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(57) ABSTRACT 

The present invention provides relates to a crosslinkable, 
proton-conducting membrane having a crosslinked struc 
ture, excellent in heat resistance, durability, dimensional 
stability and fuel barrier characteristics, and showing excel 
lent proton conductivity at high temperature, characterized 
by comprising (a) an organic/inorganic hybrid structure (A) 
covalently bonded to 2 or more silicon-oxygen crosslinks 
and, at the same time, having a carbon atom, and (b) an acid 
containing structure (B) having an acid group, covalently 
bonded to a silicon-oxygen crosslink and having an acidic 
group; and provides a fuel cell using the same membrane. 
The present invention also provides a method for producing 
the proton-conducting membrane, comprising steps of pre 
paring a mixture containing an organic/inorganic hybrid, 
crosslinkable compound (C) and compound (D), the former 
having 2 or more crosslinkable silyl groups and carbon 
atoms each being bonded to the silyl group via the covalent 
bond and the latter having a crosslinkable silyl group and 
acid group, as the ?rst step; forming the above mixture into 
a ?lm as the second step; and hydrolyZing/condensing or 
only condensing the hydrolyZable silyl group contained in 
the mixture formed into the ?lm to form a crosslinked 
structure as the third step. 
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PROTON CONDUCTING MEMBRANE, METHOD 
FOR PRODUCING THE SAME, AND FUEL CELL 

USING THE SAME 

FIELD OF THE INVENTION 

[0001] This invention relates to a proton (hydrogen ion) 
conducting membrane, method for producing the same, and 
fuel cell using the same, more particularly the proton 
conducting membrane, excellent in heat resistance, durabil 
ity, dimensional stability and fuel barrier characteristics, and 
shoWing excellent proton conductivity at high temperature, 
method for producing the same, and fuel cell using the same, 
and, at the same time, the proton-conducting membrane for 
the direct fuel type fuel cell Which is directly supplied With 
fuel, e.g., methanol or methane, method for producing the 
same, and fuel cell using the same. 

BACKGROUND OF THE INVENTION 

[0002] Recently, the fuel cell has been attracting attention 
as a poWer generating device of the next generation, Which 
can contribute to solution of the problems related to envi 
ronments and energy, noW having been increasingly becom 
ing serious social problems, because of its high poWer 
generation e?iciency and compatibility With the environ 
ments. 

[0003] Fuel cells generally fall into several categories by 
electrolyte type. Of these, a polymer electrolyte fuel cell 
(sometimes referred to as PEFC), being more compact and 
generating higher output than any other type, is considered 
to be a leading fuel cell type in the future for various 
purposes, e.g., small-siZe on-site facilities, and as poWer 
sources for movable applications (e.g., vehicles) and por 
table applications. 

[0004] Thus, PEFCs have inherent advantages in prin 
ciple, and are being extensively developed for commercial 
iZation. PEFCs normally use hydrogen as the fuel. Hydrogen 
is dissociated into proton (hydrogen ion) and electron in the 
presence of catalyst provided on the anode side. Of these, the 
electron is passed to the outside, Where it is used as 
electricity, and circulated back to the system on PEFC’s 
cathode side. On the other hand, the proton is passed to the 
proton conducting membrane (electrolyte membrane), 
through Which it moves toWards the cathode side. On the 
cathode side, the proton, electron recycled back from the 
outside and oxygen supplied from the outside are bonded to 
each other in the presence of catalyst, to produce Water. 
Thus, a PEFC by itself is a very clean energy source Which 
generates poWer While it is producing Water from hydrogen 
and oxygen. 

[0005] Hydrogen to be supplied to a fuel cell is normally 
produced by an adequate method, e.g., methanol reforming 
to extract hydrogen. HoWever, the direct fuel type fuel cell 
has been also extensively developed. It is directly supplied 
With methanol or the like, from Which the proton and 
electron are produced in the presence of catalyst, Where 
Water is normally used together With methanol. 

[0006] In the fuel cell, the proton conducting membrane is 
responsible for transferring the proton produced on the 
anode to the cathode side. As described above, ?oW of the 
proton takes place in concert With that of the electron. It is 
therefore necessary to conduct a su?icient quantity of the 
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proton at high speed, for the PEFC to produce high output 
(or high current density). Therefore, it is not too much to say 
that performance of the proton conducting membrane is a 
key to performance of the PEFC. The proton conducting 
membrane also Works as the insulation ?lm Which electri 
cally insulates the anode and cathode from each other and as 
the fuel barrier membrane Which prevents the fuel to be 
supplied to the anode side from leaking to the cathode side, 
in addition to transferring the proton. 

[0007] The proton conducting membranes for the current 
PEFCs are mainly of ?uorine resin-based ones, With a 
per?uoroalkylene as the main skeleton, and partly With 
sulfonic acid group at the terminal of the per?uorovinyl 
ether side chains. Several types of these sulfonated ?uorine 
resin-based membranes have been proposed, e.g., Na?on® 
membrane (Du Pont, US. Pat. No. 4,330,654), DoW mem 
brane (DoW Chemical, Japanese Patent Application Laid 
Open No. 4-366137), Aciplex® membrane (Asahi Chemical 
Industries, Japanese Patent Application Laid-Open No. 
6-342665), and Flemion® membrane (Asahi Glass). 

[0008] These ?uorine resin-based membranes are consid 
ered to have a glass transition temperature (Tg) of around 
130° C. under a humidi?ed condition, under Which they 
Work. The so-called creep phenomenon occurs as tempera 
ture increases from the above level to cause problems, e.g., 
changed proton conducting structure in the membrane to 
prevent the membrane from stably exhibiting the proton 
conducting performance, and modi?cation of the membrane 
to a sWollen morphology, or jelly-like morphology to make 
it very fragile and possibly cause failure of the fuel cell. 

[0009] For these reasons, the maximum alloWable tem 
perature for stable operation for extended periods is nor 
mally considered to be 80° C. 

[0010] A fuel cell, depending on the chemical reaction for 
its Working principle, has a higher energy e?iciency When it 
operates at higher temperature. In other Words, a fuel cell 
operating at higher temperature becomes more compact and 
lighter for the same output. Moreover, a fuel cell operating 
at high temperature alloWs utiliZation of its Waste heat for 
cogeneration to produce poWer and heat, thus drastically 
enhancing its total energy e?iciency. It is therefore consid 
ered that operating temperature of a fuel cell is desirably 
increased to a certain level, normally to 100° C. or higher, 
in particular 120° C. or higher. 

[0011] The catalyst in service on the anode side may be 
deactivated by impurities in the hydrogen fuel (e.g., carbon 
monoxide), a phenomenon knoWn as catalyst poisoning, 
When it is not su?iciently puri?ed. This is a serious problem 
Which can determine lifetime of the PEFC itself. It is knoWn 
that the catalyst poisoning can be avoided When the fuel cell 
operates at su?iciently high temperature, and the cell is 
preferably operated at high temperature also from this point 
of vieW. Moreover, the active metals for the catalyst itself 
Will not be limited to pure noble metals, e.g., platinum, but 
can be extended to alloys of various metals, When the fuel 
cell can operate at su?iciently high temperature. Therefore, 
operability at high temperature is advantageous also vieWed 
from reducing cost and Widening applicable resources. 

[0012] For the direct fuel type fuel cell, various 
approaches to extract the proton and electron from the fuel 
directly and e?iciently have been studied. It is a consensus 
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that production of suf?cient power is dif?cult at loW tem 
perature, and possible When temperature is increased to, e.g., 
150° C. or higher. Thus, operability of PEFCs at high 
temperature is demanded from various aspects. Neverthe 
less, however, its operating temperature is limited to 80° C. 
by the heat resistance consideration of the proton conducting 
membrane, as discussed above at present. 

