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EP 2 210 968 B9
Description
TECHNICAL FIELD

[0001] The presentinvention relates to: a carbonaceous substrate which, when contacting fluorine or fluoride, is hardly
intercalated and is suitable for formation of a diamond thin film; and an electrode for fluorine electrolysis, which is usable
in an electrolytic method adopting an electrolyte containing fluoride ion. In particular, the present invention relates to
electrodes for fluorine electrolysis, each of which has a diamond structure, restrains an anode effect even in operations
with a high electric current density, produces less sludge due to wear of the electrodes, produces less carbon tetrafluoride
gas, and enables continuation of stable electrolysis.

BACKGROUND ART

[0002] For the chemical stability, electrodes using a carbonaceous substrate have been suitably adopted as an elec-
trolyte for containing fluoride ion electrolysis.

[0003] Patent Documents 1 and 2 each describes an exemplary carbon electrode used for synthesizing a fluorine-
containing material through electrolysis using an electrolyte containing fluoride ion. Similarly, electrolysis for producing
fluorine gas also uses a carbon electrode. The market and uses of fluorine gas are expected to grow significantly in a
semiconductor field, as a cleaning gas, an etching gas, or a gas for reforming surfaces of plastic materials. Production
of a large amount of fluorine gas with a high electric current density is crucial. However, a carbon electrode polarizes
due to an anode effect. For this reason, use of a carbon electrode makes an operation with a high electric current density
difficult sometimes.

[0004] To solve the above problem, a carbon electrode is coated with conductive diamond which is chemically stable
and has a wide potential window. Use of this electrode enables an electrolysis operation with a high electric current
density. Further, highly efficient and stable synthesis of fluorine compound is possible for a long time. Such an electrode
is disclosed in Patent Documents 3 and 4.

[0005]

[Patent Document 1] Japanese Unexamined Patent Publication No. 047297/02 (Tokukaihei 02-047297)
[Patent Document 2] Japanese Unexamined Patent Publication No. 005194/05 (Tokukaihei 05-005194)
[Patent Document 3] Japanese Unexamined Patent Publication No. 249557/2006 (Tokukai 2006-249557)
[Patent Document 4] Japanese Unexamined Patent Publication No. 097054/2006 (Tokukai 2006-097054)

[0006] JP 2000200603 (A) discloses a negative-electrode material, its manufacturing method, and a battery, capable
of obtaining a large charging/discharging capacity. This negative-electrode material has a carbon material in which a
first phase 11, a second phase 12, and a third phase 13, differing in lattice spacing d002 of 002 planes from each other,
coexist in one particle. This negative-electrode material is obtained by adding a catalyst such as Ni to a raw material of
a hardly graphitizable carbon and heating it. The spacing d002 of the first phase 11 is smaller than 0.3375 nm, d002 of
the second phase 12 is equal to or larger than 0.3375 nm and smaller than 0.3425 nm, and d002 of the third phase 13
is equal to or larger than 0.3425 nm, This negative-electrode material has the characteristics of all the phases and
distortion produced in the first phase 11 by the storing/desorbing of atoms or ions can be absorbed by the third phase
13, and therefore a large charge/discharge capacity can be obtained.

DISCLOSURE OF THE INVENTION
[TECHNICAL PROBLEM]

[0007] However, when synthesizing a fluorine-containing material through an electrolysis using the carbonaceous
substrate, a use of a typical carbonaceous substrate may cause intercalation attributed to structural disorder of the
carbon crystal orinfiltration of the electrolyte. This intercalation may deteriorate the property of the carbonaceous substrate
or destroy the carbonaceous substrate itself. If diamond thin films are formed on this material, the expansion of the
carbonaceous substrate may cause cracks or peeling of the thin films.

[0008] Further, when the coating is conductive diamond, the conductive diamond has polycrystalline structure and
therefore causes difficulty in coating the entire substrate perfectly without even a small defect. An uncoated portion of
the carbonaceous substrate may be intercalated due to development of the crystallinity, and the conductive diamond
may be peeled due to infiltration of the electrolyte into the carbonaceous substrate.

[0009] Inviewofthis,the presentinventionis made, anditis an object of the presentinvention to provide a carbonaceous
substrate in which structural disorder of the carbon crystal due to intercalation orinfiltration to the electrolyte are restrained,
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EP 2 210 968 B9

carbonaceous substrate being suitable for forming a diamond thin film, and an electrodes for a fluorine-producing
electrolysis, which is coated with a conductive diamond having a good adhesiveness.

[TECHNICAL SOLUTION]

[0010] A carbonaceous substrate of the presentinvention is such that, atthe time of electrolysis of electrolyte containing
fluoride ions, a graphite fluoride is formed in priority to formation of a charge-transfer type intercalation compound.
Further, carbonaceous substrate, wherein: an X-ray diffraction pattern of the carbonaceous substrate is a complex profile
and includes at least two (002) diffraction lines; and the substrates contains crystallites with different interlayer spacings.
Particularly, in an X-ray diffraction pattern thereof, (002) diffraction lines between 26=10° and 26 = 30° have an asymmetric
shape; and the X-ray diffraction pattern includes two pattern components which are a diffraction line whose center is at
26=26° and a diffraction line whose center is at a lower angle than 26 = 26°. Further, in the carbonaceous substrate, it
is preferable that the presence proportion of the diffraction line whose center is at the 26=26° is 30% or more of the total
surficial area of the (002) diffraction lines between 26=10° and 26=30°. Further, the carbonaceous substrate contains
crystals wherein the interlayer spacing (periodic distance dgg,) is 0.34 nm or more and the crystallite size Lcyg, is 20
nm or less based on the X-ray diffraction lines. Further, the carbonaceous substrate is preferably an isotropic carbon
material. Further, the carbonaceous substrate of the presentinvention is preferably manufactured through a cold isostatic
pressing method, using mesophase microbeads as thefiller. Additionally, the open porosity of the carbonaceous substrate
is preferably between 5 to 30 volume%. When such a carbonaceous substrate is coated with a conductive diamond thin
film and used as an electrode, tissue breakdown attributed to intercalation of fluorine ion will not take place in a portion
without the diamond structure. Further, the surface is fluorinated and becomes electrochemically inertness. Since elec-
trolysis only takes place on the conductive diamond thin film having the diamond structure, stable operation is possible
for a long time.

