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(57) ABSTRACT

An object of the present invention 1s to provide an electrode
for electrolysis which 1s available by an easy fabrication
process, can produce ozone water at high etliciency and also
can produce hydrogen peroxide and OH radicals having a
high oxidizing power by the electrolysis of water at a low
current density; an electrolytic process using the electrode;
and an electrolytic apparatus using them. The electrode for
clectrolysis according to the present invention has a sub-
strate and a surface layer formed on the surface thereof, the
surface layer being made of anatase type titanium oxide.
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FIG. 2

Si SUBSTRATE
PRETREATMENT WITH 5% ' S
HYDROFLUORIC ACID
RINSE WITH PURE WATER q2
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APPLICATION OF SURFACE LAYER
CONSTITUTING MATERIAL BY SPIN COATING S4
DRYING AT RT & 220 & aq
EACH FOR 10 MINUTES
FIRING FOR 10 MINUTES S6




Patent Application Publication Mar. 13, 2008 Sheet 2 of 9 US 2008/0060947 A1l

FIG. 3

6

/

10

O

\J

FIG. 4

Si SUBSTRATE
FORMATION OF TiOx FILM BY REACTIVE SPUTTERING S11
FORMATION OF Pt FILM BY SPUTTERING S12

APPLICATION OF SURFACE LAYER
CONSTITUTING MATERIAL BY SPIN COATING S13
DRYING AT RT & 200 ZEACH FOR 10 MINUTES }~—S14

FIRING AT 650 ZFOR 10 MINUTES S15
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ELECTRODE FOR ELECTROLYSIS,
ELECTROLYTIC PROCESS USING THE
ELECTRODE, AND ELECTROLYTIC APPARATUS
USING THEM

BACKGROUND OF THE INVENTION

[0001] The present invention relates to an electrode for
clectrolysis to be used in electrolysis for industrial or
consumer use, an electrolytic process using the electrode,
and an electrolytic apparatus using them.

10002] Ozone is typically a very oxidative substance so
that water having ozone dissolved therein which 1s so-called
ozone water 1s expected to be utilized for various cleaning
and sterilizing treatments of water and sewerage systems,
food, or the like and cleaming treatment 1n a fabrication
process ol semiconductor devices. As a process of producing,
ozone water, there 1s known a process of dissolving, 1n
water, ozone produced by ultraviolet irradiation or electric
discharge, or a process of producing ozone in water by
clectrolysis of water.

[0003] In Japanese Patent Laid-Open No. 11-269686

(Patent Document 1), there 1s disclosed a process of pro-
ducing oxygen, ozone and hydrogen peroxide by electrolysis
ol water while using an electrode substance having a con-
ductive diamond structure as an anode. In Japanese Patent
No. 3298431 (Patent Document 2), there 1s also disclosed a
process of producing hydrogen peroxide and ozone by
clectrolyzing water or the like 1n a plurality of cells.

[0004] The above-described process of Patent Document 1
however has a problem that 1t uses diamond as an electrode
substance, which raises the cost of the apparatus itself.

[0005] The above-described process of Patent Document
2, on the other hand, has also a problem that 1t 1s inferior 1n
working efliciency because ozone and hydrogen peroxide
must be produced by electrolysis 1n each of a plurality of
cells so that an aqueous solution having ozone and hydrogen
peroxide dissolved therein cannot be obtained by a single
clectrolytic operation.

SUMMARY OF THE INVENTION

[0006] The present invention has been made to overcome
the conventional technological problems. An object of the
present invention 1s to provide an electrode for electrolysis
which can be fabricated in an easy manner, can produce
ozone at a high efliciency by the electrolysis of water at a
low current density, and at the same time, can produce
hydrogen peroxide and highly oxidative OH radicals; an
clectrolytic process using the electrode; and an electrolytic
apparatus using the electrode and process.

[0007] In a first aspect of the present invention, there is
provided an electrode for electrolysis comprising a substrate
and a surface layer formed over the surface of the substrate,
wherein the surface layer 1s made of an anatase type titantum
oxide.

[0008] In a second aspect of the present invention, there is
provided an electrode for electrolysis according to the
above-described aspect of the present invention, wherein the
surface layer has a thickness not greater than 1 mm.

[0009] In a third aspect of the present invention, there is
provided an electrode for electrolysis according to the
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above-described aspects of the present invention, wherein
the surface layer has a thickness from 200 nm to 600 nm.

[0010] In a fourth aspect of the present invention, there is
provided an electrode for electrolysis according to the
above-described aspects of the present invention, wherein
the substrate 1s conductive at least a contact surface thereof
with the surface layer.

[0011] In a fifth aspect of the present invention, there is
provided an electrolytic process, which comprises electro-
lyzing water or an electrolyte solution at a current density
from 0.1 mA/cm” to 2000 mA/cm” while using any one of
clectrodes as described in the above-described aspects of the
present 1nvention as an anode.

[0012] In a sixth aspect of the present invention, there is
provided an electrolytic process, wherein a substance pro-
duced by an electrolytic process as described 1n the above-
described aspect of the present invention 1s at least one of
ozone, hydrogen peroxide and another active oxygen spe-
Cies.

[0013] In a seventh aspect of the present invention, there
1s provided an electrolytic apparatus which comprises an
clectrode for electrolysis as described above 1n any one of
the first to fourth aspects of the present mvention and
clectrolyzes water or an electrolyte solution by an electro-
lytic process as described above 1n the fifth or sixth aspect
of the present invention.

[0014] The electrode for electrolysis according to the first
aspect of the present invention 1s equipped with a substrate
and a surface layer formed over the surface of the substrate.
The surface layer 1s a thin film so that it can perform
clectrolysis at a low current density. It 1s made of an anatase
titanium oxide so that 1t can efliciently produce ozone. In
addition, this titantum oxide aggregates during the formation
of an anatase type crystal structure and allows the surface of
the substrate to expose between crystals. Thus, a plurality of
pores appear in the surface layer. Existence of these pores
enables to realize the production of hydrogen peroxide
without suppressing the production efliciency of ozone 1n an
clectrode reaction at an anode.

[0015] In the second aspect of the present invention, the
thickness of the surface layer 1s defined to 1 mm or less.
Since the surface layer can be formed as a thin {ilm,
clectrons can transier iside of the electrode via an impurity
level 1n the surface layer or by Fowler-Nordheim tunneling.
In the electrode reaction at an anode, an empty level near the
bottom of a conductor which is on an energy level higher by
about half of the band gap than a Fermu level can receive
clectrons from an electrolyte, making 1t possible to cause
transier of electrons on a higher energy level and thereby
carry out electrolysis at a low current density. Ozone can
therefore be produced etliciently.

[0016] According to the third aspect of the present inven-
tion, the thickness of the surface layer according to the
above-described aspects of the present mnvention 1s defined
to from 200 nm to 600 nm. Similar to the above-described
aspects of the invention, the surface layer can be formed as
a thin film so that electrons can transfer inside of the
clectrode via an impurnty level in the surface layer or by
Fowler-Nordheim tunneling. In the electrode reaction at an
anode, an empty level near the bottom of a conductor which
1s on an energy level higher by about half of the band gap
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than a Fermi level can recerve electrons from an electrolyte,
making it possible to cause transier of electrons on a higher
energy level and thereby carry out electrolysis at a low
current density. Ozone can therefore be produced ethiciently.

[0017] In addition, since the thickness of the surface layer
1s defined to from 200 nm to 600 nm, ozone can be produced
while keeping a ratio of charge contributing to ozone pro-
duction to total charge applied to the electrode, that 1s, a
current efliciency within a high range; and improvement 1n
the productivity of electrodes and reduction 1n their produc-
tion cost can be realized.

[0018] This makes it possible to realize an electrode for
clectrolysis having a still higher ozone production efliciency
at a low production cost.

