS measurements. The Fermi level (Ep)
of the TiO, thin film was determined by the upper emission onset
energy of the photoelectrons from Au, which was deposited on a
part of Si/TiO,/Pt/TiO,.

Electrochemical and photoelectrochemical measurements.—
Cyclic voltammetry and photoelectrochemical current—voltage mea-
surements were performed in a conventional three-electrode cell us-
ing a potentiostat/galvanostat (HZ-3000, Hokuto Denko) at 24°C.
The counter and reference electrodes were a platinum mesh and
Ag/AgCl [saturated (sat) KCl], respectively, and the electrolyte so-
lution (0.1 M HCIOy, pH 1.0) was saturated with N, gas before each
electrochemical measurement.

For the photoelectrochemical measurements, a quartz cell was
used, and the working electrode was illuminated by a 350 W Xe
lamp (L.2483, Hamamatsu Photonics) with wavelengths from 185 to
2000 nm. The Ag/AgCl (sat KCI) reference electrode was shielded
to prevent the UV-visible irradiation.

Results and Discussion

Electrochemical ozone production.— Figure 2 shows the varia-
tion in the concentration of the electrogenerated O; and the current
efficiency for the EOP depending on the current density from 8.9 to
53.3 mA cm™2. The concentration of O increases almost propor-
tionally with increasing current density. Using Eq. 1 for the EOP, the
current efficiencies were calculated: The values of 7-9% were
achieved in the current density range examined, especially 9% at the
low current density of 8.9 mA cm™2. This high current efficiency
could be achieved at a much lower current density compared with
the cases (typically at 23—2000 mA cm™2) using conventional elec-
trodes for the EOP, i.e., Pt,4’17 BDD,&9 and Pb02.3'7’18
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Figure 2. Current density dependence of the concentration of generated O,
and the current efficiency for O3 production using the Si/TiO,/Pt/TiO, elec-
trode. Electrolysis was performed for 1 min in 0.01 M HCIO, at 15°C.

Electrochemical and photoelectrochemical measurements.—
The cyclic voltammograms shown in Fig. 3 were obtained from the
(a) Si/TiO,/Pt and (b) Si/TiO,/Pt/TiO, electrodes in the potential
range of —0.2 to 1.5 V vs Ag/AgCl (sat KCI) at a scan rate of
50 mV s~!. In voltammogram (a), the typical cyclic voltammetry
(CV) response characteristics of a Pt electrode is shown: the Pt
oxide layer formation (E > 0.6 V) and its reduction as the cathodic
peak at 0.5 V, the double-layer region (0.1 < E < 0.5 V), and the
hydrogen adsorption/desorption (-0.15 < E < 0 V). However, as
shown in voltammogram (b), the CV characteristics expected for the
Pt electrode could not be observed at the Si/TiO,/Pt/TiO, electrode.
This result strongly demonstrates that the TiO, thin film completely
covers the Pt surface of the Si/TiO,/Pt substrate. In addition, to-
gether with the EOP results shown in Fig. 2, it is suggested that the
EOP and OER may take place on the TiO, thin film of
Si/TiO,/Pt/TiO,. At the same time, we can see that the TiO, thin
film exhibits an excellent “activity” for the EOP, as demonstrated by
the high current efficiency compared with the conventional electrode
materials used for EOP. The EOP mechanism on the TiO, thin-film
electrode is discussed below based on the band structure of the
n-type TiO,/solution interface.

Figure 4 shows the photocurrent—voltage curves obtained from
the Si/TiO,/Pt/TiO, electrode under a chopped light irradiation
from a Xe lamp in the potential range of —0.2 to 0.6 V vs Ag/AgCl
(sat KCI) in 0.1 M HCIOy, solution (pH 1.0). The anodic photocur-
rent associated with water oxidation was observed under the illumi-
nation, and it increased by increasing the polarization to the positive
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Figure 3. Cyclic voltammograms obtained from the (a) Si/TiO,/Pt and (b)
Si/TiO,/Pt/TiO, electrodes in 0.1 M HCIO, solution under N, atmosphere at
24°C. Potential scan rate: 50 mV s\,
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Figure 4. Current—voltage curves for the Si/TiO,/Pt/TiO, electrode under an
intermittent UV-visible irradiation in 0.1 M HCIO,. Potential scan rate:
5 mV s

100 nm

direction of the potential, while only a very small current was ob-
served in the dark. This result indicates that the TiO, thin film func-
tions as an n-type semiconductor electrode."