[0013] The reaction taking place in a fuel cell is exother 
mic in nature, by Which is meant that temperature Within the 
cell spontaneously increases as the cell starts to Work. 
HoWever, the PEFC must be cooled so as not to be exposed 
to high temperature of 80° C. or higher, as limited by the 
resistance of the proton conducting membrane to heat. It is 
normally cooled by a Water-cooling system, and the PEFC’s 
bipolar plate is devised to include such a system. This tends 
to increase siZe and Weight of the PEFC as a Whole, 
preventing it to fully exhibit its inherent characteristics of 
compactness and lightness. In particular, it is dif?cult for a 
Water-cooling system as the simplest cooling means to 
effectively cool the cell, When its maximum alloWable 
operating temperature is set at 80° C. If it is operable at 100° 
C. or higher, it should be effectively cooled by use of heat 
of vaporization of Water, and Water could be recycled for 
cooling to drastically reduce its quantity, leading to reduced 
siZe and Weight of the cell. When a PEFC is used as the 
energy source for a vehicle, the radiator siZe and cooling 
Water volume could be greatly reduced When the cell is 
controlled at 100° C. or higher, compared. to When it is 
controlled at 80° C. Therefore, the PEFC operable at 1000 C. 
or higher, i.e., the proton conducting membrane having a 
heat resistance of 100° C. or higher, is strongly in demand. 

[0014] As described above, the PEFC operable at higher 
temperature, i.e., increased heat resistance of the proton 
conducting membrane, is strongly in demand vieWed from 
various aspects, e.g., poWer generation ef?ciency, cogenera 
tion ef?ciency, cost, resources and cooling ef?ciency. Nev 
ertheless, hoWever, the proton conducting membrane having 
a suf?cient proton conductivity and resistance to heat has not 
been developed so far. 

[0015] With these circumstances as the background, a 
variety of heat-resistant proton conducting membrane mate 
rials have been studied and proposed to increase operating 
temperature of PEFCs. 

[0016] Some of more representative ones are heat-resis 
tant aromatic-based polymers to replace the conventional 
?uorine-based membranes. These include polybenZimida 
Zole (Japanese Patent Application Laid-Open No. 
9-110982), polyether sulfone (Japanese Patent Application 
Laid-Open Nos. 10-21943 and 10-45913), and polyethere 
therketone (Japanese Patent Application Laid-Open No. 
9-87510). 
[0017] These aromatic-based polymers have an advantage 
of limited structural changes at high temperature. HoWever, 
many of them have the aromatic structure directly incorpo 
rated With sulfonic acid or carboxylic acid group. They tend 
to sulfer notable desulfonation or decarboxylation at high 
temperature, and are unsuitable for the membranes Working 
at high temperature. 

[0018] Moreover, many of these aromatic-based polymers 
have no ion-channel structure, as is the case With ?uorine 
resin-based membranes. As a result, it is necessary to 
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incorporate a large number of acid groups in these polymers, 
for them to suf?ciently exhibit proton conductivity, causing 
problems, e.g., deterioration of membrane stability and 
stability to hot Water, and, in some cases, dissolution of these 
polymers in hot Water. Moreover, the membranes of these 
polymers tend to be notably sWollen as a Whole in the 
presence of Water, causing various problems, e.g., high 
possibility of separation of the membrane from the electrode 
joint and broken membrane due to the stress produced at the 
joint in the membrane-electrode assembly, resulting from 
the dry and Wet conditional cycles Which change the mem 
brane siZe, and possibility of deteriorated strength of the 
Water-sWollen membrane, leading to its failure. In addition, 
each of the aromatic polymers is very rigid in a dry condi 
tion, possibly causing damages and other problems While the 
membrane-electrode assembly is formed. 

[0019] On the other hand, the folloWing inorganic mate 
rials have been also proposed as the proton conducting 
materials. For example, Minami et al. incorporate a variety 
of acids in hydrolyZable silyl compounds to prepare inor 
ganic proton conducting materials (Solid State Ionics, 74 
(1994), pp. 105). They stably shoW proton conductivity even 
at high temperature, but involve several problems; e.g., they 
tend to be cracked When made into a thin ?lm, and di?icult 
to handle and make them into a membrane-electrode assem 
bly. 
[0020] Several methods have been proposed to overcome 
these problems. For example, the proton conducting inor 
ganic material is crushed to be mixed With an elastomer 
(Japanese Patent Application Laid-Open No. 8-249923) or 
With a polymer containing sulfonic acid group (Japanese 
Patent Application Laid-Open No. 10-69817). HoWever, 
these methods have their oWn problems. For example, the 
polymer as the binder for each of these methods is merely 
mixed With an inorganic crosslinked compound, and has 
basic thermal properties not much different from those of the 
polymer itself, With the result that it undergoes structural 
changes in a high temperature range, failing to stably exhibit 
proton conductivity, and its proton conductivity is generally 
not high. 

[0021] A number of R & D efforts have been made for 
various electrolyte membranes to solve these problems 
involved in the conventional PEFCs. None of them, hoW 
ever, have succeeded in developing proton conducting mem 
branes shoWing su?icient durability at high temperature 
(e.g., 100° C. or higher) and satisfying the mechanical and 
other properties. 
[0022] In the direct methanol type fuel cell (sometimes 
referred to as DMFC) Which Works on methanol as the fuel 
in place of hydrogen, on the other hand, methanol directly 
comes into contact With the membrane. The sulfonated 
?uorine resin-based membrane, e.g., Na?on® membrane, 
noW being used has a strong af?nity for methanol, possibly 
causing problems Which can lead to failure of the fuel cell 
When it absorbs methanol, e. g., sWelling to a great extent and 
dissolution in methanol in some cases. Crossover of metha 
nol to the oxygen electrode side can greatly reduce cell 
output. These problems are common also With the electro 
lyte membranes containing an aromatic ring. Therefore, the 
membranes developed so far are neither e?icient nor durable 
also for DMFCs. 

[0023] It is an object of the present invention to provide a 
proton conducting membrane, excellent in heat resistance, 
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durability, dimensional stability and fuel barrier character 
istics, and showing excellent proton conductivity at high 
temperature. It is another object of the present invention to 
provide a method for producing the same. It is still another 
object of the present invention to provide a fuel cell using 
the same. 

DISCLOSURE OF THE INVENTION 

[0024] The inventors of the present invention have found, 
after having extensively studied a variety of electrolyte 
membrane to solve the above problems, that an innovative 
organic/inorganic hybrid membrane unprecedentedly excel 
lent in heat resistance, durability, dimensional stability and 
fuel barrier characteristics, and shoWing excellent proton 
conductivity even at high temperature can be obtained by 
including, as the essential components for the proton con 
ducting membrane, a crosslinked structure of speci?c 
organic/inorganic hybrid structure and acid-containing 
crosslinked structure. The present invention has been devel 
oped based on the above knowledge. 

[0025] The ?rst aspect of the present invention is a proton 
conducting membrane crosslinkable and having a 
crosslinked structure by the silicon-oxygen bond, Wherein 
the proton conducting membrane comprises 

[0026] (a) an organic/inorganic hybrid structure (A) 
covalently bonded to 2 or more silicon-oxygen crosslinks 
and having a carbon atom, and 

[0027] (b) an acid containing structure (B) having an acid 
group, covalently bonded to a silicon-oxygen crosslink 
and having an acid group. 

[0028] The second aspect of the present invention is the 
proton conducting membrane of the ?rst aspect, Wherein the 
organic/inorganic hybrid structure (A) is represented by the 
general formula (1): 

(R2)n (112)“ 

(Wherein, X is an ‘Oi bond or OH group involved in the 
crosslinking; R1 is a carbon-containing group of l to 50 
carbon atoms; R2 is methyl, ethyl, propyl or phenyl group; 
and “n” is an integer of 0, l or 2). 

[0029] The third aspect of the present invention is the 
proton conducting membrane of the second aspect, wherein 
R1 in the general formula (1) is a hydrocarbon group. 

