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(57) Abregé/Abstract:

In the present invention, an electrolytic cell (100) has an electrolytic membrane (110), a reduction electrode (120), and an oxygen-
generating electrode (130). The electrolytic membrane (110) Is formed from a material (lonomer) having proton conductivity. The
reducing catalyst used in the reduction electrode (120) comprises a composition containing a first catalytic metal (noble metal)
containing Pt and/or Pd, and a second catalytic metal that is one or more elements selected from Cr, Mn, Fe, Co, NI, Cu, Zn, Mo,
Ru, Sn, W, Re, Pb, and BI. The oxygen-generating electrode (130) contains a noble metal oxide catalyst such as RuO,, IrO,, or

the like.
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(57) Abstract: In the present invention, an electrolytic cell
(100) has an electrolytic membrane (110), a reduction elec-
trode (120), and an oxygen-generating electrode (130). The
electrolytic membrane (110) is formed from a material
(1onomer) having proton conductivity. The reducing catalyst
used 1n the reduction electrode (120) comprises a composi-
tion containing a first catalytic metal (noble metal) contain-
ing Pt and/or Pd, and a second catalytic metal that 1s one or
more elements selected from Cr, Mn, Fe, Co, N1, Cu, Zn,
Mo, Ru, Sn, W, Re, Pb, and Bi. The oxygen-generating elec -
trode (130) contains a noble metal oxide catalyst such as
RU,OQ, ITOQ, or the like.
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ELECTROCHEMICAL REDUCTION DEVICE AND METHOD FOR MANUFACTURING
HYDRIDE OF AROMATIC HYDROCARBON COMPOUND OR N-CONTAINING
HETEROCYCLIC AROMATIC COMPOUND

TECHNICAL FIELD
[0001] The present 1nvention relates to a device and a
method for electrochemically hydrogenating an aromatic

hydrocarbon compound or an N-containing heterocyclic aromatic
compound.

BACKGROUND ART

[0002] It 18 known that cyclic organic compounds such as
cyclohexane and decalin are able to be obtained efficiently
by hydrogenating a benzene ring of corresponding aromatic
hydrocarbon compounds (benzene and naphthalene) using a
hydrogen gas. Since high temperature and high pressure are
required for this reaction, this reaction 1s not sultable for
small and medium-scale manufacturing. On the other hand, 1in
the case of an electrochemical reaction where an electrolysis
cell 1s used, 1t 1s not necessary to treat gaseous hydrogen

since water can be used as a source of hydrogen, and the

reaction is known to progress under relatively mild reaction
conditions (at about room temperature to 200°C and under
normal pressure) .

[0003] However, 1n order to reduce these compounds

having low affinity with water and low electrical

conductivity by a
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water-derived electrochemical reaction, it 1s obvious that

ingenuity is required for an electrode structure and electrode

materials. Thus, it has been necessary to develop an electrode

catalyst that is preferred for this purpose 1n order to perform
5 a reduction reaction of an aromatic hydrocarbon compound with

low consumption energy and high efficilency.

[prior art document]

[patent document]

[0004] [Patent document No. 1} JP 2003-045449

10 [Patent document No. 2] JP 2005-126288

[Patent Document No. 3] JP 2005-239479

[non-patent document]

[0005] [non-patent document No. 1] Masaru Ichikawa, J. Jpn.

Inst. Energy, vol. 85, 517 (2006)
15 DISCLOSURE OF THE INVENTION
PROBLEM TO BE SOLVED BY THE INVENTION
[0006] As an example for electrochemically hydrogenating
an aromatic hydrocarbon compound such as toluene or the like, a
method has been reported for obtaining methylcyclohexane, which
20 1is a hydride in which a benzene ring 1s hydrogenated, without
going through a state of a hydrogen gas Dy sending toluene that
is vaporized into a gaseous state to the side of a reduction

electrode in a configuration similar to that of water

electrolysis (see non-patent document No. 1). However, the
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amount of substance (current density) that can be transformed

per electrode area and time is not large, and there is room for

improving an electrode structure, in particular, an electrode

on the reduction side in order to increase the amount of

substance that can be processed per device volume.

[0007] In electrochemically reducing aromatic hydrocarbon
compounds, both the supply of protons, which are transported
from a counter electrode (oxygen evolution electrode),

electrons, and aromatic hydrocarbon compounds serving as raw

materials, and the discharge of generated hydrides in which a

benzene ring is hydrogenated need to be carried out at the same

time at a reduction electrode. In order to efficiently form a
reactive interface during the transportation of these protons,
electrons, and substances so as to obtain, for example,
cyclohexane by six-electron reduction in the case of benzene
and decalin by ten-electron reduction in the case of

naphthalene, high electrocatalytic activity 1s required, and a

three-dimensional structure for the formation of a reactive

interface is also i1mportant.