[0019] According to the fourth aspect of the present inven-
tion, 1n each of the above-described aspects of the present
invention, the substrate 1s conductive at least a contact
surface thereof with the surface layer so that 1t can be
allowed to function as an electrode as the electrode as
described 1n the first to third aspects of the present invention
without depending on the conductivity of the substrate 1tself.

[0020] According to the fifth aspect of the present inven-
tion, by electrolyzing water or an electrolyte solution at a
current density from 0.1 mA/cm® to 2000 mA/cm® while
using an e¢lectrode for electrolysis according to the above-
described aspects of the present mmvention as an anode, at
least one of ozone, hydrogen peroxide and another active
oxygen species can be produced ethiciently as in the sixth
aspect of the present invention.

10021] By the electrolysis of water or an electrolyte solu-
tion according to such an electrolytic process, plural oxi-
dizing substances can be formed so that OH radicals having
a relatively short life can be formed easily at a site where
they are required. The oxidizing power of the OH radicals
thus formed can be used eflectively.

[0022] The electrolytic apparatus according to the seventh
aspect of the present mnvention 1s equipped with an electrode
for electrolysis as described mm any one of the above-
described first to fourth aspects of the present invention and
clectrolyzes water or an electrolyte solution by an electro-
lytic process according to the fifth or sixth aspect of the
present invention. This facilitates production of at least one
of ozone, hydrogen peroxide and another active oxygen
species at a site where 1t 1s required.

BRIEF DESCRIPTION OF THE DRAWINGS

10023] FIG. 1 is a schematic cross-sectional view of an
clectrode for electrolysis according to the present invention
(Example 1);

[10024] FIG. 2 1s a flow chart of a fabrication process of the
clectrode for electrolysis according to the present invention
(Example 1);

[0025] FIG. 3 1s a schematic cross-sectional view of an
clectrode for electrolysis according to the present invention

(Example 2);

10026] FIG. 4 1s a flow chart of a fabrication process of the
clectrode for electrolysis according to the present invention

(Example 2);
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[10027] FIG. 5 1s an X-ray diffraction diagram of an elec-
trode for electrolysis according to the present invention;

[0028] FIG. 6 is a schematic view of an electrolytic
apparatus according to the present imvention (Example 1,
Example 2);

10029] FIG. 7 shows ultraviolet absorption spectrum of an
clectrode for electrolysis formed at a finng temperature of
550° C. as a function of current density (Example 1);

[0030] FIG. 8 shows ultraviolet absorption spectrum of an
clectrode for electrolysis formed at a firing temperature of
600° C. as a function of current density (Example 1);

10031] FIG. 9 shows ultraviolet absorption spectrum of an
clectrode for electrolysis formed at a finng temperature of
650° C. as a function of current density (Example 1);

[0032] FIG. 10 shows ultraviolet absorption spectrum of
an electrode for electrolysis (Example 2);

10033] FIG. 11 is a cross-sectional plan view of an elec-
trode for electrolysis (Example 3);

10034] FIG. 12 1s a schematic view of an electrolytic
apparatus according to the present invention (Example 3);

[0035] FIG. 13 1s a graph showing a current efficiency for
ozone production as a function of a surface layer thickness
of the electrode for electrolysis (Example 3); and

[0036] FIG. 14 1s a graph showing a current efficiency for
ozone production as a function of a surface layer thickness
of the electrode for electrolysis (Example 3).

DETAILED DESCRIPTION OF TH.
PREFERRED EMBODIMENT

(Ll

[0037] Referring to some drawings, Examples 1 and 2 will
heremnafter be described as preferred embodiments of the
clectrode for electrolysis according to the present invention.

Example 1

[0038] FIG. 1 1s a cross-sectional plan view of an electrode
1 for electrolysis of Example 1 as one example of the
clectrode for electrolysis according to the present invention.
The electrode 1 for electrolysis has, as shown 1n FIG. 1, a
substrate 2, an intermediate layer 3 formed on the surface of
the substrate 2, and a surface layer 4 formed on the surface
of the mtermediate layer 3.

[0039] In the present invention, the substrate 2 1s made of
a conductive material such as platinum (Pt), a valve metal
such as titanium (1), tantalum (1a), zirconium (Zr) or
niobium (Nb), an alloy of two or more of these valve metals,
or silicon. In particular, silicon having a planarized surface
1s employed for the substrate 2 to be used in the present
Example.

[0040] The intermediate layer 3 1s made of a metal resis-
tant to oxidation such as platinum, gold (Au), a metal oxide
having conductivity such as iridium oxide, palladium oxide
or ruthenium oxide, or an oxide superconductor, or a metal
having conductivity even after oxidation such as ruthenium
(Ru), rhodium (Rh), palladium (Pd), iridium (Ir) or silver
(Ag) included in platinum group elements. The metal oxide
1s not limited to an oxide that has constituted the interme-
diate layer 3 in advance but a metal oxide obtained by the
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oxidation as a result of hydrolysis may be embraced. In the
present Example, the intermediate layer 3 1s made of plati-
num.

[0041] When the substrate 2 is made of platinum, the
surface ol the substrate 2 1s, needless to say, made of
platinum so that 1t 1s not necessary to form the intermediate
layer 3 particularly. The formation of the substrate 2 by
using platinum however causes a rise in cost so that from the
industrial viewpoint, 1t 1s preferred to use an nexpensive
material for the substrate 2 and form, on the surface of the
substrate 2, the intermediate layer 3 made of a noble metal
or the like. The constitution of the substrate 2 1s not limited
to the above-described one 1nsofar as the substrate 2 1s made
of a substance having no conductivity such as a glass plate
and at least the contact surface of the substrate 2 with a
surface layer 4 which will be described later 1s covered with
a material having conductivity. This also makes 1t possible
to suppress a rise 1n the cost incurred for materials used for
forming the substrate 2.

10042] The surface layer 4 1s formed in layers over the
surface of the substrate 2 with the intermediate layer 3. It 1s
made of a dielectric substance and covers the intermediate
layer 3 therewith. The surface layer 4 has a predetermined
thickness. In the present Example, 1t 1s greater than 0 but not
greater than 1 mm, preferably not greater than 2000 nm. The
thickness of the surface layer 4 in the present Example will
be described specifically later, but the thickness of 1t 1s more
preferably less than 100 nm.

[0043] A fabrication process of the electrode for electroly-
s1s according to the present invention will next be described
with reference to the flow chart of FIG. 2. Silicon 1s
employed as the substrate 2. In this case, silicon into which
an 1mpurity such as phosphorus (P) or boron (B) has been
introduced to increase i1ts conductivity 1s preferred. Silicon
having a very flat surface 1s used. In the present Example,
silicon 1s used as the material of the substrate 2 but a
conductive material as described above 1s also usable.

10044 First, in Step S1, the silicon substrate 2 1s pre-
treated with 5% hydrofluoric acid to remove a natural oxide
film formed on the surface of the silicon substrate 2. The
surface of the substrate 2 1s thereby planarized further. The
pretreatment 1s not always necessary. In step S2, the surface
of the substrate 2 1s rinsed with pure water. In Step S3, the
substrate 2 1s imntroduced into the chamber of a conventional
sputtering apparatus, where film formation 1s performed.

[0045] In Example 2, an intermediate layer 3 is formed on
the substrate 2 by sputtering. In the present Example, the
intermediate layer 3 1s made of platinum so that film
formation 1s carried out using Pt (80 mm¢), which 1s an
intermediate layer constituting material, as a first target at
room temperature for 20 minutes under the conditions of an
RF power of 100 W, an Ar gas pressure of 0.9 Pa, and a
distance of 60 mm between the substrate 2 and target (Step
3). As a result of this step, the intermediate layer 3 of about
100 nm thick 1s formed on the surface of the substrate 2. In
the present Example, sputtering 1s employed for the forma-
tion of the intermediate layer 3. The film formation method
1s not limited thereto, but 1t may be CVD, vapor deposition,
ion plating, plating or the like.