[0011] An electrode of the present invention for a fluorine electrolysis includes the above mentioned carbonaceous
substrate on which a conductive diamond thin film is formed. That is, it is preferable that a conductive diamond thin film
is formed on a carbonaceous substrate wherein an X-ray diffraction pattern thereof is a complex profile and includes at
least two (002) diffraction lines, the substrates containing crystallites with different interlayer spacings.

[0012] Further, it is preferable to coat, with a conductive diamond thin film, a carbonaceous substrate wherein, in an
X-ray diffraction pattern thereof, (002) diffraction lines between 26=10° and 26 = 30° have an asymmetric shape; and
the X-ray diffraction pattern includes at least two pattern components which are a diffraction line whose center is at
26=26° and a diffraction line whose center is at a lower angle than 26 = 26°.

[0013] Further, the carbonaceous substrate coated with a conductive diamond thin film is preferably a substrate as
follows. Specifically, the presence area of the diffraction line whose center is at the 26=26° is preferably 30% or more
of a total surficial area of the (002) diffraction lines between 26=10° and 26 = 30°.

[0014] Further, itis preferable thatthe carbonaceous substrate contain crystals wherein the interlayer spacing (periodic
distance dg,) is 0.34 nm or more and the crystallite size Lc, is 20 nm or less based on the X-ray diffraction lines.
[0015] Further, the carbonaceous substrate is preferably an isotropic carbon material.

[0016] Further, the carbonaceous substrate preferably contains mesophase microbeads as filler material.

[0017] Further, the open porosity of the carbonaceous substrate is preferably 5 to 30 volume%.

[0018] Further, the conductive diamond thin film preferably contains boron as a p-type dopant and nitrogen or phos-
phorous as an n-type dopant; and the content of the p-type dopant and/or the n-type dopant is preferably not more than
100,000 ppm.

[0019] Further, afilm thickness of the conductive diamond thin filmis preferably 0.5um or more but not more than 10pm.
[0020] Further, 10% or more of the surface of the carbonaceous substrate is preferably coated with the conductive
diamond thin film.

[0021] Further, the crystallinity of the conductive diamond thin film is preferably such that the lattice constant derived
from the X-ray diffraction is 0.357 nm or less, and in Raman spectrum resulted from Raman spectroscopic analysis, the
full width at half maximum of a peak between 1320 and 1340 cm-1 of the C-C stretch mode of SP3 bonding is 100cm -1
or less.

[EFFECT OF THE INVENTION]

[0022] With the present invention, a double-layered electrode in which a carbonaceous substrate is coated with a
conductive diamond thin film is used as an anode for synthesizing a fluorine-containing material by an electrolytic method.
The crystallinity of the carbonaceous substrate used in such an electrode is controlled so as to prevent structural disorder
of the carbon crystal and/or infiltration of the electrolyte attributed to intercalation. As a result, stable synthesis of a
fluorine compound with a high electric current density is possible without causing peeling of the conductive diamond
thin film.
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BEST MODE FOR CARRYING OUT THE INVENTION

[0023] The following describes a suitable embodiment of the present invention.

[0024] The following details an electrode of the present invention for synthesizing fluorine-containing material and a
carbonaceous substrate used in the synthesis. The electrode in the present invention is manufactured by a crystallinity-
adjusted carbonaceous substrate with a conductive diamond thin film having diamond structure.

[0025] In the electrode, the conductive diamond thin film is polycrystal. For this reason, it is difficult to completely coat
with the conductive diamond thin film the whole substrate without defect. In view of this, in the present embodiment, a
carbonaceous substrate is coated with chemically stable conductive diamond. Such a carbonaceous substrate, when
immerged into an electrolyte which contains fluoride ion, prevents structural disorder of the carbon crystal and/or infiltration
ofthe electrolyte which are caused by intercalation. Further, providing an insulation coating on the carbonaceous substrate
enables the substrate to self-stabilize.

[0026] The carbonaceous substrate is such that, during an electrolysis using an electrolyte containing fluoride ion, a
charge-transfer type intercalation compound forms before formation of graphite fluoride. An X-ray diffraction pattern of
this carbonaceous substrate is a complex profile and includes at least two (002) diffraction lines; and the substrates
contains crystallites with different interlayer spacings. Further, in the X-ray diffraction pattern, the (002) diffraction lines
between 26=10° and 26 = 30° have an asymmetric shape; and the X-ray diffraction pattern includes at least two pattern
components which are a diffraction line whose center is at 26=26° and a diffraction line whose center is at a lower angle
than 26 = 26°. The presence area of the diffraction line whose center is at the 26=26° is 30% or more of a total surficial
area of the (002) diffraction lines between 26=10° and 26 = 30°. With the crystal of carbon being intercalated with fluorine
ion, polarization can be relatively restrained. Note that the presence proportion of the diffraction line whose center is at
20 = 26° is preferably 50% or more of the total surficial area of the (002) diffraction lines between 26=10° and 26 = 30°.
[0027] The carbonaceous substrate can be either unitary or binary, and is made of a carbonaceous material which is
obtained by mixing, moulding and calcining one or two or more of the following raw materials (fillers): mesophase
microbeads, coal pitch coke, petroleum pitch coke, coal coke, petroleum coke, coal tar, a high polymer compound such
as phenolresin or the like. Moulding method may be carried on a cold isostatic pressing method, or an extrusion moulding
method. However, it is preferable to adopt an isotropic carbon material moulded through a cold isostatic pressing method
in which the physical property is not affected by the direction.