[0030] The fourth aspect of the present invention is the 
proton conducting membrane of the third aspect, wherein R1 
in the general formula (1) has a structure represented by the 
general formula (3): 

(Wherein, n is an integer of l to 30). 
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[0031] The ?fth aspect of the present invention is the 
proton conducting membrane of the fourth aspect, Wherein 
the organic/inorganic hybrid structure (A) is represented by 
the general formula (4): 

(Wherein, X is an ‘Oi bond or OH group involved in the 
crosslinking; and “n” is an integer of 0, l or 2). 

[0032] The sixth aspect of the present invention is the 
proton conducting membrane of the second aspect, wherein 
R1 in the general formula (1) has a siloxane structure. 

[0033] The seventh aspect of the present invention is the 
proton conducting membrane of the sixth aspect, wherein R1 
in the general formula (1) is represented by the general 
formula (5): 

(Wherein, R5 and R6 are each methyl, ethyl, propyl or phenyl 
group, Which may be the same or different; and n is an 
integer of l to 20). 

[0034] The eighth aspect of the present invention is the 
proton conducting membrane of the ?rst aspect, Wherein the 
structure (B) containing an acid group is represented by the 
general formula (2): 

(114)". 

(Wherein, X is an ‘Oi bond or OH group involved in the 
crosslinking; R3 is a molecular chain group having at least 
one acid group; R4 is methyl, ethyl, propyl or phenyl group; 
and “m” is an integer of 0, l or 2). 

[0035] The ninth aspect of the present invention is the 
proton conducting membrane of the eighth aspect, Wherein 
the acid group Which R3 in the general formula (2) has is 
sulfonic acid group. 

[0036] The tenth aspect of the present invention is the 
proton conducting membrane of the ninth aspect, Wherein 
R in the general formula (2) is represented by the general 
formula (6): 

(Wherein, n is an integer of l to 20). 
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[0037] The 11th aspect of the present invention is the 
proton conducting membrane of the tenth aspect, Wherein 
“n” in the general formula (6) is 3. 

[0038] The 12th aspect of the present invention is the 
proton conducting membrane of one of the ?rst to 11th 
aspects Which is further composited With a ?brous material 
(1) 
[0039] The 13th aspect of the present invention is the 
proton conducting membrane of the 12th aspect, Wherein the 
?brous material (I) is composed of a short ?brous material 
(J) and/or long ?brous material (K). 

[0040] The 14th aspect of the present invention is the 
proton conducting membrane of the 12th aspect, Wherein the 
?brous material (I) is surface-treated With a silane coupling 
agent to have a proton-conductive surface. 

[0041] The 15th aspect of the present invention is the 
proton conducting membrane of the 12th aspect, Wherein the 
?brous material (I) is composed of glass ?bers. 

[0042] The 16th aspect of the present invention is the 
proton conducting membrane of the 15th aspect, Wherein the 
glass ?bers are of alkali- or acid-resistant glass. 

[0043] The 17th aspect of the present invention is the 
proton conducting membrane of the 13th aspect, Wherein the 
long ?brous material (K) is composed of glass ?bers in the 
form of Woven fabric, non-Woven fabric or glass ?ber paper 
produced by a paper-making process. 

[0044] The 18th aspect of the present invention is the 
proton conducting membrane of the 17th aspect, Wherein the 
long ?brous material (K) is in the form of thirled, square 
Weave fabric. 

[0045] The 19th aspect of the present invention is the 
proton conducting membrane of the 17th aspect, Wherein the 
long ?brous material (K) has a thickness of 300 um or less. 

[0046] The 20th aspect of the present invention is the 
proton conducting membrane of the 12th aspect, Wherein the 
short ?brous material (J) is incorporated at l to 75% by 
Weight on the organic/inorganic hybrid structure (A) and 
acid-containing structure (B) totaled. 

[0047] The 21St aspect of the present invention is the 
proton conducting membrane of the 13th aspect, Wherein the 
short ?brous material (J) is composed of Whiskers (L) and/or 
short glass ?bers (M). 

[0048] The 22nd1 aspect of the present invention is the 
proton conducting membrane of the 21St aspect, Wherein the 
Whiskers (L) have a diameter of 0.1 to 3 pm, length of l to 
20 um and aspect ratio of 5 to 100. 

[0049] The 23rd aspect of the present invention is the 
proton conducting membrane of the 21St or 22”“1 aspect, 
Wherein the Whiskers (L) are of boron carbide, silicon 
carbide, alumina, aluminum borate, silicon nitride or 
K2O.6TiO2. 
[0050] The 24th aspect of the present invention is a method 
for producing the proton conducting membrane of one of the 
?rst to 23rd aspect, comprising steps of preparing a mixture 
containing an organic/inorganic hybrid, crosslinkable com 
pound (C) and compound (D), the former having 2 or more 
crosslinkable silyl groups and carbon atoms each being 
bonded to the silyl group via the covalent bond and the latter 
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having a crosslinkable silyl group and acid group, as the ?rst 
step; forming the above mixture into a ?lm as the second 
step; and hydrolyZing/condensing or only condensing the 
hydrolyZable silyl group contained in the mixture formed 
into the ?lm to form a crosslinked structure as the third step. 

[0051] The 25th aspect of the present invention is a method 
for producing the proton conducting membrane of one of the 
?rst to 23rd aspect, comprising steps of preparing a mixture 
containing an organic/inorganic hybrid, crosslinkable com 
pound (C) and compound (E), the former having 2 or more 
crosslinkable silyl groups and carbon atoms each being 
bonded to the silyl group via the covalent bond and the latter 
having a crosslinkable silyl group and mercapto group, as 
the ?rst step; forming the above mixture into a ?lm as the 
second step; hydrolyZing and condensing the hydrolyZable 
silyl group contained in the mixture formed into the ?lm to 
form a crosslinked structure as the third step; and oxidation 
of the mercapto group in the crosslinked structure obtained 
in the third step into sulfonic acid as the fourth step. 

[0052] The 26th aspect of the present invention is a method 
for producing the proton conducting membrane of one of the 
?rst to 23rd aspect, comprising steps of preparing a mixture 
containing an organic/inorganic hybrid, crosslinkable com 
pound (C) and compound (F), the former having 2 or more 
crosslinkable silyl groups and carbon atoms each being 
bonded to the silyl group via the covalent bond and the latter 
having a crosslinkable silyl group and polysul?de group, as 
the ?rst step; forming the above mixture into a ?lm as the 
second step; hydrolyzing and condensing the hydrolyzable 
silyl group contained in the mixture formed into the ?lm to 
form a crosslinked structure as the third step; and oxidation 
of the polysul?de group in the crosslinked structure obtained 
in the third step into sulfonic acid as the fourth step. 

[0053] The 27th aspect of the present invention is a method 
for producing the proton conducting membrane of one of the 
?rst to 23rd aspect, comprising steps of preparing a mixture 
containing an organic/inorganic hybrid, crosslinkable com 
pound (C) and compound (H), the former having 2 or more 
crosslinkable silyl groups and carbon atoms each being 
bonded to the silyl group via the covalent bond and the latter 
having a crosslinkable silyl group and halogen group, as the 
?rst step; forming the above mixture into a ?lm as the 
second step; hydrolyZing and condensing the hydrolyZable 
silyl group contained in the mixture formed into the ?lm to 
form a crosslinked structure as the third step; and substitu 
tion of the halogen group in the crosslinked structure 
obtained in the third step With sulfonic acid group as the 
fourth step. 

[0054] The 28th aspect of the present invention is the 
method of one of the 24th to 27th aspects for producing the 
proton conducting membrane, Wherein the organic/ inorganic 
hybrid, crosslinkable compound (C) is represented by the 
general formula (7): 

(112)“ (112)“ 

(wherein, R1 is a carbon-containing group of l to 50 carbon 
atoms; R2 is methyl, ethyl, propyl or phenyl group; R5 is C1, 
or OCH3, OC2H5, OC6H5, OH or OCOCH3 group; and “n” 
is 0, l or 2). 
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[0055] The 29th aspect of the present invention is the 
method of the 28th aspect for producing the proton conduct 
ing membrane, wherein R1 in the general formula (7) is a 
hydrocarbon group. 