[0008] In this background, a purpose of the present
invention is to provide a technology capable of
electrochemically hydrogenating at least one benzene ring of an

aromatic hydrocarbon compound or an N-containing heterocyclic

aromatic compound with high efficilency.
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MEANS TO SOLVE THE PROBLEM

[0009] One embodiment of the present invention relates to
an electrochemical reduction device. The electrochemical
reduction device comprises: an electrolyte membrane that has
protonic conductivity; a reduction electrode that 1is provided
on one side of the electrolyte membrane and that contains a
reduction catalyst for hydrogenating at least one benzene ring
of an aromatic hydrocarbon compound; and an oxygen evolving
electrode that is provided on the other side of the electrolyte

membrane, wherein the reduction catalyst is a composition that

includes a first catalyst metal containing at least one of Pt

selected from among Cr, Mn, Fe, Co, Ni, Cu, Zn, Mo, Ru, 5Sn, W,
Re, Pb, and Bi.

[0010] The ratio of the first catalyst metal to the total
mass of the first catalyst metal and the second catalyst metal
may be between 10 wt% and 95 wt%, both inclusive. The first
catalyst metal and the second catalyst metal may be supported
on a conductive matgrial containing any one of a porous carbon,
a porous metal, and a porous metal oxide. The conductive
material may have an electrical conductivity of 1.0*107¢° S/cm or
greater. The reduction electrode may contain a protonic

conductor. The protonic conductor may be an ion-conductive

polymer. The catalyst metal may be partially coated by the
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protonic conductor.

[0011] Another embodiment of the present invention relates
to a method for manufacturing a hydride of an aromatic
hydrocarbon compound or an N-containing heterocyclic aromatic
compound. In the method for manufacturing a hydride of an
aromatic hydrocarbon compound or an N-containing heterocyclic
aromatic compound, by introducing an a;omatic hydrocarbon
compound or an N-containing heterocyclic aromatic compound to
the reduction electrode side of the electrochemical reduction
device according to any one of the above-stated embodiments
while circulating water or a humidified gas to the oxygen
evolving electrode side and then by externally applying an
electric field such that the reduction electrode and the oxygen
evolving electrode have a less-noble potential and a noble
potential, respectively, at least one benzene ring of the
aromatic hydrocarbon compound or the N-containing heterocyclic
aromatic compound introduced to the reduction electrode side 1s

hydrogenated.

[0012] In the method for manufacturing a hydride of an
aromatic hydrocarbon compound or an N-containing heterocyclic
aromatic compound, the aromatic hydrocarbon compound or the N-
containing heterocyclic aromatic compound to be introduced to
the reduction electrode side may be introduced in a liquid

state at a reaction temperature.
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[0013] Combinations of the above-stated elements will also
be within the scope of the present invention sought to be
patented by the present patent application.

ADVANTAGE OF THE INVENTION

[0014] According to the present invention, at least one
benzene ring of an aromatic hydrocarbon compound or an N-
containing heterocyclic aromatic compound can be
electrochemically hydrogenated with high efficiency.

BRIEF DESCRIPTION OF THE DRAWINGS

[0015] Fig. 1 is a schematic diagram illustrating the
configuration of an electrochemical reduction device according

to an embodiment;
Fig. 2 is a diagram illustrating the configuration of an
electrolysis cell of the electrochemical reduction device

according to the embodiment;

Fig. 3 is a graph illustrating a relationship between a
catalyst metal used for a reduction electrode and current

density;

Fig. 4 is a graph illustrating a relationship between the

content rate of a second catalyst metal and relative current

density; and

Fig. 5 is a graph illustrating a relationship between an

ionomer ratio and relative current density.
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BEST MODE FOR CARRYING OUT THE INVENTION

[0016] Described below is an explanation of the
embodiments of the present invention with reference to figures.
In the figures, like numerals represent like constituting
elements, and the description thereof is omitted appropriately.
[0017] Fig. 1 is a schematic diagram illustrating the
configuration of an electrochemical reduction device according
to an embodiment. Fig. 2 is a diagram illustrating the
configuration of an electrolysis cell of the electrochemical
reduction device according to the embodiment. As shown 1in Fig.
1, an electrochemical reduction device 10 has an electrolysis
cell 100, a power control unit 20, an organic material storage
tank 30, a water storage tank 40, and a gas-liquid separation
unit 50.

[0018] The power control unit 20 is, for example, a DC/DC
converter for converting the output voltage of a power source

into a predetermined voltage. The positive electrode output

terminal of the power control unit 20 is connected to the
positive electrode of the electrolysis cell 100. The negative
electrode output terminal of the power control unit 20 1S
connected to the negative electrode of the electrolysis cell
100. With this, a predetermined voltage is applied between an
oxygen evolving electrode (positive electrode) 130 of the

electrolysis cell 100 and a reduction electrode (negative
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electrode) 120. A reference electrode input terminal of the
power control unit 20 is connected to a reference electrode 112
provided on an electrolyte membrane 110, which will be
described later, and the potential of the positive electrode
output terminal and the potential of the negative electrode
output terminal are determined based on the potential of the
reference electrode 112. As the power source, electrical power
derived from natural energy such as sunlight, wind power, and
the like can be used.