[0046] A surface layer 4 is then formed on the surface of
the substrate 2 having the mtermediate layer formed thereon.
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In the present Example, the surface layer 4 1s formed by spin
coating so that a solution of an organic titanium compound
as a surface layer constituting material 1s applied to the
surface of the substrate 2 having the intermediate layer 3
formed thereon. In the present Example, the surface layer 4
1s made of titanium oxide so that an organic titanium
compound obtained by the coordination of a functional
group such as hydroxyl group, aldehyde group, alkyl group,
carboxyl group or alkoxyl group to titanium having a
coordination number of 4 1s used. The titanium content (wt.
%) 1n this organic titantum compound solution 1s desirably
from about 0.5% to 5%. In the present Example, an organic
titanium compound solution 1s used as the surface layer
constituting material but the material 1s not limited thereto.
Titanium-containing compounds from which substances
other than titanium can be removed by firing, for example,
titanium chloride, titantum bromide and titanium 10dide may
be used.

[0047] The surface layer constituting material is then
added dropwise to the surface of the substrate 2 having the
intermediate layer 3 formed thereon and a thin film 1s formed
by spin coating. This spin coating 1n the present Example 1s
conducted for 5 seconds at 1500 rpm and for 60 seconds at
3000 rpm, followed by drying at room temperature and at
220° C. each for 10 minutes (Step 5). By this step, the
surface layer 4 made of the titammum-containing surface-
layer constituting material 1s formed on the surface of the
intermediate layer 3 of the substrate 2.

[0048] In step S6, the substrate 2 having the intermediate
layer 3 and surface layer 4 formed therecover 1s fired
(annealed) 1n a muflle kiln at from 500° C. to 800° C.,
preferably from 550° C. to 650° C. 1n an air atmosphere for
10 minutes, whereby the electrode 1 for electrolysis 1s
obtained. By this, the surface layer constituting material
applied to the surface of the intermediate layer 3 becomes
titanium oxide uniformly. Titanium oxide 1s formed by this
firing and 1n this state, the surface layer 4 has a thickness
from about 20 nm to 100 nm. For the measurement of the
thickness of the surface layer 4, a fluorescent X-ray analyzer
(“JSX-32207ZS Element Analyzer”, trade name; product of

JEOL) 1s employed.

[0049] In the electrode 1 for electrolysis thus obtained, the
surface layer 4 1s composed alone of titanium oxide. The
intermediate layer 3 forms platinum silicide with silicon of
the substrate 2. Silicon remains 1n the mtermediate layer 3
and does not penetrate into the surface layer 4. Similarly,
platinum constituting the intermediate layer 3 does not reach
the 1nside of the surface layer 4.

[0050] In the present Example, the surface layer 4 is
composed only of a dielectric substance so that a using
amount of a noble metal or an oxide thereot for the surface
layer 4 can be decreased, leading to a cost reduction.

Example 2

[0051] Referring to FIG. 3, a description will next be made
of an electrode 6 for electrolysis according to Example 2.
FIG. 3 1s a cross-sectional plan view of the electrode 6 for
clectrolysis as one example of the electrode for electrolysis
according to the present invention. As illustrated 1in FIG. 3,
the electrode 6 for electrolysis 1s composed of a substrate 7,
an adhesion layer 8 formed on the surface of the substrate 7,




US 2008/0060947 Al

an intermediate layer 9 formed on the surface of the adhe-
sion layer 8, and a surface layer 10 formed on the surface of
the intermediate layer 9.

[0052] The substrate 7 in the present invention is made of
a material similar to that constituting the substrate 2 used for
the electrode 1 for electrolysis in Example 1 so that the
substrate 7 in Example 2 1s made of silicon.

[0053] The adhesion layer 8 is formed on the surface of the
substrate 7 and serves to improve the adhesion between the
substrate 7 and the itermediate layer 9 formed of, for
example, platinum on the surface of the adhesion layer 8 and
it 1s made of titanium oxide or titanium nitride. In the present
Example, titammum oxide 1s employed.

[0054] The intermediate layer 9 1s made of a material
similar to that constituting the intermediate layer 3 used 1n
the electrode 1 for electrolysis according to Example 1. In
Example 2, the intermediate layer 9 1s made of platinum.

[0055] In the present Example, when the substrate 7 is
made of platinum, the surface of it 1s, needless to say, made
of platinum. It i1s therefore not necessary to form the
intermediate layer 9 particularly and 1s therefore not neces-
sary to form the adhesion layer 8. Use of platinum for the
formation of the substrate 7, however, leads to a substantial
cost 1increase so that 1t 1s preferred to use an inexpensive
material for the formation of the substrate 7 and then form
the mtermediate layer 9 composed of a noble metal or the

like on the surface of the substrate 7 via the adhesion layer
8.

[0056] The surface layer 10 is formed in layers over the
surface of the substrate 7 with the intermediate layer 9. It 1s
made of a dielectric substance and covers the intermediate
layer 9 therewith. The surface layer 10 has a predetermined
thickness. In the present Example, 1t 1s greater than 0 but not
greater than 1 mm, preferably not greater than 2000 nm. The
thickness of the surface layer 10 1n the present Example waill
be described specifically later, but the thickness of it 1s more
preferably less than 100 nm.

[0057] As the dielectric substance constituting the surface
layer 10, anatase type titanium oxide 1s employed.

|0058] The fabrication process of the electrode for elec-
trolysis according to the present imvention will next be
described with reference to the flow chart of FIG. 4. Silicon
1s used as the substrate 7. In this case, silicon having a
conductivity raised by the introduction thereinto of phos-
phorus (P) or boron (B) as an impurity 1s desired. Moreover,
the silicon must have a very flat surface. In the present
Example, silicon 1s used as the substrate 7. The material 1s
however not limited thereto but a conductive material as
described above and preferably having a planarized surface
may be used.

[0059] Similar to Example 1, the silicon substrate 7 is
therefore pre-treated with 3% hydrofluoric acid to remove a
natural oxide film formed on the surface of the silicon
substrate 7. The surface of the substrate 2 1s thereby pla-
narized further. The pretreatment 1s not always necessary.
The surface of the substrate 7 1s then rinsed with pure water.
The substrate 7 1s introduced 1nto the chamber of a conven-
tional sputtering apparatus, 1n which film formation 1s per-
formed.

Mar. 13, 2008

[0060] In the present Example, first, in Step S11, the
adhesion layer 8 1s formed 1n order to improve, as described
above, the adhesion of the intermediate layer 9 to the surface
of the substrate 7. The adhesion layer 8 1s formed on the
substrate 7 by reactive sputtering. The adhesion layer 8 1s
made of titanium oxide so that film formation using T1 as a
first target 1s performed at room temperature for 10 minutes
under the following conditions of input power of 6.1 W/cm?,
oxygen partial pressure (Ar:0,=24:26) of 52% and film
forming pressure of 0.6 Pa (Step S3). By this step, the
adhesion layer 8 composed of titanium oxide and having a
thickness of about 50 nm 1s formed on the surface of the
substrate 7. In the present Example, reactive sputtering 1s
employed for the formation of the adhesion layer 8. The film
formation method 1s not limited thereto, but 1t may be
sputtering, CVD, 1on plating or plating or a combination
thereol with thermal oxidation.