[0056] The 30th aspect of the present invention is the 
method of the 29th aspect for producing the proton conduct 
ing membrane, Wherein the organic/inorganic hybrid, 
crosslinkable compound (C) is represented by the general 
formula (8): 

(112)“ (112)“ 

(Wherein, R2 is methyl, ethyl, propyl or phenyl group; R5 is 
C1, or OCH3, OC2H5, OC6H5, OH or OCOCH3 group; “m” 
is an integer of l to 30; and “n” is 0, l or 2). 

[0057] The 31St aspect of the present invention is the 
method of the 30th aspect for producing the proton conduct 
ing membrane, Wherein the organic/inorganic hybrid, 
crosslinkable compound (C) is represented by the general 
formula (9): 

(Wherein, R5 is OCH3 or OC2H5 group; and “n” is 0, l or 2). 

[0058] The 32nd aspect of the present invention is the 
method of the 28th aspect for producing the proton conduct 
ing membrane, Wherein the organic/inorganic hybrid, 
crosslinkable compound (C) is represented by the general 
formula (10): 

(Wherein, R11, R12, R13 and R14 are each methyl, ethyl, 
propyl or phenyl group, Which may be the same or different; 

R5 is C1, or OCH3, OC2H5, OC6H5, OH or OCOCH3 group; 
“m” is an integer of l to 30; and “n” is 0, l or 2). 

[0059] The 33rd aspect of the present invention is the 
method of the 32nd aspect for producing the proton conduct 
ing membrane, Wherein the organic/inorganic hybrid, 
crosslinkable compound (C) is represented by the general 
formula (11): 
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(11) 
CH3 

(CH3)n CH3 (CH3)n 

(Wherein, R5 is C1, or OCH3, OC2H5, OC6H5, OH or 
OCOCH3 group; “m” is an integer of l to 30; and “n” is 0, 
l or 2). 

[0060] The 34th aspect of the present invention is the 
method of the 24th aspect for producing the proton conduct 
ing membrane, Wherein the acid containing compound (D) 
is represented by the general formula (12): 

(114)". 

(Wherein, R3 is a molecular chain group having at least one 
acid group; R4 is methyl, ethyl, propyl or phenyl group; R6 
is C1, or OCH3, OC2H5, OC6H5, OH or OCOCH3 group; 
“m” is 0, l or 2). 

[0061] The 35th aspect of the present invention is the 
method of the 34th aspect for producing the proton conduct 
ing membrane, Wherein the acid containing compound (D) 
is sulfonic acid group. 

[0062] The 36th aspect of the present invention is the 
method of the 35th aspect for producing the proton conduct 
ing membrane, Wherein the acid containing compound (D) 
is represented by the general formula (13): 

(114)". 

(Wherein, R4 is methyl, ethyl, propyl or phenyl group; R6 is 
C1, or OCH3, OC2H5, OC6H5, OH or OCOCH3 group; X is 
hydrogen, an alkali metal, alkyl group or ammonium group; 
“m” is 0, l or 2; and “n” is an integer of l to 20). 

[0063] The 37th aspect of the present invention is the 
method of the 36th aspect for producing the proton conduct 
ing membrane, Wherein “n” in the general formula (13) is 3. 

[0064] The 38th aspect of the present invention is the 
method of the 24th aspect for producing the proton conduct 
ing membrane, Wherein the organic/inorganic hybrid, 
crosslinkable compound (C) and acid containing compound 
(D) are incorporated in a mixing ratio of 9:1 to 1:9 by 
Weight. 

[0065] The 39th aspect of the present invention is the 
method of the 25th aspect for producing the proton conduct 
ing membrane, Wherein the compound (E) having mercapto 
group is represented by the general formula (14): 
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(14) 
(R6)TSi—R7 

(114)". 

(wherein, R7 is a molecular chain group having at least one 
mercapto group; R4 is methyl, ethyl, propyl or phenyl group; 
R6 is C1, or OCH3, OC2H5, OC6H5, OH or OCOCH3 group; 
and “m” is 0, l or 2). 

[0066] The 40th aspect of the present invention is the 
method of the 39th aspect for producing the proton conduct 
ing membrane, Wherein the compound (E) having mercapto 
group is represented by the general formula (15): 

(114)". 

(Wherein, R4 is methyl, ethyl, propyl or phenyl group; R6 is 
C1, or OCH3, OC2H5, OC6H5, OH or OCOCH3 group; “m” 
is 0, l or 2; and “n” is an integer of l to 20). 

[0067] The 41St aspect of the present invention is the 
method of the 25th aspect for producing the proton conduct 
ing membrane, Wherein the compound (E) having mercapto 
group is represented by the general formula (16): 

(16) 
SH 

(Wherein, R6 is H, or CH3, C2H5, C3H7 or C6H5 group; R4 
is CH3, C2H5, C3H7, C6H5, OH, OCH3, OC2H5, OC6H5 
group, or OiSi bond; “m” is an integer of l to 20; and “n” 
is an integer of 3 to 500). 

[0068] The 42nd aspect of the present invention is the 
method of the 41St aspect for producing the proton conduct 
ing membrane, Wherein R4, “m” and “n” in the general 
formula (16) are OCH3 group, 3 and an integer of 3 to 100, 
respectively. 

[0069] The 43rd aspect of the present invention is the 
method of the 41St aspect for producing the proton conduct 
ing membrane, Wherein R4, “m” and “n” in the general 
formula (16) are CH3 group, 3 and an integer of 3 to 300, 
respectively. 

[0070] The 44th aspect of the present invention is the 
method of the 25th aspect for producing the proton conduct 
ing membrane, Wherein the compound (E) having mercapto 
group is represented by the general formula (17): 
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(17) 
SH 

(Wherein, R6 is H, or CH3, C2H5, C3H7 or C6H5 group; R4 
is CH3, C2H5, C3H7, C6H5, OH, OCH3, OC2H5 or OC6H5 
group, R1 is a substitute of 6 carbon atoms or less; “m” is an 
integer of l to 20; “n” is an integer of 3 to 500; and “n+x” 
is an integer of 500 or less, Where the unit containing 
mercapto group and that containing Rll may be present in a 
block or random form). 

[0071] The 45th aspect of the present invention is the 
method of the 44th aspect for producing the proton conduct 
ing membrane, Wherein R4, “m” and “n+x” in the general 
formula (17) are OCH3 group, 3 and an integer of 50 or less, 
respectively. 
[0072] The 46th aspect of the present invention is the 
method of the 25th aspect for producing the proton conduct 
ing membrane, Wherein the organic/inorganic hybrid, 
crosslinkable compound (C) and compound (E) having 
mercapto group are incorporated in a mixing ratio of 9:1 to 
1:9 by Weight. 

[0073] The 47th aspect of the present invention is the 
method of the 26th aspect for producing the proton conduct 
ing membrane, Wherein the compound (F) having a polysul 
?de group is represented by the general formula (18): 

(114)". 

(Wherein, R8 is a molecular chain group having at least one 
polysul?de group; R4 is methyl, ethyl, propyl or phenyl 
group; R6 is C1, or OCH3, OC2H5, OC6H5, OH or OCOCH3 
group; and “m” is 0, l or 2). 

[0074] The 48th aspect of the present invention is the 
method of the 47th aspect for producing the proton conduct 
ing membrane, Wherein the compound (F) having a polysul 
?de group is represented by the general formula (19): 

(114)". (114)". 

(Wherein, R9 is a molecular chain group having at least one 
polysul?de group; R4 is methyl, ethyl, propyl or phenyl 
group; R6 is C1, or OCH3, OC2H5, OC6H5, OH or OCOCH3 
group; and “m” is 0, l or 2). 

[0075] The 49th aspect of the present invention is the 
method of the 48th aspect for producing the proton conduct 
ing membrane, Wherein the compound (F) having a polysul 
?de group is represented by the general formula (20): 
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(114)". (114)". 