[0019] The organic material storage tank 30 stores an
aromatic compound. An aromatic compound used 1n the present
embodiment is an aromatic hydrocarbon compound oOr an N-
containing heterocyclic aromatic compound contalning at least
one aromatic ring and includes benzene, naphthalene, anthracene,
1,1-diphenylethane, 1,2-diphenylethane, pyridine, pyrimidine,
pyrazine, quinoline, isoquinoline, N-alkylpyrrole, N-
alkylindole, N-alkyldibenzopyrrole and the like. One through
four hydrogen atoms of the aromatic ring(s) of the aromatic
hydrocarbon compound or the N-containing heterocyclic aromatic
compound may be substituted with alkyl groups. AN *alkyl” of
the above aromatic compounds is a linear or branched alkyl
group with one through six carbons. FOI example, alkylbenzene

includes toluene, ethyl benzene, and the like, dialkylbenzene

includes o-xylene, m-xylene, p-xylene, o-diethylbenzene, m-
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diethylbenzene, p-diethylbenzene, and the like, and
trialkylbenzene includes mesitylene and the like. An example
of alkylnaphthalene includes methylnaphthalene. In the
following explanation, an aromatic hydrocarbon compound and an

ic aromatic compound used 1n the present

N-containling heterocyc

invention are each often referred to as an “aromatic compound”.
Preferably, an aromatic compound is a liquid at room
temperature. Since a plurality of aromatic compounds can be
used as a mixture, it is only necessary for the mixture to show
a stable liquid state. With this, the aromatic compound can be
supplied to the electrolysis cell 100 in'a liguid state without
performing processes such as heating, pressurizing, and the
like. Thus, the simplification of the electrochemical
reduction device 10 can be achieved. The concentration of the
aromatic compound in a liquid state is 0.1 percent or dgreater,

preferably 0.3 percent or greater, and more preferably 0.5

percent or greater.

[0020] The aromatic compound stored in the organic
material storage tank 30 is supplied to the reduction electrode
120 of the electrolysis cell 100 by a first liquid supply
device 32. For the first liguid supply device 32, for example,
various types of pumps such as a gear pump, a cylinder pump, OF
the like or a gravity flow device or the like can be used. A

circulation pathway is provided between the organic material
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storage tank 30 and the reduction electrode of the electrolysis
cell 100. An aromatic compound in which at least one benzene
ring is hydrogenated by the electrolysis cell 100 and an
unreacted aromatic compound are stored in the organic material
storage tank 30 via the circulation pathway. No gas 1is
generated by a major reaction that progresses at the reduction
electrode 120 of the electrolysis cell 100. In the case where
hydrogen is produced as a byproduct, a gas-liquid separation
device may be provided in the middle of the circulation pathway.
[0021] The water storage tank 40 stores ion-exchanged
water, purified water, and the like (hereinafter, simply
referred to as “water”). Water stored 1n the water storage
tank 40 is supplied to the oxygen evolving electrode 130 of the
electrolysis cell 100 by a second liquid supply device 42. AS
in the case of the first liquid supply device 32, for example,
various types of pumps such as a gear pump, a cylinder pump, OY
the like or a gravity flow device or the like can be used for
the second liquid supply device 42. A circulation pathway 1s
provided between the water storage tank 40 and the oxygen
evolving electrode of.the electrolysis cell 100. Water that 1is
unreacted in the electrolysis cell 100 is stored 1n the water
storage tank 40 via the circulation pathway. The gas-liquid
separation unit 50 is provided 1n the middle of a pathway where

unreacted water is sent back to the water storage tank 40 Irom
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the electrolysis cell 100. The gas-liquid separation unit 50
separates oxygen produced by the electrolysis of water in the

electrolysis cell 100 from water and discharges the oxygen

outside the system.

[0022] As shown 1n Fig. 2, the electrolysis cell 100 has

an electrolyte membrane 110, a reduction electrode 120, an
oxygen evolving electrode 130, liquid diffusion layers 140a and
140b, and separators 150a and 150b.

[0023] The electrolyte membrane 110 1s formed of a
material (i1onomer) having protonic conductivity. 'Whilé
selectively conducting protons, the electrolyte membrane 110 is
required to prevent substances from getting mixed or being
diffused between the reduction electrode 120 and the oxygen

evolving electrode 130. The thickness of the electrolyte

membrane 110 1s preferably from 5 to 300 um, more preferably

M

b

from 20 to 100 um. If

from 10 to 150 um, and most preferably

the thickness of the electrolyte membrane 110 is less than S um,

the barrier property of the electrolyte membrane 110 is lowered,
and the amount of cross-leaking substances 1s more likely to

increase. If the thickness of the electrolyte membrane 110 is

more than 300 um, 1on transfer resistance becomes too large.

e

Thus, the thickness of more than 300 um 1s not preferred.

[0024] The sheet resistance, 1.e., i1on transfer resistance

per geometric area, of the electrolyte membrane 110 1s
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preferably 2000 mQ-cm® or less, more preferably 1000 mQ- cm® or
less, and most preferably 500 mQ-cm® or less. If the contact

resistance of the electrolyte membrane 110 1s 2000 mQ- cm® or

greater, protonic conductivity becomes insufficient. An
example of a material having protonic conductivity (which 1is a
cation-exchanging ionomer) includes a perfluorosulfonic acid

polymer such as Nafion (registered trademark), Flemion

(registered trademark), etc. The ion exchange capacity (IEC)
of the cation-exchanging ionomer 1s preferably from 0.7 to 2
meq/g and more preferably from 1 to 1.2 meqg/g. If the 1lon
exchange capacity of the cation-exchanging ionomer 1s less than
0.7 meqg/g, ionic conductivity becomes insufficient. On the
other hand, if the ion exchange capacity of the cation-
exchanging ionomer is greater than 2 meq/g, the solubility of
the ionomer in water becomes increased, and the strength of the
electrolyte membrane 110 thus becomes insufficient.