[0061] In Step S12, the intermediate layer 9 is formed on
the surface of the substrate 7 having the adhesion layer 8
thereon. The intermediate layer 9 1s formed over the sub-
strate 7 by sputtering as 1 Example 1. In the present
Example, the intermediate layer 9 1s made of platinum so
that film formation 1s carried out using Pt (80 mm¢) as a first
target at room temperature for about 1 minute and 10
seconds under the conditions of an mput power of 4.63
W/cm?, an Ar gas pressure of 0.7 Pa. As a result of this step,
the intermediate layer 9 of about 200 nm thick 1s formed
over the substrate 7 having thereon the adhesion layer 8. In
the present Example, sputtering 1s employed for the forma-
tion of the mtermediate layer 9. The film formation method
1s not limited thereto, but 1t may be CVD, vapor deposition,
ion plating, plating or the like.

[0062] The surface layer 10 is then formed over the
substrate 7 having the mtermediate layer 9 formed thereon.
In the present Example, the surface layer 10 1s formed by
spin coating so that a solution of an organic titanium
compound as a surface layer constituting material 1s applied
to the surface of the substrate 2 having the intermediate layer
9 formed thereon. In the present Example, the surface layer
10 1s made of titantum oxide so that an organic titanium
compound obtained by the coordination of a functional
group such as hydroxyl group, aldehyde group, alkyl group,
carboxyl group or alkoxyl group to titanium having a
coordination number of 4 1s used. The titamum content (wt.
%) 1n this organic titantum compound solution 1s desirably
from about 0.5% to 5%. In the present Example, an organic
titanium compound solution 1s used as the surface layer
constituting material but the material 1s not limited thereto.
Titanium-containing compounds from which substances
other than titanium can be removed by firing, for example,
titanium chloride, titanium bromide and titanium 1odide may
be used.

[0063] In Step S13, the surface layer constituting material
1s added dropwise to the surface of the substrate 7 having the
intermediate layer 3 formed thereon and a thin film 1s formed
by spin coating. This spin coating 1n the present Example 1s
conducted at 1000 rpm for 10 seconds and at 3000 rpm for
30 seconds, followed by drying at room temperature and at
200° C. for each 10 minutes (Step S14). By this step, the
surface layer 10 1s formed of the titanium-compound-con-
taining surface-layer constituting material on the surface of
the intermediate layer 9 of the substrate 7.
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[0064] In step S15, the substrate 7 having the intermediate
layer 9 and surface layer 10 thereover 1s fired (annealed) 1n
a muille kiln at from 500° C. to 800° C., preferably from
550° C. to 650° C., at 650° C. 1n the present Example, 1in
ambient atmosphere for 10 minutes, whereby the electrode
6 for electrolysis 1s obtained. By this, the surface layer
constituting material applied to the surface of the interme-
diate layer 9 becomes titanium oxide umformly. In the
present Example, the above-described film forming opera-
tion was repeated 14 times in total. The surface layer
constituting material becomes titanium oxide by the firing.
The thickness of the surface layer 10 in this state 1s from
about 20 nm and 1000 nm. It 1s about 500 nm 1n the present
Example. For the measurement of the thickness of the
surface layer 10, a fluorescent X-ray analyzer (“JSX-
32207S Element Analyzer”, trade name; product of JEOL)
1s employed.

[0065] In the electrode 6 for electrolysis obtained in the
above-described manner, the surface layer 10 1s composed
only of titantum oxide. Described specifically, the surface
layer constituting material 1s a titanium-contaiming com-
pound, for example, as described above, an organic titantum
compound having, in addition to titanium, a plurality of
functional groups coordinated therein, titanium chloride,
titanium bromide or titanium 1odide but substances other
than titammum such as functional groups composed of an
organic substance, chlorine, bromine and 1odine are
removed when the material 1s fired. Titanium, on the other
hand, reacts with oxygen in the atmosphere into titanium
oxide.

[0066] Titanium oxide typically exists in three different
crystalline forms, that 1s, anatase, rutile and brookite. Ther-
modynamically, the rutile type titanium oxide 1s a stable
phase 1n any temperature region, and the other types are
metastable phases. Brookite type titantum oxide 1s unstable
compared with another crystalline form. Owing to difliculty
in synthesizing pure crystals of 1t, industrial use of 1t 1s not
common. Anatase type titanium oxide 1s known to thermally
transfer into rutile type one at high temperatures, for
example, 900° C. or greater.

[0067] For the analysis of crystal structures of these ana-
tase, rutile and brookite type titanium oxides, X-ray diflrac-
tion (XRD) 1s typically employed. This method enables
analysis of the crystal structure of titamium oxide constitut-
ing the surface layer 10.

[0068] FIG. 5 is an X-ray diffraction pattern of the surface
layer 10 of the electrode 6 for electrolysis thus obtained. In
this pattern, titanium oxide that constitutes the surface layer
10 of the electrode 6 for electrolysis obtained 1n the present
Example shows peaks specific to an anatase type crystal
structure (encircled are peaks specific to the anatase crystal
structure and the numeral appended to each peak 1s a plane
index). This has revealed that the titanium oxide film con-
stituting the surface layer 10 has an anatase type crystal
structure.

[0069] In the present Example, the surface layer consti-
tuting material containing a titanium compound 1s applied to
the surface of the substrate (the surface of the intermediate
layer 9 in the present Example) by spin coating, followed by
firing at a predetermined temperature, whereby the surface
layer 10 made of anatase type titanium oxide can be
obtained. A method of forming the surface layer 10 from the
anatase type titanium oxide 1s however not limited to thus.
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[0070] Another formation method of the surface layer 10
1s thermal CVD. In this thermal CVD, after successive
formation of the adhesion layer 8 and intermediate layer 8 on
the surface of the substrate 7 as 1n Example 1, an organic
titanium compound which 1s a surface layer constituting
material 1s evaporated and introduced into a reaction tube
with an aid of a proper carrier gas. Chemical reaction 1s then
cllected on the surface of the substrate 7 heated to a high
temperature, for example, from 500° C. to 800° C., prefer-

ably from 500° C. to 600° C.

[0071] By this heat treatment, substances other than tita-
nium of the organic titanium compound, which 1s the surface
layer constituting material, for example, organic substances
are removed on the surface of the substrate 7 heated to high
temperature and only titantum reacts with oxygen in the
atmosphere to form titanium oxide on the surface of the
substrate 7. Titanium oxide formed on the surface of the
substrate 7 (strictly, the surface of the intermediate layer 9)
constitutes a thin film (titanium oxide film) having an
anatase crystal structure.

[0072] The surface layer 10 made of anatase type titanium
oxide can also be formed, for example, by a dip method.

[0073] In any formation method of the surface layer 10,
titanium oxide having an anatase crystal structure 1s not
formed uniformly 1n the titamum oxide film formed on the
surface of the intermediate layer 9. During formation of
crystals on the surface of the high temperature substrate 7 by
firing or thermal CVD, titanium oxide aggregates 1nto crys-
tal grains and pores like interstices are formed between
crystal grains. These pores are dotted in the surface layer 10
of the electrode 6 for electrolysis and from the pores, a layer
just under the surface layer 10, that 1s, the intermediate layer
9 made of platinum 1s exposed.

[0074] In the present Example, the adhesion layer 8 made
of titammum oxide 1s formed on the surface of the substrate 7
made of silicon so that 1t becomes possible to stop the
formation of platinum silicide due to direct diffusion of
platinum constituting the intermediate layer 9 into the sub-
strate 7. In addition, by the adhesion layer 8 made of
titanium oxide, adhesion of platinum constituting the inter-
mediate layer 9 to the substrate 7 can be improved. In
addition, 1t becomes possible to constitute the intermediate
layer 9, which 1s to be formed on the surface of the substrate
7, uniformly at an atomic level. This facilitates the formation
of the surface layer 10 on the surface of the intermediate
layer 9, that 1s, formation of titanium oxide having an
anatase crystal structure.

[0075] In the present Example, the surface layer 10 is
composed only of a dielectric substance so that 1t 1s possible
to decrease the using amount of a noble metal or novel metal
oxide for the surface layer 10 and thereby reducing the cost.