(wherein, R10 is a polysul?de group; R4 is methyl, ethyl, 
propyl or phenyl group; R6 is C1, or OCH3, OC2H5, OC6H5, 
OH or OCOCH3 group; “m” is 0, 1 or 2; and “n” is an integer 
of 1 to 6). 

[0076] The 50th aspect of the present invention is the 
method of the 49th aspect for producing the proton conduct 
ing membrane, Wherein “n” in the general formula (20) is 3. 

[0077] The 51St aspect of the present invention is the 
method of one of the 47th to 50th aspects for producing the 
proton conducting membrane, Wherein the polysul?de group 
is tetrasul?de group (iSiSiSiSi). 

[0078] The 52nd aspect of the present invention is the 
method of one of the 47th to 50th aspects for producing the 
proton conducting membrane, Wherein the polysul?de group 
is disul?de group (iSiSi). 

[0079] The 53rd aspect of the present invention is the 
method of the 26th aspect for producing the proton conduct 
ing membrane, Wherein the organic/inorganic hybrid, 
crosslinkable compound (C) and compound (F) having a 
polysul?de group are incorporated in a mixing ratio of 95:5 
to 10:90 by Weight. 

[0080] The 54th aspect of the present invention is the 
method of one of the 24th to 27th aspects for producing the 
proton conducting membrane, Wherein a crosslinking agent 
(G) of hydrolyZable, metallic compound is used for the ?rst 
step. 

[0081] The 55th aspect of the present invention is the 
method of the 54th aspect for producing the proton conduct 
ing membrane, Wherein the crosslinking agent (G) is of a 
compound represented by the general formula (21): 

(21) 
OR6 

Wherein, R6 is CH or C H rou ; and “m” is an inte er of 3 2 5 g p g 

1 to 300). 

[0082] The 56th aspect of the present invention is the 
method of the 54th aspect for producing the proton conduct 
ing membrane, Wherein the crosslinking agent (G) is of a 
hydrolyZable, metallic compound having h, Zr or A1. 

[0083] The 57th aspect of the present invention is the 
method of the 27th aspect for producing the proton conduct 
ing membrane, Wherein the compound (H) having a halogen 
group is represented by the general formula (22): 
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(22) 
(R6)TSi—R12 

(114)". 

(wherein, R12 is a molecular chain group having at least one 
halogen group; R4 is methyl, ethyl, propyl or phenyl group; 
R6 is C1, or OCH3, OC2H5, OC6H5, OH or OCOCH3 group; 
and “m” is 0, 1 or 2). 

[0084] The 58th aspect of the present invention is the 
method of the 57th aspect for producing the proton conduct 
ing membrane, Wherein the compound (H) having a halogen 
group is represented by the general formula (23): 

(114)". 

(Wherein, R4 is methyl, ethyl, propyl or phenyl group; R6 is 
C1, or OCH3, OC2H5, OC6H5, OH or OCOCH3 group; X is 
Cl, Br or I; “n” is an integer of1 to 20; and “m” is 0, 1 or 

2). 

[0085] The 59th aspect of the present invention is the 
method of the 27th aspect for producing the proton conduct 
ing membrane, Wherein the organic/inorganic hybrid, 
crosslinkable compound (C) and compound (H) having a 
halogen group are incorporated in a mixing ratio of 9:1 to 
1:9 by Weight. 

[0086] The 60th aspect of the present invention is the 
method of one of the 24th to 27th aspects for producing the 
proton conducting membrane, Wherein a step for aging at 
100 to 3000 C. is included as a post-treatment step. 

[0087] The 61St aspect of the present invention is the 
method of one of the 24th to 27th aspects for producing the 
proton conducting membrane, Wherein the short ?brous 
material (I) is incorporated in the mixture in the ?rst step, 
When it is incorporated as the ?brous material (I) to be 
composited With the proton-conducting membrane. 

[0088] The 62nd1 aspect of the present invention is the 
method of one of the 49th to 60th aspects for producing the 
proton conducting membrane, Wherein the long ?brous 
material (K) is loaded in the second step With the mixture 
obtained in the ?rst step, When it is incorporated as the 
?brous material (I) in the form of sheet to be composited 
With the proton-conducting membrane. 

[0089] The 63rd aspect of the present invention is a fuel 
cell Which uses the proton conducting membrane of one of 
the ?rst to 23m1 aspects. 

BRIEF DESCRIPTION OF THE DRAWING 

[0090] FIG. 1 is a voltage-current curve for illustrating the 
output produced by the fuel cell of the present invention. 
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BEST MODE FOR CARRYING OUT THE 
INVENTION 

[0091] The present invention is described in detail for each 
aspect. 

1. Structure of the Proton-Conducting Membrane 

[0092] The proton-conducting membrane of the present 
invention has a crosslinked structure. By contrast, the con 
ventional proton-conducting membrane of ?uorine-based 
resin or polymeric material With an aromatic molecular 
structure in the main chain has no such a structure. As a 
result, a proton-conducting membrane of the conventional 
polymeric material is structurally changed signi?cantly at 
high temperature due to the creep phenomenon or the like. 
Therefore, a fuel cell Which uses the membrane exposed to 
high temperature is operationally unstable. 

[0093] For example, a Na?on® (Du Pont) membrane, 
Which represents the ?uorine-based resin membranes, is 
greatly sWollen under a Wet condition to lose strength, 
although strong and ?exible under a dry condition. A mem 
brane Which shoWs a signi?cantly increased siZe under a Wet 
condition from that under a dry condition causes various 
problems, e.g., di?iculty in making a membrane-electrode 
assembly (sometimes referred to as MEA), and possible 
failure of the membrane or MEA While the fuel cell is 
Working, because the membrane invariably expands or con 
tracts under changed temperature and humidity conditions 
Within the fuel cell as a result of the changed operational 
conditions. Moreover, failure of the membrane is possibly 
caused not only by the dimensional change but also by a 
differential pressure produced Within the cell, because of its 
decreased strength under a Wet condition. 

[0094] When exposed to high temperature, e.g., around 
150° C., for extended periods, the membrane Will become 
jelly-like and useless for a fuel cell, because it greatly loses 
its strength and is itself broken. Even at around 1200 C., the 
creep phenomenon occurs to modify it into a sWollen state 
and greatly decrease its strength. Once modi?ed, it Will 
become hard and fragile When dried under changed operat 
ing conditions of the fuel cell. This possibly causes its failure 
and cracking, and eventually failure of the membrane 
electrode assembly itself. These phenomena can similarly 
occur in the case of the membrane With an aromatic molecu 
lar structure in the main chain. 

[0095] HoWever, these problems can be solved by intro 
ducing a crosslinked structure in the membrane. In other 
Words, the membrane having a crosslinked structure at a 
su?icient crosslinking density Will no longer undergo sig 
ni?cant changes in siZe and hence in strength under dry and 
Wet conditional cycles. 

[0096] The crosslinked structure can be formed by incor 
porating, e.g., epoxy, crosslinkable acrylic, melamine or 
unsaturated polyester resin. HoWever, such a crosslinked 
structure is not su?iciently stable for extended periods for a 
fuel cell membrane, Which is exposed to high temperature 
and humidity under a strongly acidic condition resulting 
from the presence of proton. 

[0097] On the other hand, a metal-oxygen bond is stable 
under strongly acidic and high temperature/humidity con 
ditions, and can be suitably used for the crosslinked structure 
Within a fuel cell membrane. These bonds include silicon 
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oxygen, aluminum-oxygen, titanium-oxygen and Zirconium 
oxygen bonds, of Which silicon-oxygen bond is particularly 
preferable because it can be easily obtained and is inexpen 
sive. 

[0098] The crosslinked structure for the proton-conduct 
ing membrane of the present invention is mainly formed by 
silicon-oxygen bond. HoWever, the other metal-oxygen 
bonds may be used, so long as they make no sacri?ce of the 
cost and easiness of the production process. Moreover, 
silicon-oxygen bond may be used in combination With 
phosphorus-oxygen or boron-oxygen bond. When silicon 
oxygen bond is used in combination With another metal 
oxygen bond, the ratio of silicon to the other metal in the 
crosslinked structure is generally 50% by mol or more per 
100% by mol of the total metallic atoms, although not 
determined sWeepingly. 