[0028] The open porosity of the substrate is 5 to 30 volume %, and is preferably 5 to 20 mass%. When the open porosity
is less than 5 volume%, the anchor effect at the time of coating with the conductive diamond is not obtained. When the
open porosity is more than 30 volume%, suitable density and strength of the carbonaceous substrate are not achieved.
Therefore, when synthesizing a fluorine-containing material through electrolysis using an electrolyte containing fluoride
ion, the fluorine ion intercalates between layers of carbon crystals. Further, the adopted carbonaceous substrate contains
crystals wherein the interlayer spacing (periodic distance dgq, ) is 0.34 nm or more and the crystallite size Lcgg, is 20
nm or less based on the X-ray diffraction lines. Due to the low crystallinity of the carbonaceous substrate having the
above-described periodic distance and crystallite size, the periodic distance is not sufficient for fluorine to enter. Therefore,
when such a carbonaceous substrate is used, intercalation hardly occurs as compared with a material such as a graphite
having a developed crystallinity. Even if intercalation occurs, the interlayer spacing (periodic distance dg,) barely chang-
es. Therefore, structural disorder is preventable.

[0029] An electrode in which the above carbonaceous substrate is coated with conductive diamond is used in syn-
thesizing a fluorine-containing material. When such an electrode is used, a portion of the electrodes not having a diamond
structure will not have tissue break down attributed to intercalation of fluorine ion. Further, fluorinating and forming an
insulation coating on the surface of the electrode makes the electrode electrochemically inertness. The electrode is
preferably (CF) n and electrochemically inertness. Therefore, the electrolysis occurs only on the conductive diamond
thin film portion having a diamond structure. This enables stable operation for a long time.

[0030] Note that when the carbonaceous substrate adopted contains crystals whose dg, (interlayer spacing) based
on a diffraction line is less than 0.34 nm and whose crystallite size Lc, is adjusted to a size larger than 30 nm,
intercalation occurs in the fluorine compound atmosphere. The intercalation increases the interlayer spacing (periodic
distance dgg,) and destroys the crystal structure. When adopting, for synthesizing a fluorine-containing material, an
electrode made by coating the carbonaceous substrate with a conductive diamond, the electrolyte is infiltrated and
causes peeling of the conductive diamond. For this reason, stable electrolysis for synthesizing a fluorine compound is
not continued for a long time.

[0031] The method of forming the conductive diamond thin film on the substrate is not particularly limited, and any
given method is adoptable. Examples of typical method includes a hot-filament CVD (chemical vapor deposition) method,
a micro plasma CVD method, a plasma arc-jet method, and a physical vapor deposition (PVD) method, or the like.
[0032] To synthesize conductive diamond, the following materials are used as the raw materials of diamond in any of
the above methods: a hydrogen gas or a rare gas such as He, Ar, and Ne which are an inert gas, and a mix gas serving
as a carbon source presented as radicals in the gas. To provide electric conductivity to the diamond, one or both of a
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p-type dopant and an n-type dopant is/are added as the inert gas. A preferable p-type dopantis a boron, and a preferable
n-type dopant is nitrogen or phosphorous. In any case, the content of the dopant in the conductive diamond is preferably
not more than 100,000 ppm.

[0033] Regardless of the method for manufacturing the conductive diamond, the conductive diamond is preferably
polycrystal. For example, the diamond thin film contains amorphous carbon, a graphite component, or nano crystal
diamond. These components are confirmed by Raman spectroscopic analysis. Where: | (Dia) is the intensity of C-C
stretch mode for SP3 bonding which is characteristic in diamond; | (D-band) is the peak intensity nearby 1350 cm-1
(between 1340 and 1380cm-1) which belongs to the D band of amorphous carbon; and | (G-band) is the peak intensity
nearby 1580 cm™! (between 1560 and 1600cm-1) which belongs to the G band of the graphite component, the ratio |
(Dia)/l (D-band) is 1 or more, and the ratio | (Dia) / | (G-band) is 1 or more. Further, the content of diamond is preferably
more than the content of amorphous carbon or that of the graphite component. Use of such a conductive diamond
improves the characteristics of electrolysis.

[0034] The conductive diamond thin film is 0.5 to 10pwm in film thickness, and the rate of the conductive diamond
coating on the carbonaceous substrate is 10% or more. The film thickness of the conductive diamond thin film may vary
approximately =0.5um at the time of film formation. Therefore, to achieve the rate of conductive diamond coating of
10% or more, the average film thickness of the conductive diamond thin film is preferably 0.5um or more. Use of an
electrode whose diamond coating rate is less than 10% in electrolysis will result in the same limit electric current density
and life as those in cases where only a carbon substrate is used in the electrolysis. Further, if the film thickness of the
conductive diamond thin film surpasses 10pum, an internal stress is generated in the diamond thin film. This internal
stress causes cracking or peeling. Even if no peeling occurs, the resistance of the electrode will significantly increases.
Note that the average film thickness of the conductive diamond thin film is preferably 0.5 to 5um, and more preferably
0.5 to 3um. The diamond coating rate is preferably 50% or more.

[Examples]

[0035] With reference to examples and comparative examples, the following further details the present invention.
However, the scope of the present invention is not limited to the examples below. First detailed are examples in relation
to the carbonaceous substrate.

<Example 1>

[0036] Using mesophase microbeads as the filler, a carbonaceous substrate of an isotropic carbon material was
manufactured through a cold isostatic pressing method. In an X-ray diffraction pattern of the carbonaceous substrate
which was an isotropic carbonmaterial, (002) diffraction lines between 26=10° and 26 = 30° had an asymmetric shape.
Further, based on the diffraction lines in the X-ray diffraction pattern of this carbonaceous substrate, the interlayer spacing
(periodic distances d, ) of the carbonaceous substrate were 0.356 nm and 0.339 nm, the crystallite sizes (Lcg,) were
2 nm and 3 nm, the pore diameter was 0.26um, the open porosity was 9 volume%, and the bending strength was 103
MPa. The weight of the carbonaceous substrate increased by 0.7 mass%, after the carbonaceous substrate was exposed
to Fo/HF gas for 96 hours, at 60°C. The weight further increased by 5.2 mass% after 1008 hours of the exposure. The
weight further increased by 6.8 mass% after 1464 hours of the exposure. The substrate exposed to the F,/HF gas was
subjected to the X-ray diffraction analysis. As a result, formation of GIC (abbrv. of graphite intercalation compound) by
fluorine ion was confirmed.