[0025] The reduction electrode 120 is provided on one side
of the electrolyte membrane 110. The reduction electrode 120
is a reduction electrode catalyst layer containing a reduction
catalyst for hydrogenating at least one benzene ring of an
aromatic compound. A reduction catalyst used for the reduction
electrode 120 is composed of a composition containing a first
catalyst metal (noble metal) that contains at least one of Pt

and Pd and one or more kinds of second catalyst metals selected
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from among Cr, Mn, Fe, Co, Ni, Cu, Zn, Mo, Ru, o5n, W, Re, Pb,
and Bi. The form of the first catalyst metal and the form of
the second catalyst metal included in the composition are
alloys of the first catalyst metal and the second catalyst
metal or intermetallic compounds composed of the first catalyst
metal and the second catalyst metal. The ratio of the first
catalyst metal to the total mass of the first catalyst metal
and the second catalyst metal is preferably from 10 to 95 wts,
and more preferably from 20 to 90 wt%, and most preferably from
25 to 80 wt%. The ratio of the first catalyst metal of less
than 10 wt$% may result in deterioration in durability from the
perspective of resistance to dissolving or the like. On the
other hand, if the ratio of the first catalyst metal 1s greater
than 95 wt%, the properties of the reduction catalyst become
similar to the properties of a noble metal alone, and the
electrode activity thus becomes insufficient. Depending on a
combination of a first catalyst metal and a second catalyst
metal that are selected, the rate of alloying or the rate of
forming an intermetallic compound 1in the composition 1s
different. Therefore, by adjusting the mass of one oOr more
kinds of second catalyst metals such that the content ratio of
the first catalyst metal falls within the range of the above

values, either performance or economic advantages or the both

can be achieved. 1In the following explanation, a first



CA 02861209 2014-07-14

14

catalyst metal and a second catalyst metal are often
collectively referred to as “catalyst metals”.

[0026] The above-described catalyst metals may be
supported by a conductive material (support). The electrical
conductivity of the conductive material is preferably 1.0%107°

S/cm or greater, more preferably 3.0%*10°° S/cm or greater, and

most preferably 1.0%10 " S/cm or greater. If the electrical
conductivity of the conductive material is less than 1.0%10°°

S/cm, sufficient'conductivity cannot be provided. An example
of the conductive material includes a conductive material
containing any one of a porous carbon, a porous metal, and a
porous metal oxide as a major component. An example of the
porous carbon includes carbon black such as ketjen black
(registered trademark), acetylene black, vulcan (registered
trademark), or the like. The BET specific surface area of the

porous carbon measured by a nitrogen adsorption method 1s

preferably 100 m?/g or greater, more preferably 150 m°/g or
greater, and most preferably 200 m®/g or greater. If the BET
specific surface area of the porous carbon 1is less than 100

m?/g, it is difficult to uniformly support the catalyst metals.

Therefore, the rate of utilization of a catalyst metal surtface
is lowered, causing the catalyst performance to be lowered.
Examples of the porous metal include, for example, PC black, Pd

black, a Pt metal deposited in a fractal shape, and the like.
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Examples of a porous metal oxide include an oxide of Ti, an
oxide of Zr, an oxide of Nb, an oxide of Mo, an Oxide of Hf, an
oxide of Ta, and an oxide of W. Furthermore, examples of a
porous conductive material for supporting a catalyst metal
include a nitride, a carbide, an oxynitride, a carbonitride, a
partially-oxidized carbonitride of a metal such as Ti, Zr, NDb,
Mo, Hf, Ta, W, or the like (hereinafter, these are collectively
referred to as porous metal carbonitrides and the like). The
respective BET specific surface areas of the porous metal, the
porous metal oxide, the porous metal carbonitrides, and the
like measured by a nitrogen adsorption method are preferably 1
m?’/g or greater, more preferably 3 m’/g or greater, and most
preferably 10 m?/g or greater. If the respective BET specific
surface areas of the porous metal, the porous metal oxide, the
porous metal carbonitrides, and the like are less than 1 m°/qg,
it is difficult to uniformly support the catalyst metals.

' d

Therefore, the rate of utilization of a catalyst metal surface

is lowered, causing the catalyst performance to be lowered.

[0027] The ratio of a composition composed of the first
catalyst metal and the second catalyst metal to the total mass
of the first catalyst metal, the second catalyst metal, and the
support, in other words, a support rate, is preferably from 1
to 90 wt%, and more preferably from 3 to 75 wt%, and most

preferably from 5 to 50 wt%. If the support rate 1s less than
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1 wt%, the activity per area in the reduction electrode 120
becomes insufficient. On the other hand, 1f the support rate
is greater than 90 wt%, it becomes difficult to highly disperse
the catalyst metals, and aggregation becomes more likely to be
caused. Since the amount of the noble metal will be 1ncreased,
the manufacturing costs of the reduction electrode 120 will be
increased.