Example 3

[0076] Electrode 26 for electrolysis in Example 3 will next
be described with reference to FIG. 11. FIG. 11 1s a
cross-sectional plan view of the electrode 26 for electrolysis
as one example of the electrode for electrolysis according to
the present invention. As 1llustrated 1n FIG. 11, the electrode
26 for eclectrolysis has a substrate 27, an adhesion layer 28
formed on the surface of the substrate 27, an intermediate
layer 29 formed on the surface of the adhesion layer 28, and
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a surface layer 30 formed on the surface of the intermediate
layer 29. This electrode 26 for electrolysis 1s equipped, on
the side of the substrate 27, with a titanium plate 31 as an
clectroconducting portion. The titanium plate 31 and the
intermediate layer 29 are made conductive via a silver paste
32 serving as a conductive material disposed on the end face
of the electrode 26. The silver paste 32 and titanium plate 31
are covered with a sealing material 33 and do not contribute
to electrolysis.

[0077] In the present Example, the substrate 27 is made of
a material similar to that employed for the substrate 2 or 7
used for the electrode 1 or 6 for electrolysis in the above-
described Examples so that the substrate 27 1s also made of

silicon in the present Example.

[0078] The adhesion layer 28 is formed on the surface of

the substrate 27 and serves to improve the adhesion between
the substrate 27 and the intermediate layer 29 formed of, for
example, platinum on the surface of the adhesion layer 28.
The adhesion layer 1s made of titantum oxide, titanium
nitride or the like. In the present Example, titanium oxide 1s
employed.

[0079] The intermediate layer 29 is made of a material
similar to that used for the intermediate layer 3 or 9 of the
clectrode 1 or 6 for electrolysis obtained in the above
Example. In the present Example, the intermediate layer 29
1s comprised of platinum.

[0080] Also in the present Example, when the substrate 27
1s made of platinum, the surface of the substrate 27 is,
needless to say, made of platinum. It 1s therefore not
necessary to form the imtermediate layer 29 particularly and
needless to say, not necessary to form the adhesion layer 28.
The formation of the substrate 27 using platinum causes a
rise¢ 1n cost so that from the industrial viewpoint, 1t 1s
preferred to employ an inexpensive material for the substrate
2’7 and form the intermediate layer 29 made of a noble metal
or the like on the surface of the substrate 27 via the adhesion
layer 28.

|0081] The surface layer 30 is formed in layers over the
surface of the substrate 27 with the intermediate layer 29. It
1s made of a dielectric substance and covers the intermediate

layer 29 therewith. The surface layer 30 has a predetermined
thickness. In the present Example, 1t 1s greater than O but not
greater than 1 mm, preferably from 200 nm to 600 nm.

[0082] As the dielectric substance constituting the surface
layer 30, anatase type titanium oxide 1s used as in the
above-described Examples.

[0083] A fabrication process of the electrode 26 for elec-
trolysis 1n the present Example 1s substantially similar to that
of the electrode 6 for clectrolysis in Example 2 (firing
temperature: 650° C.) so that description on 1t 1s omitted.
With regards to the surface layer 36 constituting the elec-
trode 26 for electrolysis, however, as a result of repetition of
the above-described film forming operation, the surface
layer 30 has a thickness of from about 200 nm to 600 nm.
For the measurement of the thickness of the surface layer 30,
fluorescent X-ray analyzer (“JSX-32207S Element Ana-
lyzer”, trade name; product of JEOL) 1s employed.

[0084] In the electrode 26 for electrolysis available by the
above-described manner, the surface layer 30 1s composed
only of titantum oxide. Described specifically, the surface

Mar. 13, 2008

layer constituting material 1s a titanium-containing coms-
pound, for example, as described above, an organic titanium
compound having, in addition to titanium, a plurality of
functional groups coordinated thereto, titanium chloride,
titanium bromide or titanium 1odide but substances other
than titanium such as functional groups composed of an
organic substance, chlorine, bromine and 1odine are
removed when the material 1s fired. Titanium, on the other
hand, reacts with oxygen in the atmosphere into titanium
oxide.

[0085] Also in this case, titanium oxide constituting the
surface layer 30 has an anatase type crystal structure.

[0086] Also in this case, a surface layer constituting mate-
rial containing a titanium compound is applied to the surface
of the substrate (the surface of the mtermediate layer 29 1n
the present Example) by spin coating, followed by firing at
a predetermined temperature to obtain the surface layer 30
made of anatase type titanium oxide. A method of forming
the surface layer 30 from the anatase type titanium oxide 1s
however not limited to this.

[0087] As described above, the surface layer 30 may also
be formed by thermal CVD method, dip method, plating
method or the like.

(Electrolytic Process Using Fach Electrode for Electrolysis;
and Evaluation Thereof)

[0088] With reference to FIGS. 6 to 10, and FIGS. 12 to
14, a description will next be made of the production of
ozone and/or hydrogen peroxide by electrolysis using the
clectrode 1, 6 or 27 for electrolysis fabricated in the above-
described Examples.

[0089] First, tests on the electrodes 1 and 5 for electrolysis
by using an electrolytic apparatus 20 as illustrated in FIG. 6
will be described. FIG. 6 i1s a schematic view of the
clectrolytic apparatus 20. The electrolytic apparatus 20 has
a treatment tank 21, the above-described electrode 1 or 6 for
clectrolysis as an anode, an electrode 22 as a cathode, and a
power supply 25 for applying a direct current to these
clectrodes 1 (6) and 22. The apparatus 1s equipped further
with a cation exchange membrane (diaphragm: “Nafion”,
trade name; product of Dupont) for partitioning the treat-
ment tank 21 into a region having the electrode 1 (6) and the
other region having the electrode 22. In this treatment tank
21, simulated tap water 23 or 0.01 M HCIO, 1s retained as
an electrolyte solution. In the present Example, an electro-
lyte solution such as simulated tap water or 0.01 M HCIO,
1s used 1n the Test. Owing to the cation exchange membrane
installed in the apparatus, however, a substantially similar
ellect 1s available even 1f pure water 1s used for the treat-
ment.

[0090] The electrode 1 or 6 for electrolysis used in the test
1s fabricated 1n accordance with the fabrication process
employed in the above Examples. As the electrode 1 for
clectrolysis used in the electrolytic apparatus 20, three
clectrodes are fabricated in total. They have surface layers 4
formed by firing at 550° C., 600° C. and 650° C., respec-
tively. The surface layer 10 of the electrode 6 for electrolysis
1s, on the other hand, formed at a firing temperature of 650°
C. The electrodes 1 and 6 for electrolysis are evaluated by
measuring ultraviolet absorption of the electrolyte solution
when the electrodes 1 and 6 for electrolysis are used as an
anode.
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[0091] On the other hand, platinum is used for the elec-
trode 22 as a cathode. An insoluble electrode obtained by
firing platinum on the surface of the titanium substrate 2, a
platinum-iridium electrode for electrolysis, or a carbon
clectrode may also be used for the electrode as a cathode.

10092] The electrolyte solution to be subjected to electro-
lytic treatment using the electrode 1 for electrolysis 1s an
aqueous solution obtained by simulating tap water and this
simulated tap water 23 1s composed of 5.75 ppm of Na™,
10.02 ppm of Ca**, 6.08 ppm of Mg*, 0.98 ppm of K",
17.75 ppm of CI7, 24.5 ppm of SO,*"and 16.5 ppm of
CO,”". The electrolyte solution to be subjected to electro-
lytic treatment using the electrode 6 for electrolysis 1s 0.01

M HCIO,.