<Example 2>

[0037] Using mesophase microbeads as the filler, a carbonaceous substrate of an isotropic carbon material was
manufactured through a cold isostatic pressing method. In an X-ray diffraction pattern of the carbonaceous substrate
which was an isotropic carbon material, (002) diffraction lines between 26=10° and 26 = 30° had an asymmetric shape.
Further, based on the diffraction lines in the X-ray diffraction pattern of this carbonaceous substrate, the interlayer spacing
(periodic distances d, ) of the carbonaceous substrate were 0.350 nm and 0.344 nm, the crystallite sizes (Lcgg,) were
3 nm and 5 nm, the pore diameter was 0.22um, the open porosity was 12 volume%, and the bending strength was 75
MPa. The weight of the carbonaceous substrate increased by 0.1 mass%, after the carbonaceous substrate was exposed
to F,/HF gas for 96 hours, at 60°C. The weight further increased by 4.9 mass% after 1008 hours of the exposure. The
weight further increased by 5.7 mass% after 1464 hours of the exposure. The substrate exposed to the F,/HF gas was
subjected to the X-ray diffraction analysis. As a result, formation of GIC (abbrv. of graphite intercalation compound)
caused by the intercalation of fluorine ion was confirmed.
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<Example 3>

[0038] Using mesophase microbeads as the filler, a carbonaceous substrate of an isotropic carbon material was
manufactured through a cold isostatic pressing method. In an X-ray diffraction pattern of the carbonaceous substrate
which was an isotropic carbon material, (002) diffraction lines between 26=10° and 26 = 30° had an asymmetric shape.
Further, based on the diffraction lines in the X-ray diffraction pattern of this carbonaceous substrate, the interlayer spacing
(periodic distances d,) of the carbonaceous substrate were 0.356 nm and 0.330 nm, the crystallite sizes (Lcy,) were
2 nm and 3 nm, the pore diameter was 0.26.m, the open porosity was 9 volume %, the electric resistance was 46.7,.Q2'm,
and the bending strength was 103 MPa. This carbonaceous substrate was used as an anode in a molten-salt of KF-
2HF immediately after the initial make-up of electrolytic bath. A nickel plate was used as a cathode material. The electric
current density was varied to study the limit electric current density. The limit electric current density was 34.8A/dmZ2 in
the molten-salt of KF-2HF with the water content of 200 ppm or less, and was 24.0A/dm?2 in the molten-salt of KF-2HF
with the water content of 500 ppm.

<Example 4>

[0039] Using mesophase microbeads as the filler, a carbonaceous substrate of an isotropic carbon material was
manufactured through a cold isostatic pressing method. In an X-ray diffraction pattern of the carbonaceous substrate
which was an isotropic carbon material, (002) diffraction lines between 26=10° and 26 = 30° had an asymmetric shape.
Further, based on the diffraction lines in the X-ray diffraction pattern of this carbonaceous substrate, the interlayer spacing
(periodic distances dg,) of the carbonaceous substrate were 0.350 nm and 0.344 nm, the crystallite sizes (Lcyq,) were
3 nmand 5 nm, the pore diameter was 0.22.m, the open porosity was 12 volume%, the electric resistance was 26.4p.Q-m,
and the bending strength was 75 MPa. This carbonaceous substrate was used as an anode in a molten-salt of KF-2HF
immediately after the initial make-up of electrolytic bath. A nickel plate was used as a cathode material. The electric
current density was varied to study the limit electric current density. The limit electric current density was 32.8A/dm?2 in
the molten-salt of KF-2HF with the water content of 200 ppm or less, and was 10.2A/dm?2 in the molten-salt of KF-2HF
with the water content of 500 ppm.

<Comparative Example 1>

[0040] Using mesophase microbeads as the filler, a carbonaceous substrate of an isotropic carbon material was
manufactured through a cold isostatic pressing method. In an X-ray diffraction pattern of the carbonaceous substrate
which is an isotropic carbon material, (002) diffraction lines between 26=10° and 26 = 30° form an asymmetric shape.
The presence area of a diffraction line whose center was at 26=26° was approximately 49% of the total surficial area of
the asymmetric shape formed by the (002) diffraction lines. Further, based on the diffraction lines in the X-ray diffraction
pattern of this carbonaceous substrate, the periodic distance dg, (interlayer spacing) of the carbonaceous substrate
was 0.339 nm, the crystallite size (Lcyg,) was 23 nm, the pore diameter was 0.22um, the open porosity was 15 volume%,
and the bending strength was 93 MPa. This carbonaceous substrate was exposed to F,/HF gas for 96 hours, at 60°C.
The weight increased by 0.1 mass%. The weight further increased by 15.2 mass% after 1008 hours of the exposure.
Further examination was intended; however, the carbonaceous substrate cracked. Cracking of the substrate was found
to take place, after 1104 hours of exposure to F,/HF gas and when the weight increases by more than 10 mass%. From
this finding and from Examples 1 and 2, it was understood that the interlayer spacing d,,, based on the X-ray diffraction
pattern needs to be 0.34 nm or more.