(0028] Depending on the type and composition of the first
catalyst metal and the second catalyst metal, a simultaneous
impregnation method or a sequential impregnation method can be
employed as a method for supporting the catalyst metals on the
support. The first catalyst metal and the second catalyst
metal are simultaneously impregnated into the support 1n the
simultaneous impregnation method, and the second catalyst metal
is impregnated into the support after the first catalyst metal
is impregnated into the support in the sequential impregnation
method. In the case of the sequential impregnation method,

after the first catalyst metal is loaded onto the support, a

heat treatment or the like may be performed once, and the

second catalyst metal may be then loaded onto the support.

After the impregnation of both the first catalyst metal and the
second catalyst metal is completed, the alloying of the first
catalyst metal and the second catalyst metal or the formation

of an intermetallic compound composed of the first catalyst
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metal and the second catalyst metal 1s performed by a heat

Creatment process.
[0029] A material having conductivity such as the
previously-stated conductive oxide, carbon black, or the like
5 may be added to the reduction electrode 120 in addition to a
conductive compound on which a catalyst metal is supported.
With this, the number of electron-conducting paths among
reduction catalyst particles can be increased. Thus,
resistance per geometric area of a reduction catalyst layer can
10 be lowered in some cases.
[0030) As an additive agent, a fluorine-based resin such
as polytetrafluoroethylene (PTFE) may be contained in the
reduction electrode 120.
[0031] The reduction electrode 120 may contain an ionomer
15 having protonic conductivity. Preferably, the reduction
electrode 120 contains ionically conducting materials
(tonomers) having a structure that is identical or similar to
that of the above-stated electrolyte membrane 110 in a
predetermined mass ratio. This allows the 1onic conductivity
200 of the reduction electrode 120 to be improved. In particular,
1n the case where a catalyst support 1s porous, the reduction
electrode 120 makes a significant contribution to the
improvement of the i1onic conductivity by contalning an 10nomer

that has protonic conductivity. An example of an l1onomer
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having protonic conductivity (which is a cation-exchanging
ionomer) includes a perfluorosulfonic acid polymer such as
Nafion (registered trademark), Flemion (registered trademark),
etc. The ion exchange capacity (IEC) of the cation-exchanging
ionomer is preferably from 0.7 to 3 meqg/g, more preferably from
1 to 2.5 meq/g, and most preferably from 1.2 to 2 meqg/g. When
a catalyst metal is supported on porous carbon (carbon support),
2 mass ratio I/C of the cation-exchanging ionomer (I) to the
carbon support (C) is preferably from 0.1 to 2, more preferably
from 0.2 to 1.5, énd most preferably from 0.3 to 1.1. It 1is
difficult to obtain sufficient ionic conductivity 1f the mass
ratio I/C is less than 0.1. On the other hand, 1f the mass
ratio I/C is 2 or greater, an increase in the thickness of an
ionomer coating for the catalyst metal inhibits an aromatic
compound, which is a reactant, from touching a catalytic site,

and a decrease in the electron conductivity lowers the

electrode activity.

[0032] Preferably, the ionomers contained in the reduction

electrode 120 partially coat a reduction catalyst. This allows

three elements (an aromatic compound, a proton, and an

electron) that are necessary for an electrochemical reaction at

the reduction electrode 120 to be efficiently supplied to a

reaction field.

[0033] The liquid diffusion layer 140a is laminated on the
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surface of the reduction electrode 120 on the side opposite to
the electrolyte membrane 110. The liquid diffusion layer 140a
plays a function of uniformly diffusing, to the reduction
electrode 120, a liquid aromatic compound supplied from the
separator 150a that 1s described later. As the liquid

diffusion layer 140a, for example, carbon paper and carbon

cloth are used.

[0034] The separator 150a 1s laminated on the surface of
the liquid diffusion layer 140a on the side opposite to the
electrolyte membrane 110. The separator 150a is formed of a
carbon resin, an anticorrosion alloy of Cr-Ni-Fe, Cr-Ni-Mo-Fe,
Cr-Mo-Nb-N1i, Cr-Mo-Fe-W-Ni, or the like. A single or a
plurality of groove-like flow channels 152a is/are provided on
the surface of the separator 150a on the side of the liquid
diffusion layer 140a. The liquid aromatic compound supplied
from the organic material storage tank 30 circulates through

the flow channel 152a. The liquid aromatic compound soaks into

the liquid diffusion layer 140a from the flow channel 152a.
The form of the flow channel 152a 1s not particularly limited.
For example, a straight flow channel or a serpentine flow
channel can be used. When a metal material 1s used for the
separator 150a, the separator 150a may be a structure in which
ball-like or pellet-like metal fine powder 1s sintered.

[0035] The oxygen evolving electrode 130 1s provided on
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the other side of the electrolyte membrane 110. The oxXygen
evolving electrode 130 that contains catalysts of noble metal
oxides such as Ru02, Ir02, and the like is preferably used.
These catalysts may be supported in a dispersed manner or
coated by a metal substrate such as a metal wire or mesh of
metals such as Cr, Mn, Fe, Co, Ni, Cu, Zn, Nb, Mo, Ta, W, and
the like or of alloys composed primarily of these metals. In
particular, since IrO2 1s high-priced, manufacturing costs can
be lowered by performing thin film coating on a metal substrate

when Ir0O2 is used as a catalyst.