[0093] According to the above-described constitution, in
the electrolysis using the electrode 1 for electrolysis, 150 ml
of simulated tap water 23 is retained 1n the treatment tank 21,
and the electrode 1 for electrolysis and electrode 22 are
immersed 1n the simulated tap water. An area of each of the
clectrode 1 for electrolysis and the electrode 22 1n the
present Example 1s set at 25 mmx15 mm. By the power
supply 25, a constant current of 80 mA with a current density
of about 20 mA/cm?, a constant current of 160 mA with a
current density of about 40 mA/cm?®, a constant current of
240 mA with a current density of about 60 mA/cm” are each
applied to the electrode 1 for electrolysis and the electrode
22. On the other hand, 1n the electrolysis using the electrode
6 for electrolysis, 0.01 M HCIO4 is retained 1n the treatment
tank 21 and the electrode 6 for electrolysis and electrode 22
are 1mmersed i the solution. Electrolysis 1s conducted
under the conditions of a current density of 26.7 mA/cm?
and temperature of the solution of +15° C.

10094] It 1s to be noted that in the present Example, the
production amounts of ozone and hydrogen peroxide by the
clectrode 1 or 6 for electrolysis are determined and evalu-
ated by measuring ultraviolet absorption of the simulated tap
water 23 or solution five minutes after electrolysis under the
above-described conditions.

[0095] Next, referring to FIGS. 7 to 9, a description will
be made of substances produced using electrodes 1 for
clectrolysis obtained at respective firing temperatures at
cach current density. FIG. 7 shows ultraviolet absorption of
the electrode 1 for electrolysis obtained at a firing tempera-
ture of 330° C. at each current density; FIG. 8 shows
ultraviolet absorption of the electrode 1 for electrolysis
obtained at a firing temperature of 600° C. at each current
density; and FIG. 9 shows ultraviolet absorption of the
clectrode 1 for electrolysis obtained at a firing temperature
of 650° C. at each current density. In any diagram, the
ordinate indicates absorbance and the abscissa indicates
wavelength. In these diagrams, A, B and C are test results at
a current density of about 20 mA/cm?, about 40 mA/cm?® and
about 60 mA/cm”, respectively, while D are test results of an
clectrode for electrolysis indicated as control. The electrode
for electrolysis used 1n D 1s obtained by forming titanium on
the surface of the substrate or on the surface of the iter-
mediate layer by sputtering, and then thermally oxidizing it
into the surface layer 4. The electrode area of it 1s 15 mmx15
mm, firing temperature 1s 500° C. and current density 1s 10

MA/cm?=.

[0096] FIG. 7 shows the test results of the electrode 1 for
clectrolysis obtained by firing at 550° C. According to them,
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an absorption peak (from about 200 nm to 220 nm) of
hydrogen peroxide and an absorption peak (about 258 nm)
of ozone are observed at any current density and their
absorbances are almost equal or that of ozone 1s a little
greater than that of hydrogen peroxide. The results show that
absorbances of hydrogen peroxide and ozone increase with
a rise 1 current density and that they are large particularly
at a current density of 60 mA/cm”

[0097] When the electrode 1 for electrolysis having a
surface layer 4 formed by sputtering 1s used, on the other
hand, an absorption peak of ozone 1s observed but no
absorption peak of hydrogen peroxide 1s found. This sug-
gests that 1t 1s 1mpossible to produce both ozone and
hydrogen peroxide by the method of forming the surface
layer 4 by sputtering under the above-described conditions,
while 1t 1s possible to produce both ozone and hydrogen
peroxide by the method of forming the surface layer 4 by
spin coating.

[0098] FIG. 8 shows test results of the electrode 1 for
clectrolysis obtained by firing at 600° C. According to these
results, an absorption peak (from about 200 nm to 220 nm)
of hydrogen peroxide 1s observed at any current density, but
an absorption peak (about 258 nm) of ozone 1s observed only
at a current density of 40 mA/cm” and 60 mA/cm® and no
absorption peak of ozone 1s found at a current density of 20
mA/cm”®. In particular, an absorption peak of hydrogen
peroxide at a current density of about 20 mA/cm? is higher
than that at current densities of about 40 and 60 mA/cm”.
This means that hydrogen peroxide 1s produced preferen-
tially to ozone.

[0099] Owing to such preferential production, it becomes
possible to select a ratio of hydrogen peroxide to ozone
produced by electrolysis, particularly, production or non-
production of ozone by changing a current density. By
carrying out electrolysis at a current density changed
depending on a desired substance, a substance produced
preferentially can be selected, leading to improvement in
versatility.

[0100] When an electrolyte solution is electrolyzed using
the electrode 1 for electrolysis obtained by firing at 600° C.,
an absorption peak of ozone becomes higher and an absorp-
tion peak of hydrogen peroxide becomes lower at a current
density of 60 mA/cm?, compared with the absorption peaks
of ozone produced by the electrode 1 for electrolysis
obtained by firing at 550° C. as illustrated in FIG. 7. An
absorption peak of hydrogen peroxide at a current density of
40 mA/cm”, on the other hand, becomes higher.

[0101] FIG. 9 shows test results of the electrode 1 for
clectrolysis annealed at 650° C. According to these results,
an absorption peak (from about 200 nm to 220 nm) of
hydrogen peroxide 1s observed at any current density, but an
absorption peak (about 238 nm) of ozone 1s observed only
at current densities of about 40 mA/cm® and about 60
mA/cm and no absorption peak of ozone 1s found at a
current density of about 20 mA/cm®. In particular, an
absorption peak of hydrogen peroxide at a current density of
about 20 mA/cm” is higher than those at current densities of
about 40 and about 60 mA/cm”. This means that hydrogen
peroxide 1s produced pretferentially to ozone.

10102] Owing to such preferential production, it becomes
possible to select a ratio of hydrogen peroxide to ozone



US 2008/0060947 Al

produced by electrolysis, particularly, production or non-
production of ozone by changing a current density. In
particular, with an increase 1n the current density to about 20
mA/cm?®, the production amount of hydrogen peroxide can
be raised and at the same time, the production amount of
ozone can be reduced. In addition, by adjusting the current
density to about 20 mA/cm”, it is possible to inhibit the
production of ozone and produce only hydrogen oxide. By
carryving out electrolysis at a current density changed
depending on a desired substance, a substance produced
preferentially can be selected, leading to improvement in
versatility.

[0103] The absorption peak of ozone 1s observed at each
of about 40 mA/cm”® and about 60 mA/dm?, but the absorp-
tion amount 1s smaller compared with that 1n the case of
clectrolysis using the electrode obtained by firing at 600° C.
Anyway, hydrogen peroxide 1s produced pretferentially to
ozone at any current density. It can be understood that this
tendency 1s more pronounced than in the case of FIG. 8
where the electrode 1 obtained by firing at 600° C. 1s used.

[0104] Accordingly, with an increase in the firing tem-
perature of the electrode 1 for electrolysis, hydrogen per-
oxide 1s produced more preferentially. When the firing
temperature 1s 600° C., 1t 1s possible to produce ozone
ciiciently while producing hydrogen peroxide.

[0105] When both ozone and hydrogen peroxide are pro-
duced, hydrogen peroxide generated in the electrolyte solu-
tion 1s oxidized with ozone having a higher oxidizing power
into OH radicals (chemical reaction formula A). The fol-
lowing 1s the chemical reaction formula A:

Chemical reaction formula A: 20;+H,05,—=2.0OH+30,

[0106] The OH radicals can exhibit a strong oxidizing
power. By the use of the electrode 1 for electrolysis to
clectrolyze an electrolyte solution, a plurality of oxidizing
substances can be produced and OH radicals produced 1n
accordance with these reactions contribute to elimination of
smells of mold and smoke, which cannot be eliminated
casily only by the power of ozone. In this case, OH radicals
have a relatively short life, but can be produced easily at a
site where 1t 1s required. The oxidizing power of the OH
radicals can therefore be utilized effectively.