<Comparative Example 2>

[0041] Using mesophase microbeads as the filler, a carbonaceous substrate of an isotropic carbon material was
manufactured through a cold isostatic pressing method. In an X-ray diffraction pattern of the carbonaceous substrate
which was an isotropic carbon material, (002) diffraction lines between 26=10° and 26 = 30° had an asymmetric shape.
Further, based on the diffraction lines in the X-ray diffraction pattern of this carbonaceous substrate, the interlayer spacing
(periodic distance dg,) of the carbonaceous substrate was 0.339 nm, the crystallite size (Lcgg,) was 62 nm, the pore
diameter was 0.22um, the open porosity was 15 volume%, the electric resistance was 15. 5u.Q-m, and the bending
strength was 93 MPa. This carbonaceous substrate was used as an anode in a molten-salt of KF-2HF immediately after
the initial make-up of electrolytic bath. A nickel plate was used as a cathode material. The electric current density was
varied to study the limit electric current density. The limit electric current density was inferior to that of Example 3, and
was 29.8A/dm2 in the molten-salt of KF-2HF with water content of 200 ppm or less and 8.3A/dmZ2 with the water content
of 500 ppm. From this finding, it is understood that the limit electric current density drops when the interplanar spacing
dgg2 based on the X-ray diffraction pattern drops to 0.34 nm or less.
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<Comparative Example 3>

[0042] A carbonaceous substrate made of an isotropic carbon material was manufactured through a cold isostatic
pressing method using petroleum coke and a pulverized graphite product. In an X-ray diffraction pattern of the carbon-
aceous substrate which is an isotropic carbon material, (002) diffraction lines between 26=10° and 26 = 30° form an
asymmetric shape. The presence area of a diffraction line whose center was at 26=26° was approximately 20% of the
total surficial area of the asymmetric shape formed by the (002) diffraction lines. Further, based on the diffraction lines
in the X-ray diffraction pattern of this carbonaceous substrate, the interlayer spacing (periodic distance d,) of the
carbonaceous substrate was 0.337 nm, the crystallite size was 37 nm, and the bending strength was 43 MPa. This
carbonaceous substrate was used as an anode in a molten-salt of KF-2HF immediately after the initial make-up of
electrolytic bath. A nickel plate was used as a cathode material. Then, constant current electrolysis was performed with
the electric current density of 20A/dmZ2. The electrode cracked within 24 hours of electrolysis, and the electrolysis was
no longer possible.

<Comparative Example 4>

[0043] A glasslike carbonaceous substrate was manufactured by using phenol resin. In an X-ray diffraction pattern of
the glasslike carbonaceous substrate, (002) diffraction lines between 26=10° and 26 = 30° had a symmetric shape. The
presence proportion of the diffraction line whose center was at 26=26° was 0% of the total surficial area of the symmetric
shape formed by the (002) diffraction lines between 26=10° and 26 = 30°. With the glasslike carbonaceous substrate,
there was prepared a carbonaceous substrate wherein, based on a diffraction line in an X-ray diffraction pattern thereof,
the interlayer spacing dyg, was 0. 350 nm, the crystallite size (Lc ¢g,) was 2 nm, and the open porosity was 5 volume %
or less. This carbonaceous substrate was used as an anode in a molten-salt of KF-2HF immediately after the initial
make-up of electrolytic bath. A nickel plate was used as a cathode material. The electric current density was varied to
study the limit electric current density. Polarization occurred immediately after the current was applied, and the voltage
had excessively increased and the electrolysis was no longer possible.

[0044] Next, the following details in the case of using of the electrode for fluorine electrolysis, which is coated a diamond
thin film on carbonaceous substrate.

<Example 5>

[0045] Adopting mesophase microbeads as the filler, a carbonaceous substrate was fabricated through a cold isostatic
pressing method. In an X-ray diffraction pattern of the carbonaceous substrate, (002) diffraction lines between 26=10°
and 26 = 30° had an asymmetric shape. The presence area of the diffraction line whose center was at the 26=26° was
57% of a total surficial area of the (002) diffraction lines between 26=10° and 26 = 30°. Based on the diffraction line
resulting from the X-ray diffraction analysis, the interlayer spacing (periodic distances d,) of the carbonaceous substrate
were 0.355 nm and 0.339 nm, the crystallite sizes were 2 nm and 3 nm, the pore diameter was 0.26,m, and the open
porosity was 9 volume%. The physical properties of the carbonaceous substrate were as follows. Namely, the CTE
(thermal expansion coefficient) was 6.4 to 6.8 x 10-8/K, the electric resistance was 46.7p.Q'm, and the bending strength
was 103 MPa. In a chamber, the carbonaceous substrate was brought into contact with a mix gas prepared by adding
1 vol% of methane gas and 0.5 ppm of trimethyl boron gas to hydrogen gas. While maintaining the pressure inside the
chamber at 75 Torr, the power was applied to a filament inside the chamber to raise the temperature to 2400°C so that
the temperature of the substrate is 860°C. Then, through a CVD method, the carbonaceous substrate was coated with
conductive diamond, to obtain an electrode of Example 5 according to the present invention, for use in a fluorine-
producing electrolysis. The film thickness of the diamond thin film of the electrode for use in the fluorine-producing
electrolysis was 3um. Further, from the X-ray diffraction analysis, deposited thin film was confirmed diamonds. The
lattice constant of the diamond was 0.3568 nm. In Raman spectroscopic analysis, there is confirmed a diamond-attributed
peak of 41.9cm-1 which is the full width at half maximum of the peak at 1333.7cm-1 of the C-C stretch mode of SP3 bonding.
[0046] The electrode for fluorine-producing electrolysis manufactured in Example 5 was used as an anode in a molten-
salt of KF-2HF immediately after the initial make-up of electrolytic bath. A nickel plate was used as a cathode material.
Then, constant current electrolysis was performed with the electric current density of 20A/dm?2. The cell voltage was 5.6
V, after 24 hours of the electrolysis. The electrolysis was continued. The cell voltage was 5.6 V after another 24 hours
of the electrolysis. Analyzing the gas generated at the anode, it is found that the generated gas was F,, and that the
amount of gas generated (generation efficiency) accounts 98% of the theoretical amount of gas generated for the quantity
of electricity consumed. Further, no change was observed between the cell voltage 24 hours after the start of charging
and the cell voltage after another 24 hours. From these results, itis assumed that the electrolysis was smoothly performed
without polarization of the electrode.