2. Organic/Inorganic Hybrid Structure (A) 

[0099] An organic/inorganic hybrid structure (A) 
covalently bonded to 2 or more silicon-oxygen crosslinks 
and containing carbon atom is used as the basic crosslinked 
structure for the proton-conducting membrane of the present 
invention. 

[0100] Proton-conducting membranes including a silicon 
oxygen bond have been studied for fuel cells. Each of these 
membranes is produced by the sol-gel process involving 
hydrolysis/condensation using tetraethoxy or tetramethoxy 
silane as the starting material. For example, the process 
proposed by Minami et al., described earlier, gives a proton 
conducting membrane durable to high temperature (Solid 
State Ionics, 74 (1994), P. 105). 

[0101] HoWever, the sol-gel process involving only an 
inorganic material gives a glassy, hard, fragile membrane. A 
proton-conducting membrane is generally produced to have 
a thickness of 100 um or less. A glassy, fragile membrane 
100 pm or less in thickness Will be easily cracked, When it 
is assembled With an electrode, incorporated in a fuel cell or 
Working in the fuel cell. It is therefore di?icult to use such 
a membrane for a fuel cell. It is in itself di?icult to produce 
a defect-free membrane having a su?icient siZe (e.g., 10 
square inches) to be assembled into a fuel cell. 

[0102] Compositing With a ?exible structure is effective 
for overcoming these fragility-related problems. Some fuel 
cell membranes include a crosslink of oxygen With a mono 
or di-alkyl-substituted silicon, produced from methyltri 
ethoxy silane or the like as the starting compound having an 
alkyl-substituted, hydrolyZable silyl group, noting heat 
resistance of an inorganic material and attempting to impart 
?exibility of an organic material to the membrane. 

[0103] For example, Poinsignon et al. propose a process 
for condensing benZyltriethoxysilane, n-hexyltriethoxysi 
lane or triethoxysilane (Electrochimica Acta, 37 (1992), P. 
1615). It is reported that the membrane produced by this 
process, although having ?exibility to some extent, is 
soluble in Water, When benZyltriethoxysilane, for example, is 
sulfonated, because of greatly reduced substantial crosslink 
ing density. They attempt to further incorporate the 
crosslinked structure to prevent the above problem. HoW 
ever, the resultant membrane becomes fragile, and fails to 
achieve originally intended ?exibility. In other Words, it is 
impossible to produce a ?exible membrane When an alkyl 
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or aryl-substituted silicon-oxygen crosslinked structure has 
the crosslink only at one terminal. 

[0104] On the other hand, the proton-conducting mem 
brane of the present invention includes the organic/ inorganic 
hybrid structure (A), described above, as the basic 
crosslinked structure. The membrane including such a com 
pound can have adjusted membrane properties, beginning 
With ?exibility, by designing the molecular structure 
betWeen the crosslinked structures. Fuel gas barrier capacity 
as one of the important properties for a fuel cell membrane 
can be adjusted by controlling crosslinking density and 
structure. 

[0105] The concrete structure of the organic/inorganic 
hybrid structure (A) is described. 

[0106] First, the structures having 3 or more crosslinked 
sites are described. These are some of the examples Which 
can be easily obtained commercially or synthesiZed, and the 
present invention is by no means limited them. The term 
“crosslinkable silyl group” described herein is a silicon 
oxide group bonded to a crosslinking group via a covalent 
bond. For example, those having 3 crosslinked sites include 
1,3,5-tris (crosslinkable silylethyl)-2,4,6-trimethyl benZene, 
tris (p-crosslinkable silylpropylphenyl)amine and tris 
(p-crosslinkable silylpropyl)isocyanurate. The hydrolyZable 
silyl compounds as the starting materials for these com 
pounds are supplied by Gelest, Inc. 

[0107] Moreover, for l,2,4-tri(crosslinkable si1y1ethy1)cy 
clohexane, tri(crosslinkable silylpropyl)amine and the like, 
the crosslinkable, starting compounds can be produced by 
hydrosilylation of trialkoxysilane, dialkoxyalkylsilane or 
monoalkoxydialkylsilane With a commercial reagent, e.g., 
1,2,4-trivinyl cyclohexane, triallylamine or the like (e.g., 
those supplied by Aldrich) in the presence of chloroplatinic 
acid as a catalyst. 

[0108] The crosslinkable, starting compounds can be pro 
duced by the reaction With, e.g., 3-triethoxysilylpropyliso 
cyanate or the like for those having 3 hydroxyl or amino 
groups in the molecular structure, and by the reaction With, 
e.g., 3-triethoxysilylpropylamine for those having a reactive 
group, e.g., isocyanate, in the molecular structure. 

[0109] Next, those having 4 crosslinked sites include 
tetrakis(crosslinkable silylpropyl)silane and tetrakis 
(crosslinkable silylethyl)silane, for Which the starting mate 
rials can be easily produced by the similar hydrosilylation of 
corresponding tetraallylsilane (Gelest, Inc.) and tetravinyl 
silane (Aldrich) as the commercial products. In other Words, 
it is suf?ciently possible to synthesiZe the other structures 
having 3 or 4 crosslinked sites. Moreover, those having 5 or 
more crosslinked sites can be also synthesiZed by use of the 
so-called dendrimer or the like as the starting material. The 
still other examples include those structures from a starting 
material having a hydrolyZable silyl group in the polymeric 
side chain. Those having 2 or more hydrolyZable silyl 
groups in the straight-chain or cyclic siloxane side chain 
may be also used. 

[0110] Those having 2 crosslinked sites in the molecular 
chain include the structures having a crosslinkable silyl 
group in the middle of the molecular chain. Those repre 
sented by the general formula (1) are more preferable for 
their availability: 
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(112)“ (112)“ 

(Wherein, X is an 40* bond or OH group involved in the 
crosslinking; R1 is a carbon-containing group of l to 50 
carbon atoms; R2 is methyl, ethyl, propyl or phenyl group; 
and “n” is an integer of 0, l or 2). 

[0111] Some of the crosslinkable precursors for these 
structures are commercially available and directly used. 
They can be synthesiZed from those precursors having an 
unsaturated bond by hydrosilylation of the corresponding 
silyl compounds. They can be similarly synthesiZed When 
the precursors have hydroxyl, amino group or the like. 

[0112] Popall et al. propose a similar system, Which is a 
coating material With a silicon-oxygen crosslink at one 
terminal and another crosslink With epoxy or methacrylic 
group at the other terminal (Electrochimica Acta, 43 (1998), 
P. 1301). These crosslinked structures, hoWever, have the 
ether or ester bond amenable to hydrolysis under the high 
temperature/humidity and strongly acidic conditions pro 
duced While the fuel cell is Working, the former bond being 
produced by the epoxy crosslinking and the latter left by the 
methacrylic bond crosslinking. The crosslinked structure 
should be highly resistant to acid and heat, e.g., that formed 
by a crosslinking group such as SiiO, like the one used for 
the present invention, to be used for a fuel cell. The mixed 
system of organic and inorganic crosslinks proposed by 
Popall et al. is intended for a patterning material but not for 
a fuel cell membrane. The one for a patterning material is 
similar to that for a fuel cell, but technically quite different, 
because of different objects and functions. 

[0113] X in the general formula (1) is a bond involved in 
the crosslinking or silanol group Which can be involved in 
the crosslinking. Number of the bonds or groups in the 
structure is 3, 2 or 1 (i.e., “n” is 0, l or 2). 

[0114] R1 is a carbon-containing group for controlling 
membrane properties, e.g., ?exibility. The membrane Will be 
hard and fragile When it contains no carbon atom. It Will be 
insu?iciently crosslinked and suf?cient heat resistance Will 
be no longer expected, When the chain has more than 50 
carbon atoms. 