[0036] The liguid diffusion layer 140b is laminated on the

surface of the oxygen evolving electrode 130 on the side

opposite to the electrolyte membrane 110. The liquid diffusion

layer 140b plays a function of uniformly diffusing, to the
oxygen evolving electrode 130, water supplied from the
separator 150b that is described later. As the liquid
diffusion layer 140b, for example, carbon paper and cafbon

cloth are used.

[0037] The separator 150b is laminated on the surface of

the liquid diffusion layer 140b on the side opposite to the

electrolyte membrane 110. The separator 150b is formed of an
anticorrosion alloy of Cr-Ni-Fe, Cr-Ni-Mo-Fe, Cr-Mo-Nb-Ni, Cr-
Mo-Fe-W-Ni, or the like or of a material 1in which the surfaces

of these metals are coated by an oxide film. A single or a
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plurality of groove-like flow channels 152b is/are provided on
the surface of the separator 150b on the side of the liquid
diffusion layer 140b. The water supplied from the water
storage tank 40 circulates through the flow channel 152b. The
water soaks into the liquid diffusion layer 140b from the flow
channel 152b. The form of the flow channel 152b 1s not
particularly limited. For example, a straight flow channel or
a serpentine flow channel can be used. When a metal material
is used for the separator 150b, the separator 150b may be a
structure in which ball-like or pellet-like metal fine powder
1s sintered.

[0038] In the present embodiment, liquid water is supplied
to the oxygen evolving electrode 130. Alternatively, a
humidified gas (e.g., air) may be used in place of liquid water.
In this case, the dew-point temperature of the humidified gas

is preferably from room temperature to 100°C and more

preferably from 50 to 100°C.

[0039] When toluene is used as the aromatic compound,
reactions that occur in the electrolysis cell 100 are as

follows:

<Electrode Reaction at Oxygen Evolving Electrode>
3H,O — 1.50, + 6H+ + 6e- : LBy = 1.23 V
<Electrode Reaction at Reduction Electrode>

roluene + 6H' + 6e  — methylcyclohexane : E; = 0.153 V (vs RHE)
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ITn other words, the electrode reaction at the oxygen
evolving electrode and the electrode reaction at the reduction

electrode progress in parallel, and protons produced by

ectrode

electrolysis of water are supplied to the reduction e

via the electrolyte membrane 110 by the electrode reaction at
the oxygen evolving electrode and used for hydrogenation of at
least one benzene ring of the aromatic compound 1in the
electrode reaction at the reduction electrode.

More specifically, by setting an electrode potential at
the reduction electrode 120 to be less than or equal to the
standard oxidation-reduction potential EO of the aromatic
compound used as a raw material and by setting an electrode
potential at the oxygen evolving electrode 130 to be greater
than an oxygen evolution potential, respective electrochemical
reactions are progressed at both electrodes. Therefore, a
voltage of an external electric field that 1s necessary for
progressing the reactions is a voltage obtained by adding, to

this potential difference, an overvoltage required for the

reactions, an overvoltage for mass transfer diffusion, and a
resistance loss (ohmic loss) caused by the resistance of the
electrolyte membrane 110. The voltage of the external electric
field is preferably from 1.2 to 2.4 V, more preferably Ifrom 1.3

to 2.0 V, and most preferably from 1.35 to 1.6 V.

Theoretically, if the voltage of the external electric field 1s
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below 1.2 V, an electrode reaction does not progress. Thus, 1t
is difficult to industrially practice hydrogenation of at least
one benzene ring of the aromatic compound. The voltage of the
external electric field of greater than 2.4 V is not preferred
from the aspect of energy efficiency since an excess amount of
electric energy provided from the external electric field will
become necessary. An excessive decrease in the potential at
the reduction electrode 120 side progresses side reactions
(e.g., hydrogen generation) other than the hydrogenation of at
least one benzene ring of the aromatic compound. On the other
hand, an excessive increase in the potential at the oxygen
evolving electrode 130 side causes corrosion of a catalyst used
for the oxygen evolving electrode 130 to be progressed easily.
[0040] Furthermore, the following reaction conditions are
used favorably for the hydrogenation of at least one benzene
ring of an aromatic compound using the electrochemical
reduction device 10. The temperature of the electrolysis cell
100 is preferably from room temperature to 100°C and more

preferably from 40 to 80°C. The temperature of the

electrolysis cell 100 of below the room temperature 1s not

- preferred since there is a possibility that the progress of an

electrolytic reaction is slowed down or an enormous amount oL
energy is required to remove heat generated as the reaction

progresses. On the other hand, the temperature of the
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electrolysis cell 100 of above 100°C is not preferred for the
electrochemical reduction device 10 in which reactions of the
both electrodes are performed in a liquid phase since water
will be boiled at the oxygen evolving electrode 130 and the
vapor pressure of an organic substance will be increased at the
reduction electrode 120. The potential of the reduction
electrode 120 is preferably from -100 to 150 mV (vs RHE), more
preferably from -50 to 100 mV (vs RHE), and most preferably
from -25 to 50 mV (vs RHE). The potential of the reduction
electrode 120 of below -10 mV (vs RHE) 1is not preferred since
competition with a hydrogen generation reaction will occur
while decreasing the selectivity of the reduction of an organic
substance. On the other hand, if the potential of the

reduction electrode 120 is higher than 150 mV (vs RHE), a

reaction rate (current density) that is practically sufficient
will not be obtained. Thus, the potential of the reduction

electrode 120 that is higher than 150 mV is not preferred.