[0107] Next, a substance produced by the electrolysis
using the electrode 6 for electrolysis will be described with
retference to FIG. 10. FIG. 10 shows the ultraviolet absorp-
tion of an electrolyte solution electrolyzed using the elec-
trode 6 for electrolysis. The ordinate represents absorbance,
while the abscissa represents wavelength. According to this,
an absorption peak (from about 200 nm to 220 nm) of
hydrogen peroxide and an absorption peak (about 258 nm)
ol ozone are observed. An absorbance ratio of hydrogen
peroxide to ozone 1s about 2 but anyway, both hydrogen
peroxide and ozone are produced 1n the electrolyte solution.
Test results shown 1n FIG. 10 are different in production or
non-production of ozone from the test data, shown 1n FIG.
9, of the electrode 1 for electrolysis, which has been fabri-
cated by spin coating, at a current density of about 20
mA/cm®. This difference is presumed to occur because the
current density of FIG. 10 is 26.7 mA/cm?, the electrode 6
for electrolysis has the adhesion layer 8 between the inter-
mediate layer 9 and substrate 7, and the electrolyte solution
employed for electrolysis 1s diflerent.
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[0108] Thus, both ozone and hydrogen peroxide can be
produced in the electrolyte solution by electrolyzing an
clectrolyte solution by using the electrode 1 or 6 for elec-
trolysis obtaimned in the above-described Example as an
anode. Both of them can be produced, because, 1in the
clectrode 1 or 6 for electrolysis obtained in the above-
described Example, titanium oxide constituting the surface
layer 4 or 10 can be formed by spin coating as a relatively
thin film having a thickness not greater than 100 nm and in
addition, titantum oxide constituting the thin film has, as 1s
apparent from FIG. 5, an anatase type crystal structure.

[0109] Electrons are therefore presumed to transfer via an
impurity level in the surface layer 4 or 10, or by the
Fowler-Nordheim tunneling to the intermediate layer 3
comprised of a conductive material.

[0110] When a metal electrode 1s used as an electrode for
clectrolysis, an empty level just above the Fermi level
typically receives electrons from the electrolyte and an
clectrode reaction at an anode occurs. When the electrode 1
or 6 for electrolysis having the surface layer 4 or 10
according to the present invention 1s used, on the other hand,
owing to the surface layer made of a dielectric substance, an
empty level near the bottom of a conductor which 1s on an
energy level higher by about half of a band gap than the
Fermi level receives electrons from the electrolyte, whereby
the electrode reaction at an anode occurs.

[0111] Use of the electrode 1 or 6 for electrolysis accord-
ing to the present invention is therefore presumed to induce
an increase 1n the production efliciency because compared
with the use of an electrode for electrolysis made of plati-
num or the like, 1t causes transfer of electrons at a higher
energy level and triggers an electrode reaction.

[0112] By applying an electric current to the electrode 1

for electrolysis at a predetermined low current density, that
is, from 0.1 mA/cm® to 200 mA/cm?, preferably from 1

mA/cm to 1000 mA/cm®, the electrode thus obtained can
therefore produce ozone at a high efliciency and at the same
time, produce hydrogen peroxide.

[0113] In particular, the surface layer 10 of the electrode 6
for electrolysis 1s, as described 1n Example 2, formed on the
surface (the surface of the intermediate layer 9 1n the present
Example) of the substrate 7 by spin coating or thermal CVD
of a titantum-containing compound as a surtace layer con-
stituting material so that the surface layer 10 1s a thin {ilm
made of anatase type titanium oxide. Aggregation of tita-
nium oxide occurs at the time of reaction on the surface of
the substrate heated to high temperature by firing or thermal
CVD, whereby a plurality of pores which expose the surface
of the substrate 7 (strictly, the surface of the intermediate
layer 9 just below the surface layer 10, that 1s, the conductive
intermediate layer 9 constituting the contact surface between
the substrate 2 and the surface layer 10) between crystals are
formed.

[0114] In the surface layer 10, a reaction for producing
ozone as described above proceeds on the surface of the
titanium oxide thin film and at the same time, a reaction for
producing hydrogen peroxide proceeds owing to the pres-
ence ol pores from which the intermediate layer 9 1is
exposed.

[0115] This makes it possible to produce ozone efficiently
even by the electrolysis at a low current density and 1n
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addition, to produce hydrogen peroxide without suppressing
the production efficiency of ozone.

[0116] The surface layer 4 or 10 of the electrode 1 or 6

capable of producing both ozone and hydrogen peroxide can
be formed by spin coating as described above. This enables
tabrication of electrodes for electrolysis at a relatively low
cost, leading to cost reduction of the corresponding equip-
ment. The surface layer 4 or 10 1s, when it 1s formed by
thermal CVD as described above, able to have good stability
and therefore contributes to high production efliciency.

[0117] Moreover, the surface constituting material to be
used for forming such surface layer 4 or 10 has a titanium
content of from 0.5 to 5 wt. %. This facilitates formation of
an anatase type crystal structure and at the same time enables
the formation of pores large enough to realize the production
of hydrogen peroxide without suppressing the production
elliciency of ozone when the electrode 1 or 6 1s used as an
anode.

[0118] In Examples 1 and 2, as described above, the
clectrode 1 or 6 for electrolysis 1s fabricated by forming the
intermediate layer 3 or 9 contaiming at least one of metals
which are diflicult to oxidize, metal oxides having conduc-
tivity, or metals having conductivity even if they are oxi-
dized and then forming the surface layer 4 or 10 as described
above on the surface of the intermediate layer 3 or 9. When
the substrate 2 or 7 and the intermediate layer 3 or 9 are
made of the same material, that 1s, a material containing at
least one of metals which are difficult to oxidize, metal
oxides having conductivity, or metals having conductivity
even 1f they are oxidized, an electrode capable of efliciently
producing ozone can be fabricated even without disposing
the intermediate layer 3 particularly. By forming, as in the
present invention, the intermediate layer 3 or 9 made of the
above-described material while covering the substrate 2 or 7
therewith, however, 1t 1s possible to fabricate the electrode 1
or 6 capable of efliciently producing ozone at a low pro-
duction cost.

[0119] Test on the electrode 26 for electrolysis, which has
been obtained 1n Example 3, by using an electrolytic appa-
ratus 35 as 1llustrated 1 FI1G. 12 will next be described. FIG.
12 1s a schematic view of the electrolytic apparatus 35. The
clectrolytic apparatus 35 has a treatment tank 36, the elec-
trode 26 for electrolysis as an anode, an electrode 22 as a
cathode and a power supply 37 for applying a direct current
to these electrodes 26 and 22. The apparatus 1s equipped
further with a cation exchange membrane (diaphragm:
“Nafion”, trade name; product of Dupont) 24 for partitioning
the treatment tank 36 into a region having the electrode 26
and the other region having the electrode 22. It has an
agitator 38 in the region where the electrode 26 for elec-
trolysis 1s immersed as an anode.

[0120] In this treatment tank 36, simulated tap water 23 or
0.01 M HCIO, 1s retained as an electrolyte solution. In the
present Example, an electrolyte solution such as simulated
tap water or 0.01 M HCIO, 1s used 1n the test. Owing to the
cation exchange membrane installed i1n the apparatus, how-
ever, a substantially similar effect 1s available even 1f pure
water 1s treated. The simulated tap water employed 1n this
Test has a composition equal to that used in the above-
described Test.

[0121] The electrode 26 for electrolysis used in the test is
that obtained by the fabrication process as described in
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Example 3. For the electrode 22 as a cathode, a material
similar to that employed in the above test, that 1s, platinum
1s used. An insoluble electrode obtained by firing platinum
on the surface of the titanium substrate 2, a platinum-iridium
clectrode for electrolysis, or a carbon electrode may also be
used for the electrode as a cathode.