[0047] The surface energy was calculated from the contact angle of water and methylene iodide with respect to the
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portion of the electrode for fluorine-producing electrolysis before being used in the electrolysis, which portion is coated
by the conductive polycrystal diamond. As a result, the surface energy was 40.1 mN/m. The surface energy of a portion
not having the diamond structure was 41.5 dmN/m. The electrode for fluorine-producing electrolysis was used as an
anode in a molten-salt of KF-2HF immediately after the initial make-up of electrolytic bath. A nickel plate was used as
a cathode material. Then, constant current electrolysis was performed with the electric current density of 100A/dm2. The
cell voltage was 5.5 V, after 24 hours of the electrolysis. The electrolysis was continued. The cell voltage was 5.5V after
another 24 hours of the electrolysis. Analyzing the gas generated at the anode, it is found that the gas generated was
fluorine (F,), and that the generation efficiency was 98%. The electrolysis was further continued with the electric current
density of 100A/dmZ2, and then stopped after another 24 hours. The electrode was then taken out, and washed with
anhydrous hydrogen fluoride. Then, the surface energy was calculated through the same method used before the
electrolysis. The surface energy of the portion coated by the conductive polycrystal diamond was 38.0 mN/m, and the
surface energy of the portion not coated by the conductive polycrystal diamond was 3.5 mN/m. From these results, it is
found that the conductive diamond portion was stable in the fluorine containing electrolysis synthesis, while the portion
having no diamond structure was fluorinated and was electrochemically inactive with the formation of the insulation
coating.

<Example 6>

[0048] Using mesophase microbeads as the filler, a carbonaceous substrate of an isotropic carbon material was
manufactured through a cold isostatic pressing method. In an X-ray diffraction pattern of the carbonaceous substrate
which is an isotropic carbon material, (002) diffraction lines between 26=10° and 26 = 30° had an asymmetric shape.
The presence area of the diffraction line whose center was at the 26=26° was 57% of a total surficial area of the (002)
diffraction lines between 26=10° and 26 = 30°. Based on the diffraction line resulting from the X-ray diffraction analysis,
the interlayer spacing (periodic distances d,) of the carbonaceous substrate were 0.355 nm and 0.340 nm, the crystallite
sizes were 2 nm and 3 nm, the pore diameter was 0.26.m, and the open porosity was 9 volume%. The physical properties
of the carbonaceous substrate were as follows. Namely, the CTE (Coefficient of Thermal Expansion) was 6.4 to 6.8 x
10-6/K, the electric resistance was 46.7pQ-m, and the bending strength was 103 MPa. In a chamber, the carbonaceous
substrate was brought into contact with a mix gas prepared by adding 1 vol% of methane gas and 0.5 ppm of tri methyl
boron gas to hydrogen gas. While maintaining the pressure inside the chamber at 75 Torr, the power was applied to a
filament inside the chamber to raise the temperature to 2400°C so that the temperature of the substrate is 860°C. Then,
through a CVD method, the carbonaceous substrate was coated with conductive diamond, to obtain an electrode of
Example 6 according to the present invention, for use in a fluorine-producing electrolysis. The film thickness of the
diamond thin film of the electrode for fluorine-producing electrolysis was 0.6..m in average. From the observation of the
cross section, the film thickness was found to be =0.5 to 1um. Further, from the X-ray diffraction analysis, deposition
of diamond was confirmed. The lattice constant of the diamond was 0.3568 nm. In Raman spectroscopic analysis, there
is confirmed a diamond-attributed peak of 41. 9cm-1 which is the full width at half maximum of the peak at 1333.7cm-"
of the C-C stretch mode of SP3bonding. When the G-band and D-band were compared, the strength ratiowas 1 or higher.
[0049] The electrode for fluorine-producing electrolysis manufactured in Example 6 was used as an anode in a molten-
salt of KF-2HF immediately after the initial make-up of electrolytic bath. A nickel plate was used as a cathode material.
Then, constant current electrolysis was performed with the electric current density of 20A/dmZ2. The cell voltage was 5.5
V, after 24 hours of the electrolysis. The electrolysis was continued. The cell voltage was 5.5V after another 24 hours
of the electrolysis. The gas generated at this time was F,gas, and the generation efficiency was 98%. Further, no change
was observed between the cell voltage 24 hours after the start of charging and the cell voltage after another 24 hours.
From these results, it is assumed that the electrolysis was smoothly performed without polarization of the electrode.

<Example 7>

[0050] An electrode of Example 7 for fluorine-producing electrolysis was obtained in the same way as the electrode
of Example 6, except in that the period for CVD was extended and the film thickness of the diamond thin film was made
10pm. Further, from the X-ray diffraction analysis, deposition of diamond was confirmed, for the electrode of Example
7 for fluorine-producing electrolysis too. The lattice constant of the diamond was 0.3568 nm. In Raman spectroscopic
analysis, there is confirmed a diamond-attributed peak of 41.9cm-1 which is the full width at half maximum of the peak
at 1333.7cm-! of the C-C stretch mode of SP3 bonding. When the G-band and D-band were compared, the strength
ratio was 1 or higher.

[0051] The electrode for fluorine-producing electrolysis manufactured in Example 7 was used as an anode in a molten-
salt of KF-2HF immediately after the initial make-up of electrolytic bath. A nickel plate was used as a cathode material.
Then, constant current electrolysis was performed with the electric current density of 20A/dmZ2. As in Example 6, the cell
voltage was 5.5 V, after 24 hours of the electrolysis. The electrolysis was continued. The cell voltage was 5.5V after
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another 24 hours of the electrolysis. The gas generated at this time was F, gas, and the generation efficiency was 98%.
Further, no change was observed between the cell voltage 24 hours after the start of charging and the cell voltage after
another 24 hours. From these results, it is assumed that the electrolysis was smoothly performed without polarization
of the electrode.