[0041] A hydride in which at least one benzene ring 1S
hydrogenated that is obtained in the electrochemical reduction
device 10 is basically a complete reductant of the aromatic
compound that serves as a raw material. As described above,
when toluene is used as the aromatic compound, the nuclear
hydride that can be obtained 1is methylcyclohexane. Furthermore,

when naphthalene is used as the aromatic compound, the hydride
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in which two benzene rings 1s hydrogenated that can be obtained

1s decalin.

[0042] If the above-stated first catalyst metal (Pt, Pd)
1s used alone as a catalyst metal of the reduction electrode
120, a certain degree of electrode activity is exhibited.

However, since the first catalyst metal 1s specifically

absorbed to an active site of an aromatic compound having a m-

electron system, the electrode activity 1s inhibited. On the
other hand, in the present embodiment, by using an alloy or
1ntermetallic compound composed of the first catalyst metal and
the second catalyst metal for the catalyst metal of the
reduction electrode 120, the catalyst metal i1s inhibited from
being specifically absorbed to an active site of the aromatic
compound., With this, the electrode activity of the reduction
electrode 120 can be i1mproved, and the hydrogenation of at
least one benzene ring of the aromatic compound can be

efficiently performed eventually.

[0043] (Evaluation on Current Density)

An evaluation on current density when a hydrogenation
reaction of a benzene ring of toluene was performed was
conducted using electrolysis cells according to exemplary
embodiments 1-7 and comparative examples 1-4. Composition and
components used for the electrolysis cells according to

exemplary embodiments 1-7 and comparative examples 1-4 are
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Table 1.
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Conditions for the hydrogenation reaction of two benzene rings
are as shown in the following.
total mass of reduction catalyst metals: 0.5 mg/cm?
potential of reduction electrode: 0 mV (vs RHE)
ionomer ratio (mass ratio I/C): 1

The current density flowing through each electrolysis
cell is shown in Table 1. A relationship between each
electrolysis cell and current density, i.e., a relationship
between a catalyst metal used for a reduction electrode and
current density is shown in Fig. 3.
[0044] As shown in Table 1 and Fig. 3, 1t has been

verified that exemplary embodiments 1-5 that had a second

catalyst metal (one or more kinds of catalyst metals selected
from among Cr, Mn, Fe, Co, Ni, Cu, Zn, Mo, Ru, 5n, W, Re, Pb,
and Bi) in addition to a first catalyst metal (Pt) showed
current density that was higher than that of comparative

example 1 that had only a first catalyst metal (Pt) as a
catalyst metal. Also, it has been verified that exemplary

embodiments 6-7 that had a second catalyst metal (one or more

kinds of catalyst metals selected from among Cr, Mn, Fe, Co, N1,

Cu, %n, Mo, Ru, Sn, W, Re, Pb, and Bi) in addition to a first
catalyst metal (Pd) showed current density that was higher than
that of comparative example 2 that had only a first catalyst

metal (Pd) as a catalyst metal. It has been verified that
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comparative examples 3 and 4 that had only a second metal
showed current density that was lower than that of comparative

example 2.

[0045] (Relationship between Current Density and Content
Rate of Catalyst Metal)

Using as a reference a case where only a first catalyst
metal was used, relative current density obtained when the
content rate of a second catalyst metal was changed was
evaluated. Table 2 shows combinations of first catalyst metals
and second catalyst metals and relative current density
obtained when the content rate of a second catalyst metal was
changed. Since the evaluation was conducted using a
composition composed of one kind of second catalyst metal along
with one kind of first catalyst metal, Table 2 and Fig. 4
describe "“Content Rate of Second Catalyst Metal (wt%)” for
descriptive purposes. A value obtained by subtracting the
content rate of the second catalyst metal from 100 corresponds
to the content rate of the first catalyst metal. Fig. 4 1s a
graph i1llustrating a relationship between the content rate of a
second catalyst metal and relative current density. The
composition of an electrolysis cell 1s the same as that of the
electrolysis cell used for the evaluation on current density

except for components of a reduction catalyst metal.
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TABLE 2

SECOND CATALYST RELATIVE CURRENT DENSITY
METAL
(wt%) Pt—Co Pt—Ru Pt—-Pb Pd—Ru

ll

—h

1
1.15
1.0 1.45 1.38

0.39 1.91
0.72

1.12
1.23
1.26

N

o

0
1.8
2.02

<+
N uS

~

0.19 0.8

Ol
-

0.12
1.90
1.21
0.91

~.]
O

0.33

[0046] As shown in Table 2 and Fig. 4, 1t has Dbeen

gradually increased as the content rate of a second catalyst
metal increased from zero and that relative current density
gradually decreased once the content rate of a second catalyst
metal exceeded a certain amount. While relative current
density was 1.85 when the content rate of a second catalyst
metal was 30 wt%, i.e., when the content rate of a first
catalyst metal (Pt) was 70 wts, relative current density was
1.95 when the content of a first catalyst metal was smaller
than this having the content rate of a second catalyst metal of

35 wt%, 1.e., when the content rate of the first catalyst metal
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(Pt) was 65 wt%. Thus, it has been verified that the same oOr

higher current density was able to be obtained. In other words,
by using two or more kinds of second catalyst metals, current

density can be improved while suppressing the amount of the

5 first catalyst metal (Pt) that 1s used.