Characterization and UV-visible spectroscopy of the TiO, sur-
face— The XRD patterns of the Si/TiO,/Pt/TiO, are shown in Fig.
5. The origin of each peak is also shown in the figure. All the
diffraction peaks indicated by the symbol @ are assigned to rutile
Ti%z,zo and the other peaks (O) are characteristic of the substrate
Pt.

Figure 6 shows the TEM images of the cross section of the TiO,
thin film. In Fig. 6a, a typical image of the TiO, thin-film structure
is observed. The TiO, film thickness is relatively uniform and is
estimated to be 300 nm. The electron diffraction analysis indicated
that the film on the Pt layer is crystallized titanium oxide (i.e., rutile
TiO,). Figure 6b shows a typical high magnification image. The
TiO, film is dense without apertures. These TEM observations sup-
port the CV response (Fig. 3b) and the EOP results (Fig. 2) obtained
from the Si/TiO,/Pt/TiO, electrode in 0.1 M HCIOy, solution; that
is, the TiO, thin film completely covers the Pt surface, and thus no
CV response characteristic of a Pt electrode is observed, but the
TiO, thin film can effectively function as an electrode for EOP.

A typical UV-visible absorbance spectrum of the TiO, thin film Figure 6. TEM images of the cross sections of TiO, thin films.
surface of the Si/TiO,/Pt/TiO, electrode in the range of 240-800
nm is presented in Fig. 7. The increase in the absorbance at shorter
wavelengths is associated with the optical bandgap (Ey,) of the TiO,
thin film, and its absorbance edge (\) is estimated to be 375 nm.

The Ei, value is calculated to be 3.3 eV by using the relationship
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Figure 5. XRD patterns of Si/TiO,/Pt/TiO,. Symbols @ and O represent the
rutile TiO, and Pt peaks, respectively. Figure 7. UV-visible spectrum of the TiO, thin film on Si/TiO,/Pt.
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Figure 8. UPS spectrum of Si/TiO,/Pt/TiO, measured at the sample bias of
—-10 V.

Ey,, = 1240/N. The value obtained for Ey, is considered to be rea-
sonable by comparing with those of the bulk TiO, (3.0 eV)* and
that of the rutile TiO, thin film deposited on Si by rf sputtering (3.34
ev).?

UPS measurements.— Figure 8 shows a typical UPS spectrum of
the TiO, thin film of the Si/TiO,/Pt/TiO, electrode. The spectrum
was taken by applying a bias voltage of —10 eV to the sample to
enhance the lower emission onset energy (E,). The ionization po-
tential ¢ of the TiO, thin film was calculated by using the relation
¢ = hv — E| + E,, where E, is the upper emission onset energy and
hv is the excitation energy of He(I) (21.2 eV). In the spectrum
shown in Fig. 8, the photoelectron emission arises at £; = 6.9 eV
and then decays at £, = —7.1 eV. From this result, the ionization
potential ¢ of the TiO, thin film, i.e., the energy position of the top
of the valence band (Ey) from the vacuum level (E,,.), was found
to be 7.2 eV.

Figure 9 shows the lower binding energy side of the UPS spectra
obtained from two areas of the sample surface: TiO, of
Si/TiO,/Pt/TiO, and Au deposited on a part of Si/TiO,/Pt/TiO,.
The Eg of TiO, is at the same position as that of Au deposited on
TiO,, which allows the Ef to be determined. The figure shows the
scale of the binding energy with the Er of Au set at 0 eV. The onset
energy of the spectrum, which is estimated to be 2.9 eV, can be
attributed to photoelectrons from the position of the Ey of TiO,.
From these results, the Ep of the TiO, thin film is consequently
located at 4.3 eV below the E,,.. Furthermore, we estimate the po-
sition of the bottom of the conduction band (E¢) for the TiO, thin
film as 3.9 eV from the E\,. by measuring the Ep, value of 3.3 eV
and the Ey value of 7.2 eV from the E,,.

Intensity / a.u.

10 9 8 7 6 5 4 3 2 1 0o -1 -2
Binding energy / eV

Figure 9. UPS spectra of Si/TiO,/Pt/TiO, (solid line) and Au on
Si/TiO,/Pt/TiO, (dashed line).
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Figure 10. Band models for the TiO,/HClO, interface in 0.01 M HCIO,
under (a) no anodic/cathodic bias and (b) a large anodic bias.