[0122] A test on current efliciency for ozone production
when electrolysis 1s carried out using the electrode 26 for
clectrolysis 1n the above-described constitution will next be
described with reference to FIGS. 13 and 14. In the Test as
shown 1n FIG. 13, 150 ml of 0.01 M HCIO, 1s retained 1n
both regions (respective regions on the anode side and
cathode side) in the treatment tank 36 and the electrode 26
for electrolysis and electrode 22 are mmmersed therein
respectively. The distance between these electrodes 1s set at
10 mm and a constant current with a current density of 26.7
mA/cm” is applied to the electrode 26 for electrolysis and
clectrode 22 from a power supply 37. The temperature of the
solution 1s set at +15° C.

[0123] The electrode 26 for electrolysis in the present
Example 1s evaluated by measuring the production amount
ol ozone 1n the solution after electrolysis for S minutes under
the above-described conditions by an imndigo method (prod-
uct of HACH) and then, calculating a ratio of charge
contributing to ozone production relative to the total charge
applied to the electrode, that 1s, current efliciency based on
the following chemical reaction formula B:

Chemical reaction formula B: 3H,O—=0O;+6H"+6e™

[0124] In the Test in FIG. 13, seven electrodes 26 for
clectrolysis are fabricated while adjusting the thickness of
their surface layer 30 to 207.3 nm, 277.7 nm, 346.2 nm,
385.5 nm, 503.6 nm, 547.0 nm and 724.7 nm, respectively.
The amount of a current contributing to ozone production 1n
the electrolyte solution 1s measured and an ozone production
elliciency of these electrodes as a function of the thickness
of the surface layer 30 1s compared based on a ratio of charge
contributing to ozone production relative to total charge
applied to the electrode, that 1s, current efliciency. For the
measurement of the thickness of the surface layer 30, a
fluorescent X-ray analyzer (“JSX-32207S Element Ana-
lyzer”, trade name; product of JEOL) 1s employed.

[0125] When stable perchloric acid (HCIO,) is used as an
clectrolyte solution, most of the current to be supplied to the
clectrode usually contributes to the production of oxygen so
that ozone production hardly occurs. In Test as shown in
FIG. 13, when the thickness of the surface layer 30 of the
clectrode 26 for electrolysis 1s 207.3 nm or 277.7 nm, a
current efliciency for ozone production becomes almost 0%
and most of the current to be supplied to electrolysis is
consumed for the production of oxygen.

[0126] When the thickness of the surface layer 30 of the

clectrode 26 for electrolysis 1s 346.2 nm, on the other hand,
the current efliciency for ozone production becomes about
1.7%. This suggests that even 1n the electrolysis of stable
perchloric acid as an electrolyte solution, ozone 1s produced.
The film thickness becomes greater, for example, 385.5 nm,
503.6 nm, 547.0 nm or 724.7 nm, ozone can be produced at
a current efliciency as high as about 5.2%, about 6.9%, about
4.7% and about 5.4%, respectively. Also 1n this case, most
of the current which has remained after supply to electroly-
s1s 15 used for the production of oxygen. This will equally
apply heremaftter.
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10127] In Test shown in FIG. 14, on the other hand, 150 ml
of simulated tap water 1s retained 1n both regions (respective
regions on the anode side and cathode side) 1n the treatment
tank 36 and the electrode 26 for electrolysis and electrode 22
are 1mmersed therein respectively. The distance between
these electrodes 1s set at 10 mm and a constant current with
a current density of 26.7 mA/cm” or a constant current with
a current density of 17.8 mA/cm? is applied to the electrode
26 for electrolysis and electrode 22 from a power supply 37.
The temperature of the solution 1s set at +15° C.

[0128] In this test, the electrode 26 for electrolysis is
evaluated by measuring the production amount of ozone 1n
the solution after electrolysis for 5 minutes under the above-
described conditions by an indigo method (product of
HACH) and calculating a ratio of charge contributing to the
production of ozone relative to the total charge applied, that
1s, current efliciency based on the following chemical reac-
tion formula B:

Chemical reaction formula B: 3H,O0—=0O;+6H"+6e™

10129] In the Test in FIG. 14, ten electrodes 26 for

clectrolysis are fabricated while adjusting the thickness of
their surface layer 30 to 49.8 nm, 78.5 nm, 111 nm, 147 nm,
202 nm, 250 nm, 278 nm, 303 nm, 334 nm and 381 nm,
respectively. The amount of a current contributing to ozone
production in the electrolyte solution 1s measured and an
ozone production efliciency of these electrodes as a function
ol the thickness of the surface layer 30 1s compared based on
a rat1o of charge contributing to ozone production relative to
total charge applied, that 1s, current efliciency.

[0130] Under any current density conditions, a current
efliciency for ozone production 1s about 1.3% or less when
the surface layer 30 of the electrode 26 for electrolysis has
a thickness not greater than 250 nm.

[0131] When the surface layer 30 of the electrode 26 for

clectrolysis 1s adjusted to 278 nm thick, on the other hand,
a current efliciency for ozone production 1s about 2.5% (17.8
mA/cm”) or about 2.8% (26.7 mA/cm”), suggesting a
marked increase in the ozone production efliciency. When
the thickness of the surface layer 30 1s increased further, a
current efliciency for ozone production rises with an
increase in the film thickness.

10132] 'Test results in FIGS. 13 and 14 show that a

production efliciency of ozone shows a marked increase
when the thickness of the surface layer 30 constituting the
clectrode 26 for electrolysis exceeds a certain level. The
thickness of the surface layer at which the current efliciency
for ozone production undergoes a change differs depending
on the kind of the electrolyte solution to be electrolyzed. If
the thickness of the surface layer 30 1s 200 nm or greater, 1t
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1s possible to observe the thickness at which the current
clliciency for ozone production changes.

[0133] Adjustment of the thickness of the surface layer 30
to 200 nm or greater therefore makes 1t possible to produce
ozone without lowering “a ratio of charging contributing to
ozone production to the total charge™ 1s (that 1s) “a current
ciliciency”.

[0134] Based on the test results as shown in FIG. 13, when
the surtace layer 30 of the electrode 26 for electrolysis has
a certain thickness, an increase 1n current efliciency for
ozone production cannot be observed. In view of the film
forming operation of the surface layer 30 of the electrode 26
for electrolysis, it 1s therefore possible to obtain an electrode
having a high ozone production efliciency while improving
the productivity of the electrode 26 for electrolysis and
reducing the production cost of it by adjusting the thickness
of the surface layer 30 to 600 nm or less.

[0135] This makes it possible to fabricate an electrode for
clectrolysis having a higher ozone production efliciency at a
low cost.

What 1s claimed 1s:

1. An electrode for electrolysis comprising a substrate and
a surface layer formed on the surface thereof, wherein the
surface layer 1s anatase type titanium oxide.

2. An electrode for electrolysis according to claim 1,
wherein the surface layer has a thickness not greater than 1
mm.

3. An electrode for electrolysis according to claim 1 or 2,
wherein the surface layer has a thickness from 200 nm to
600 nm.

4. An electrode for electrolysis according to any one of
claims 1 to 3, wherein the substrate 1s conductive at least a
contact surface thereof with the surface layer.

5. An electrolytic process, which comprises electrolyzing
water or an electrolyte solution at a current density from 0.1
mA/cm® to 2000 mA/cm” while using an electrode for
clectrolysis as claimed 1n any one of claims 1 to 4 as an
anode.

6. An electrolytic process according to claim 5, wherein
the substance produced by the electrolytic process 1s at least
one of ozone, hydrogen peroxide and another active oxygen
SpPECIEs.

7. An electrolytic apparatus, which comprises an electrode
for electrolysis as claimed 1n any one of claims 1 to 4 and
clectrolyzes water or an electrolyte solution by using the
clectrode 1n accordance with an electrolytic process as
claimed 1n claim 5 or 6.
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