[0047] (Relationship between Current Density and Ionomer
Rati0)
Using as a reference a case where an ionomer ratio was
one, relative current density obtained when the ionomer ratilo
10 was changed was evaluated. The composition of an electrolysis
cell used for the evaluation is the same as that of the
electrolysis cell used for the evaluation on current density 1in
Table 1. A relationship between an ionomer ratio (mass ratio
I/C) and relative current density is shown in Table 3. Fig. 5
15 1is a graph illustrating a relationship between an ionomer ratio
and relative current density. As shown in Fig. 5, 1t has been
verified that a good electrode activity was obtained when a

mass ratio I/C was in a range from 0.1 to 2 and that an

electrode activity was prominently improved when the mass ratio

920 was in a range from 0.2 to 1.5 and in a range from 0.3 to 1.1

in said order. The evaluation was conducted using metal
catalysts according to exemplary embodiment 3 described 1n
Table 1. It can be said that a similar tendency will be

indicated even when other metal catalysts are used regarding a
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relative influence on the accessibility to an active site of a
catalyst metal of an aromatic compound serving as a reactant
and on the electron conductivity.

TABLE 3

I T
T

N
1

[0048] The invention is not limited to the above-mentioned
embodiments, and various modifications, such as a design change,
may be added thereto on the basis of knowledge of those skilled
in the art. It should be understood that any embodiment to

10 which one or more of the modifications are added 1s also

included in the scope of the invention.
DESCRIPTION OF THE REFERENCE NUMERALS

[0049] 10 electrochemical reduction device, 20 power
control unit, 30 organic material storage tank, 40 water
15 storage tank, 50 gas—liquid separation unit, 100
electrolysis cell, 110 electrolyte membrane, 120

reduction electrode, 130 oxygen evolving electrode,

140a, 140b 1ligquid diffusion layer, 150a, 150b separator
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INDUSTRIAL APPLICABILITY

[0050] The present invention can be applied to
technologies for electrochemically hydrogenating an aromatic

hydrocarbon compound or an N-containing heterocyclic aromatic

compound.
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CLAIMS

1. An electrochemical reduction device comprising:

an electrolyte membrane that has protonic conductivity;

a reduction electrode that is provided on one side of the
electrolyte membrane and that contains a reduction catalyst for

hydrogenating at least one benzene ring of an aromatic

hydrocarbon compound or an N-containing heterocyclic aromatic

compound; and

an oxygen evolving electrode that is provided on the

other side of the electrolyte membrane,
wherein the reduction catalyst is a composition that

includes a first catalyst metal containing at least one of Pt
and Pd and includes one or more kinds of second catalyst metals

selected from among Cr, Mn, Fe, Co, Ni, Cu, Zn, Mo, Ru, 5Sn, W,

Re, Pb, and Bi.

2. The electrochemical reduction device according to
claim 1, wherein the ratio of the first catalyst metal to the
total mass of the first catalyst metal and the second catalyst

metal is between 10 wt% and 95 wt%, both inclusive.

3. The electrochemical reduction device according to

claim 1 or 2, wherein the first catalyst metal and the second
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catalyst metal are supported on a conductive material
containing any one of a porous carbon, a porous metal, and a

porous metal oxide.

4. The electrochemical reduction device according to any
one of claims 1 through 3, wherein the conductive material has

an electrical conductivity of 1.0%10°° S/cm or greater.

5. The electrochemical reduction device according to any

one of claims 1 through 4, wherein the reduction electrode

contains a protonic conductor.

6. The electrochemical reduction device according to

claim 5, wherein the protonic conductor 1s an ion-conductive

polymer.

7. The electrochemical reduction device according to

clailm 5 or 6, wherein the reduction catalyst is partially

coated by the protonic conductor.

8. A method for manufacturing a hydride of an aromatic
hydrocarbon compound or an N-containing heterocyclic aromatic
compound, wherein, by introducing an aromatic hydrocarbon

compound or an N-contalining heterocyclic aromatic compound to
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the reduction electrode side of the electrochemical reduction
device according to any one of claims 1 through 7 while
circulating water or a humidified gas to the oxygen evolving
electrode side and then by externally applying an electric
field such that the reduction electrode and the oxygen evolving
electrode have a less-noble potential and a noble potential,
respectively, at least one benzene ring of the aromatic
hydrocarbon compound or the N-containing heterocyclic aromatic

compound introduced to the reduction electrode side 1S

hydrogenated.

9. A method for manufacturing a hydride of an aromatic
hydrocarbon compound or an N-containing heterocyclic aromatic
compound, wherein the aromatic hydrocarbon compound or the N-
containing heterocyclic aromatic compound to be introduced to
rhe reduction electrode side is introduced in a liquid state at

a reaction temperature in the method for manufacturing a
hydride of an aromatic hydrocarbon compound or an N-containing

heterocyclic aromatic compound according to claim 8.
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FIG.4
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