[0115] The preferred embodiments of R1 include hydro 
carbon groups. R1 may contain a hetero atom, but may be 
decomposed When exposed to an acid or heat. By contrast, 
a hydrocarbon compound is resistant to an acid, and very 
stable. The hydrocarbons include alkylene and aromatic 
containing chains. 

[0116] Of these, particularly preferable ones include 
straight-chain molecular chains composed of polymethylene 
chain free of branch or the like. They are represented, e.g., 
by the general formula (3): 

(Wherein, n is an integer of l to 30). 
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[0117] When R1 is branched, for example, the methine 
hydrogen in the branch may be pulled out by an active 
radical or the like produced While the fuel cell is Working to 
cut the bond Which connects the crosslinks to each other. 
When it contains an aromatic compound, mainly the benZyl 
site may become an active site to trigger decomposition or 
another reaction, to possibly deteriorate stability of the 
membrane. Rl containing a hydrocarbon compound having 
an aromatic ring is more stable than that having a hetero 
atom, but possibility of decomposition cannot be ruled out 
When the fuel cell Works for extended periods. 

[0118] By contrast, when R1 is a straight-chain polymeth 
ylene chain, it makes the structure stable to attacks by an 
acid, radical or the like. Such a structure is suitable for a 
heat-resistant fuel cell membrane. The straight-chain poly 
methylene chain is not only stable but also of ?exible 
structure, and can impart adequate ?exibility to the mem 
brane. Therefore, the membrane can be adjusted for dense 
ness, the adjustment mainly achieved by molecular length of 
the polymethylene chain. 

[0119] Various types of bis(hydrolyZable silyl) polymeth 
ylene are knoWn to serve as the starting compounds for 
introducing the Si4O crosslinks into the polymethylene 
chain at both terminals. The polymethylene of ethylene, 
hexamethylene, octamethylene, and nonamethylene are 
commercialized by Gelest, Inc. Moreover, the starting com 
pounds with R1 corresponding to tetramethylene, decameth 
ylene, tetradecamethylene, hexadecamethylene or docosam 
ethylene can be easily produced by hydrosilylation of the 
corresponding compound With unsaturated bonds at both 
terminals, e.g., 1,3-butadiene, 1,9-decadiene, l,l3-tet 
radecadiene, l,l5-hexadecadiene or 1,2l-docosadiene. Any 
polymethylene chain can be synthesiZed, so long as it has 30 
carbon atoms or less. 

[0120] The polymethylene having a molecular length of l 
to 30 can give the membrane Which satis?es all of the 
properties of heat resistance, ?exibility and fuel gas barrier 
characteristics. The membrane tends to be more ?exible as 
methylene molecular chain length increases, and tougher as 
it decreases, although not sWeepingly generaliZed, because 
these properties are also affected by number of the crosslink 
ing groups. Of these polymethylenes, those having the 
structure With 8 methylenes connected in series, represented 
by the general formula (4), are more preferable for their 
availability: 

(Wherein, X is an 40* bond or OH group involved in the 
crosslinking; and “n” is an integer of 0, l or 2). 

[0121] Those polymethylene structures With the Si4O 
crosslinks at both terminals are very stable and useful as the 
basic crosslinked structures for proton-conducting mem 
branes for fuel cells. 

[0122] Like a polymethylene, a siloxane compound is also 
useful for R1 in the general formula (1), because it is high in 
resistance to heat and acid and can give a ?exible membrane. 
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The siloxane compound has the SiiO bond in the main 
chain and an organic group, e.g., alkyl group, in the side 
chain. 

[0123] The siloxane compound may have a branched or 
cyclic structure, or the like, but is particularly preferably of 
straight-chain structure for its high ?exibility. These 
straight-chain siloxane compounds have a structure repre 
sented by the general formula (5): 

(Wherein, R5 and R6 are each methyl, ethyl, propyl or phenyl 
group, Which may be the same or different; and n is an 

integer of l to 20). 

[0124] R5 and R6 are generally methyl group for the 
dimethyl siloxane structure. HoWever, those having ethyl, 
propyl or phenyl group to increase solubility can be also 
suitably used. These siloxane compounds can be produced 
from those having alkoxysilyl, silanol, halogenated silyl or 
silanolate group at the corresponding siloxane terminal as 
the starting compounds, Which are commercialized by, e.g., 
Gelest, Inc. 

[0125] The siloxane compound With silanol group at the 
terminal may be reacted With tetraethoxysilane, tetraacetox 
ysilane or hydrolyZable metallic compound of Ti, Zr, Al or 
the like, to be more crosslinkable beforehand. 

[0126] The structure of the straight-chain siloxane With the 
SiiO crosslink at the terminal is very stable and useful as 
the basic crosslinked structure for proton-conducting mem 
branes for fuel cells. 

[0127] The organic/inorganic hybrid structure (A) may be 
composed of 2 or more structure types. For example, it may 
be a mixture of organic/inorganic hybrid structure having a 
hydrocarbon compound and that having a siloxane com 
pound. Such a mixture can be adjusted for crosslinking 
density or the like by the composition, and hence for 
membrane ?exibility, gas barrier characteristics or the like. 
The membrane properties can be also adjusted by mixing 
organic/ inorganic hybrid structures of different organic 
chain length, crosslinking group number, substituent type or 
the like. 

3. Structure (B) Containing Acid Group 

[0128] A proton-conducting membrane for fuel cells is 
generally required to e?iciently conducting proton. Proton 
conducting e?iciency of the membrane basically depends on 
proton concentration in the membrane, content of the con 
ducting medium (e.g., Water) and proton mobility, although 
varying to some extent depending on the conducting mecha 
nism involved. In other Words, it is preferable that proton is 
present at a high concentration in the membrane. For proton 
to be present at a high concentration in the membrane, it is 
necessary to distribute acid groups as much as possible in the 
membrane. 
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[0129] When the acid group is extracted and released out 
of the membrane in the presence of Water supplied to the fuel 
cell or of Water or the like produced While the fuel cell is 
Working, proton concentration in the membrane decreases to 
deteriorate its proton conductivity. Therefore, some mea 
sures are preferably taken to securely hold the acid in the 
membrane stably for extended periods, e.g., by covalently 
bonding the acid instead of ionic interactions. Na?on®, for 
example, contains sulfonic acid via covalent bond, and it is 
knoWn that the sulfonic acid group itself is stably kept in the 
membrane for extended periods, although the membrane 
may be deteriorated by the creep phenomenon. 

[0130] In the proton-conducting membrane of the present 
invention, a compound containing an acid group is bound to 
the silicon-oxygen crosslink via covalent bond. More spe 
ci?cally, proton conductivity of the membrane can be stably 
secured for extended periods by strongly binding the acid to 
the organic/inorganic hybrid structure (A) as the basic 
structure for the membrane. The present invention is par 
ticularly characterized by combining the acid-containing 
structure (B) With the organic/ inorganic hybrid structure (A), 
Which can impart heat resistance and ?exibility to the 
membrane. As a result, the membrane is resistant to heat and 
good in membrane properties, e.g., ?exibility, and stably 
holds the acid. 

[0131] The structure (B) containing an acid group is not 
limited, so long as it has an acid group and is bound to the 
crosslinked structure in the membrane via the Si4O bond. 

[0132] HoWever, it has preferably a structure by the gen 
eral formula (2): 

(2) 

(wherein, X is an 40* bond or OH group involved in the 
crosslinking; R3 is a molecular chain group having at least 
one acid group; R4 is methyl, ethyl, propyl or phenyl group; 
and “m” is an integer of 0, 1 or 2). 

[0133] R3 has at least one acid group and is bound to the 
crosslinking group via a covalent bond. Various acid groups 
are useful for the present invention. For example, they 
include sulfonic, phosphonic, carboxylic, sulfuric, phospho 
ric and boric acid, of Which sulfonic acid is particularly 
preferable, because it has a loW pKa value, can secure proton 
in the membrane at a suf?ciently high concentration and is 
thermally stable. 