<Comparative Example 5>

[0052] Ona carbonaceous substrate mentioned in Comparative Example 4, a diamond thin film of 3pm in film thickness
was formed with the same conditions as those in Example 6. The adhesiveness of the diamond to the carbonaceous
substrate was significantly weak. The electrode for fluorine-producing electrolysis was used as an anode in a molten-
salt of KF-2HF immediately after initial make-up of electrolytic bath. A nickel plate was used as a cathode material. The
electric current density was varied to study the limit of the electric current density. The diamond thin film peeled and
polarization occurred, and the voltage increased excessively. The electrolysis was therefore no longer possible.

<Comparative Example 6>

[0053] An electrode of Comparative Example 6 for fluorine-producing electrolysis was obtained in the same way as
the electrode of Example 6, except in that the period for CVD was shortened and the film thickness of the diamond thin
film was made 0.4p.m. The diamond thin film of the electrode of Comparative Example 6 for fluorine-producing electrolysis
was subjected to Raman spectroscopic analysis. The full width at half maximum of the peak in the C-C stretch mode of
the SP3 bonding which is a characteristic of diamond was 100cm-!. The intensity ratio of intensity | (Dia) to the G-band
and D-band attributed to the graphite componentwas less than 1. From these results, itis supposed that the carbonaceous
substrate was not sufficiently coated with the diamond thin film.

<Comparative Example 7>

[0054] An electrode of Comparative Example 7 for fluorine-producing electrolysis was obtained in the same way as
the electrode of Example 6, except in that the period for CVD was extended and the film thickness of the diamond thin
film was made 11pm. Further, from the X-ray diffraction analysis, deposition of diamond was confirmed, for the electrode
of Comparative Example 7 for fluorine-producing electrolysis too. The lattice constant of the diamond was 0.3568 nm.
In Raman spectroscopic analysis, there is confirmed a diamond-attributed peak of 41.9cm-! which is the full width at
half maximum of the peak at 1333.7cm-! of the C-C stretch mode of SP3 bonding.

[0055] However, the thin film cracked and peeled off from the carbonaceous substrate, due to the stress applied when
the electrode of Comparative Example 7 for fluorine-producing electrolysis was taken out from the synthesizing apparatus.
Thus, electrode of Comparative Example 7 was not usable as an electrode.

[0056] Table 1 indicates the results of Examples 1 to 7 and Comparative Examples 1 to 7.
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[0057] Embodimentand Examples of an electrode for fluorine-producing electrolysis according to the presentinvention
were thus described above.

Claims

1. Anelectrode for fluorine producing electrolysis comprising a carbonaceous substrate on which a conductive diamond
thin film is formed, wherein:

an X-ray diffraction pattern of the carbonaceous substrate is a complex profile and includes at least two (002)
diffraction lines; and

the substrates contains crystallites with different interlayer spacings.

2. The electrode according to claim 1, wherein, in the X-ray diffraction pattern, (002) diffraction lines between 26=10°
and 26=30° have an asymmetric shape; and the X-ray diffraction pattern includes at least two pattern components
which are adiffraction line whose centeris at26=26° and a diffraction line whose centeris at a lowerangle than 26=26°.

3. The electrode according to claim 2, wherein the carbonaceous substrate is such that the presence area of the
diffraction line whose center is at the 26=26° is 30% or more of a total surficial area of the (002) diffraction lines
between 20=10° and 26=30°.

4. The electrode according to any one of claims 1 to 3, wherein the carbonaceous substrate contains crystals wherein

the interlayer spacing is 0.34 nm or more and the crystallite size Lcyg, is 20 nm or less based on the X-ray diffraction
lines.

5. The electrode according to any one of claims 1 to 4, wherein the carbonaceous substrate is an isotropic carbon
material.

6. The electrode according to any one of claims 1 to 5, wherein the carbonaceous substrate contains mesophase
microbeads as filler thereof.

10



10

15

20

25

30

35

40

45

50

55

EP 2 210 968 B9

7. The electrode according to any one of claims 1 to 6, wherein the open porosity of the carbonaceous substrate is 5
to 30 volume%.

8. The electrode according to any one of claims 1 to 7, wherein:

the conductive diamond thin film contains boron as a p-type dopant and nitrogen or phosphorous as an n-type
dopant; and
the content of the p-type dopant and/or the n-type dopant is not more than 100,000 ppm.

9. The electrode according to any one of claims 1 to 8, wherein a film thickness of the conductive diamond thin film is
0.5 pm or more but not more than 10 pm.

10. The electrode according to any one of claims 1 to 9, wherein 10% or more of the surface of the carbonaceous
substrate is coated with the conductive diamond thin film.

11. The electrode according to any one of claims 1 to 10, wherein
the crystallinity of the conductive diamond thin film is such that the lattice constant derived from the X-ray diffraction
is 0.357 nm or less, and in Raman spectrum resulted from Raman spectroscopic analysis, the full width at half
maximum of a peak between 1320 and 1340 cm-1 of the C-C stretch mode of SP3 bonding is 100cm -1 or less.

12. Use of an electrode in a fluorine-producing electrolysis, wherein the electrode is an electrode according to any one
of claims 1 to 11.

Patentanspriiche

1. Elektrode fir die fluorherstellende Elekirolyse, die ein kohlenstoffhaltiges Substrat umfasst, auf welchem ein leitfa-
higer Diamantendiinnfilm gebildet ist, wobei:

ein Roéntgenstrahldiffraktionsmuster des kohlenstoffhaltigen Substrats ein komplexes Profil ist und zumindest
zwei (002) Diffraktionslinien beinhaltet; und
das Substrat Kristallite mit unterschiedlichen Zwischenschichtabstdnden enthalt.

2. Elektrode nach Anspruch 1, wobei in dem Réntgenstrahldiffraktionsmuster (002) Diffraktionslinien zwischen 26=10°
und 26=30° eine asymmetrische Form aufweisen; und das Réntgenstrahldiffraktionsmuster zumindest zwei Muster-
komponenten beinhaltet, welche eine Diffraktionslinie, deren Zentrum bei 20=26° ist, und eine Diffraktionslinie,
deren Zentrum bei einem kleineren Winkel als 20=26° ist, sind.