It is reported that the E¢ of many n-type semiconductors is 0.1—
0.4 eV more negative than EF 326 Therefore, the obtained differ-
ence (0.4 eV) between the Ep and E. values is reasonable. The
relationship between the absolute electrode potential of an electrode
(E.) and the standard electrode potential (SHE, E°) is known as
E, = E + 4.44, " and the electrode potential changes at a rate of
—0.059 V/pH. e In addition, the potential of Ag/AgCl (sat KCI) is
taken as 0.199 V vs SHE. Therefore, the values of E and Ey of the
TiO, thin film in 0.01 M HCIO, (pH 2.0) are calculated to be —0.86
and 2.44 V vs Ag/AgCl (sat KCI), respectively. The values obtained
for the E¢, Ey, and Ef of the T102 thin film are somewhat different
from the reported values. 2931 This difference may arise from the
influence of surface contamination resulting from the ex situ prepa-
ration process of the TiO, thin film or may be caused by different
measurement methods.

Figure 10 shows a schematic illustration of the band structure of
the TiO,/HCIlOy interface of the present electrode. When the n-type
semiconductor TiO, is in contact with the electrolyte solution, a
thermodynamic equilibration takes place at the interface,” as shown
in Fig. 10a. This may result in the formation of a depletion layer
within a thin surface region of the TiO,, in which the electronic
energy bands are generally bent toward a higher energy. This layer
can be formed by the adsorption of ions and/or molecules in the
solution. The counter charges in the semiconductor are not only
located at the interface but are also distributed over a finite distance
below the surface. Figure 10b shows the case of a large anodic bias
applied at the semiconductor/electrolyte interface. At the interface
between a semiconductor and an electrolyte, a double layer of
charge exists. In such a large anodic bias, the depletion layer would
be thin enough for electron transfer from the electrolyte to the con-
duction band to take place Therefore, the surface state bringing
about a tunneling current’>* due to the OER and, furthermore, the
EOP can exist at high potential states. We previously dlscussed a
similar concept for the EOP using Si/TiO,/Pt/TaO, electrodes,'*
which it was considered that (i) electrons tunnel through the deple—
tion layer and (ii) electrons hop along the interfacial levels in the
depletion layer. In both cases, the electron transfer occurs at a higher
potential than the oxidation-reduction potentials of oxygen and
ozone (=1.51 V vs SHE). As a result, the OER and/or EOP can
occur. From the results shown in Fig. 2 and the above-mentioned
water oxidation via electron tunneling, the Si/TiO,/Pt/TiO, elec-
trode fabricated in this study is highly efficient for EOP probably
because of its high oxygen overpotential, compared with the con-
ventional electrodes previously used for EOP. That is, the observed
high efficiency of EOP is considered to originate from the electro-
catalysis of n-type TiO, in the dark when a large anodic bias is
applied, in which according to the n-type TiO, band structure, a
majority carrier (electron) tunneling can take place through a deep

Downloaded on 2015-03-08 to IP 138.251.14.35 address. Redistribution subject to ECS terms of use (see ecsdl.org/site/terms_use) unless CC License in place (see abstract).


http://ecsdl.org/site/terms_use

F34 Journal of The Electrochemical Society, 157 (2) F30-F34 (2010)

depletion layer of the TiO, surface. Therefore, the high EOP effi-
ciency (typically 9% at 8.9 mA cm™2) was achieved using the elec-
trodes completely covered with an n-type TiO, thin film. A similar
high EOP efficiency was also achieved (8% at 10 mA cm™) using
Si/TiO,/Pt/Ta0, fabricated in such a way that the Pt substrate is
completely covered with a sputtered TaO, layer,13 while in the case
of the Si/TiO,/Pt/TiO, electrode in which the Pt substrate as well as
the TiO, layer were found to function as an electrode surface be-
cause of the partial exposure of the Pt substrate to the electrolyte
solution, the EOP efficiency was 1.5-4.2% at
16-800 mA cm™2.">!® The complete covering of the Pt substrate
with the n-type TiO, thin film is considered a key factor in achiev-
ing the high EOP efficiency at the Si/TiO,/Pt/TiO, electrode.

Conclusions

An electrode for EOP with a TiO, thin film was fabricated by
sputtering it on a Si/TiO,/Pt substrate. From the electrochemical
measurements, this substrate was confirmed to be completely cov-
ered with a uniform and dense TiO, thin film (its thickness is typi-
cally 300 nm), which can function as an active surface for EOP. The
fabricated film was found to be of rutile-type TiO, and n-type semi-
conductor by the photoelectrochemical and XRD measurements.
The band positions of the TiO, thin film were also determined by
UPS and UV-visible spectroscopy. The EOP current efficiency of ca.
8% was achieved in the current density range of 8.9-53.3 mA cm™
in 0.01 M HCIO4 at 15°C. This high efficiency, in a sense reflecting
the high oxygen overpotential of the TiO, film (in other words, its
electrocatalysis for EOP), originates from the complete covering of
the Pt substrate with the n-type TiO, thin film.
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