3. Elektrode nach Anspruch 2, wobei das kohlenstoffhaltige Substrat so ist, dass der vorliegende Bereich der Diffrak-
tionslinie, deren Zentrum bei der 26=26° ist, 30% oder mehr eines gesamten superfiziellen Bereichs der (002)
Diffraktionslinien zwischen 26=10° und 26=30° ist.

4. Elektrode nach einem der Anspriiche 1 bis 3, wobei das kohlenstoffhaltige Substrat Kristalle enthalt, wobei der
Zwischenschichtabstand 0,34 nm oder mehr ist und die Kristallitgrofie LCyy, 20 nm oder weniger ist basierend auf
den Réntgenstrahlendiffraktionslinien.

5. Elektrode nach einem der Anspriiche 1 bis 4, wobei das kohlenstoffhaltige Substrat ein isotropes Kohlenstoffmaterial
ist.

6. Elektrode nach einem der Anspriiche 1 bis 5, wobei das kohlenstoffhaltige Substrat mesophase Mikrokiigelchen
als dessen Fillmittel enthalt.

7. Elektrode nach einem der Anspriiche 1 bis 6, wobei die offene Porositat des kohlenstoffhaltigen Substrats 5 bis 30
Volumen-% ist.

8. Elektrode nach einem der Anspriiche 1 bis 7, wobei:

der leitfahige Diamantendiinnfilm Bor als ein p-Typ Dotierungsmittel und Stickstoff oder Phosphor als ein n-Typ
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Dotierungsmittel enthalt; und
der Gehalt des p-Typ Dotierungsmittels und/oder des n-Typ Dotierungsmittels nicht mehr als 100000 ppm ist.

Elektrode nach einem der Anspriiche 1 bis 8, wobei eine Filmdicke des leitfdhigen Diamantendiinnfiims 0,5 pm
oder mehr, aber nicht mehr als 10 pm ist.

Elektrode nach einem der Anspriiche 1 bis 9, wobei 10% oder mehr der Oberflache des kohlenstoffartigen Substrats
mit dem leitfahigen Diamantendinnfilm beschichtet ist.

Elektrode nach einem der Anspriiche 1 bis 10, wobei

die Kristallinitat des leitfahigen Diamantendinnfilms so ist, dass die Gitterkonstante, die von der Réntgenstrahldif-
fraktion abgeleitet ist, 0,357 nm oder weniger ist, und im Raman-Spektrum, das aus Raman spektroskopischer
Analyse resultiert, die Halbwertsbreite eines Peaks zwischen 1320 und 1340 cm-! des C-C Streckmodus der SP3
Bindung 100 cm-! oder weniger ist.

Verwendung einer Elektrode in einer fluorherstellenden Elektrolyse, wobei die Elektrode eine Elektrode nach einem
der Anspriiche 1 bis 11 ist.

Revendications

1.

Electrode pour une électrolyse produisant du fluor comprenant un substrat carboné sur lequel un film mince de
diamant conducteur est formé, ou :

un diagramme de diffraction de rayons X du substrat carboné est un profil complexe et comporte au moins deux
lignes de diffraction (002) ; et
les substrats contiennent des cristallites avec différents espacements intercouches.

Electrode selon la revendication 1, dans laquelle, dans le diagramme de diffraction de rayons X, des lignes de
diffraction (002) entre 26=10° et 26=30° ont une forme asymétrique ; et le diagramme de diffraction de rayons X
comporte au moins deux composantes de diagramme qui sont une ligne de diffraction dont le centre se trouve a
20=26° et une ligne de diffraction dont le centre se trouve a un angle inférieur a 26=26°.

Electrode selon la revendication 2, dans laquelle le substrat carboné est tel que la zone de présence de la ligne de
diffraction dont le centre se trouve a 26 =26° est de 30% ou plus d’'une zone superficielle totale des lignes de
diffraction (002) entre 26=10° et 26=30°.

Electrode selon 'une quelconque des revendications 1 a 3, dans laquelle le substrat carboné contient des cristaux
ou 'espacement intercouches est de 0,34 nm ou plus et la dimension cristalline LCq, est de 20 nm ou moins en

se basant sur les lignes de diffraction de rayons X.

Electrode selon I'une quelconque des revendications 1 a 4, dans laquelle le substrat carboné est un matériau de
carbone isotrope.

Electrode selon I'une quelconque des revendications 1 a 5, dans laquelle le substrat carboné contient des microbilles
de mésophase en tant que charge de celui-ci.

Electrode selon I'une quelconque des revendications 1 a 6, dans laquelle la porosité ouverte du substrat carboné
est de 5 a 30% en volume.

Electrode selon I'une quelconque des revendications 1 a 7, dans laquelle :
le film mince de diamant conducteur contient du bore en tant que dopant de type p et de I'azote ou du phosphore
en tant que dopant de type n ; et

la teneur du dopant de type p et/ou du dopant de type n ne dépasse pas 100000 ppm.

Electrode selon I'une quelconque des revendications 1 a 8, dans laquelle une épaisseur de film du film mince de
diamant conducteur est de 0,5 um ou plus mais ne dépasse pas 10 pm.
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10. Electrode selon I'une quelconque des revendications 1 a 9, dans laquelle 10% ou plus de la surface du substrat
carboné est revétu avec le film mince de diamant conducteur.

11. Electrode selon I'une quelconque des revendications 1 a 10, dans laquelle
la cristallinité du film mince de diamant conducteur est telle que la constante du réseau cristallin dérivée de la
diffraction de rayons X est de 0,357 nm ou moins, et dans un spectre Raman résultant de I'analyse spectroscopique
Raman, la largeur & mi-hauteur d’un pic entre 1320 et 1340 cm-1 du mode d’étirement C-C de la liaison SP3 est de
100 cm™! ou moins.

12. Utilisation d’une électrode dans une électrolyse produisant du fluor, dans laquelle I'électrode est une électrode selon
'une quelconque des revendications 1 a 11.

13
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