[0134] When the acid group is sulfonic acid, R3 preferably 
has a structure represented by the general formula (6): 

(Wherein, n is an integer of 1 to 20). 

[0135] The structure betWeen sulfonic acid and 
crosslinked structure is not limited, but should be excellent 
in resistance to heat, acid and oxidation among others for the 
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object of the present invention. The polymethylene chain 
represented by the general formula (6) is one of the struc 
tures Which satisfy the above requirements. In the structure 
represented by the general formula (6), the polymethylene 
chain is not branched, and the sulfonic acid group is present 
at the terminal of the polymethylene chain. 

[0136] When the polymethylene chain is branched, the 
methine structure in the branch is amenable to oxidation or 
radical reaction, With the result that sulfonic acid may be 
released out of the membrane. When sulfonic acid is present 
in the polymethylene chain not at the terminal but in the 
middle, the portion bound to sulfonic acid may be methine 
structured, With the result that sulfonic acid may be similarly 
eliminated/released by oxidation or the like. 

[0137] Moreover, the structure in Which sulfonic acid is 
bound to the crosslinked structure is preferably free of 
aromatic ring. An aromatic ring is easily sulfonated. For 
example, Poinsignon et al. prepare a structure in Which 
sulfonic acid is directly incorporated in the benZene ring by 
forming a crosslinked structure of benZyl trialkoxysilane 
beforehand and then sulfonating the structure (Electro 
chimica Acta, 37 (1992), P. 1615, cited before). HoWever, 
direct sulfonation of an aromatic compound involves a 
disadvantage that sulfonic acid is easily eliminated from the 
structure, although is easily synthesiZed. In other Words, 
such a structure is easily desulfonated When exposed to high 
temperature/humidity conditions associated With operation 
of a fuel cell, for Which the membrane of the present 
invention is developed, to lose conductivity. It is knoWn that 
sulfone group is prepared from an aromatic ring via several 
methylene chains by addition of an adequate compound, 
e.g., 1,3-propane sulfone, instead of direct sulfonation 
(Ogata et al., Polymer Preprint, Japan, 46 (1997), P. 1867). 
In this case, hoWever, methylene adjacent to the aromatic 
ring may become an active site (the so-called benZyl site) to 
cause elimination of the acid by decomposition or the like 
originating from the benZyl site. This can greatly reduce 
proton conductivity at a high possibility. Therefore, it is not 
suitable for the acid-bound structure for the present inven 
tion. 

[0138] Based on the above considerations, the optimum 
structure of the structure (B) containing an acid group for the 
present invention is represented by the general formula (6), 
Where the one having a silicon atom directly bound to 
sulfone group (i.e., “n” is 0) is amenable to hydrolysis and 
hence unsuitable for the present invention. On the other 
hand, the one having “n” larger than 20 is also undesirable, 
because it gives a membrane of insufficient crosslinking 
density. Therefore, “n” is in the range from 1 to 20, prefer 
ably 1 to 12. 

[0139] Of these structures, the one having “n” of 3 is 
particularly preferable because it is easily obtained; 3-trihy 
droxysilylpropylsulfonic acid, Which can be used as the 
starting material, is commercialized by Gelest, Inc., and the 
synthesis process using allyl bromide as the starting com 
pound is already established. 

4. Ratio of the Organic/Inorganic Hybrid Structure (A) to the 
Acid-Containing Structure (B) 

[0140] The ratio of the organic/inorganic hybrid structure 
(A) to the acid-containing structure (B) is not limited, so 
long as it is in the range de?ned for satisfying the required 



US 2007/0213495 A1 

heat resistance, ?exibility and proton conductivity of the 
membrane. Generally speaking, at an insu?icient content of 
the organic/inorganic hybrid structure (A), su?icient ?ex 
ibility and heat resistance of the membrane cannot be 
achieved. Moreover, the membrane may not be self-sustain 
ing. At an insu?icient content of the acid-containing struc 
ture (B), on the other hand, the membrane may have a very 
loW proton conductivity. 

[0141] The (A)/ (B) ratio is normally in a range from 1:9 to 
9:1, although varying depending on structure of each struc 
ture and process by Which the membrane is produced. 

5. Fibrous Material (1) 

[0142] The proton-conducting membrane of the present 
invention has a three-dimensional silicon-oxygen structure. 
It is resistant to heat, sWells and contracts to a limited extent 
With changed humidity, and is tough. HoWever, it may be 
fragile When made into a thin ?lm, and may be incorporated 
With a reinforcing agent. The reinforcing agent useful for the 
present invention is not limited, so long as it does not 
prevent proton conduction and exhibits an effect of rein 
forcing the membrane. It may be in the ?brous, ?bril or 
porous membrane form. The reinforcing agents are repre 
sented by the ?brous material (I). 

[0143] The ?brous material (I) should be resistant to high 
temperature and acid concentration Within a fuel cell. Those 
suitably used for the present invention include ?uorine resin 
represented by polytetra?uoroethylene, cyclic polyole?n 
resin, high-molecular-Weight polyole?n and inorganic mate 
rials, e.g., glass as the materials resistant to these severe 
environments. 

[0144] Of these, ?uorine resin is particularly preferable as 
a reinforcing agent for the proton-conducting membrane of 
the present invention for its high chemical stability. Those 
?uorine resins useful for the ?brous material for the present 
invention include TomoegaWa Paper’s P-50. Moreover, 
porous membranes, e.g., Advantech’s H020A142C and 
Nihon Millipore’s membrane ?lter JG, are also useful. These 
?uorine materials may not be alWays adhesive securely to a 
proton-conducting material. Therefore, they may be surface 
treated, as required, by a Wet process With a silane coupling 
agent, or dry process, e.g., corona or plasma treatment. 

[0145] The glass ?ber material is highly adhesive to the 
organic/inorganic hybrid structure (A) and acid-containing 
structure (B). Silanol group, When left on the glass ?ber 
surfaces, can react With the structures (A) and (B), to make 
the glass ?bers highly fast adhesive to the structures (A) and 
(B). Therefore, it brings a desirable effect for the present 
invention. 

[0146] Alkali- or acid-resistant glass is more preferable 
than common E glass for the ?brous material, because it is 
more resistant to acid, Which is present at a high concen 
tration Within a fuel cell. 

[0147] Glass is an inorganic material generally composed 
of SiO2, B203, P205, A1203, among others, as the major 
ingredients and normally incorporated With an alkali com 
ponent, e.g., Na2O or K20, to decrease softening tempera 
ture. 

[0148] Alkali-resistant glass may be incorporated With a 
Ca2O component to prevent ?oW of alkali, and means glass 
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having a chemical formula represented by Na2O.ZrO2 
(TiO2)iSiO2. It is accepted that increasing ZrO2 content 
increases resistance to alkali. 

[0149] Acid-resistant glass preferably contains an alkali 
component, e.g., Na2O or K20, at a loWer content. For 
example, quartz glass mainly composed of SiO2, or boro 
silicate glass mainly composed of SiO2, B203 and the like 
are suitably used. 

[0150] The ?brous material (I) may morphologically fall 
into short ?brous material (J) and long ?brous material (K). 
Each is described in detail. 

[0151] The present invention may be incorporated With a 
short ?brous material (J) only, long ?brous material (K) only 
or combination thereof as the ?brous material (I). 

[0152] The ?brous material (I), When composed of glass 
or another inorganic material, can be treated at high tem 
perature or by oxidation to activate the surface. This surface 
treatment is preferable for the present invention, because it 
improves its adhesion to the organic/inorganic hybrid struc 
ture (A) and acid-containing structure (B). 

[0153] The ?brous material may be also treated With a 
silane coupling agent, Which can be selected from the 
commercial products in consideration of its adhesion to the 
organic/inorganic hybrid structure (A) and acid-containing 
structure (B). 

[0154] The suitable silane coupling agent contains an acid 
group and can impart proton conductivity to the ?brous 
material (1) surface. These silane coupling agents include 
3-trihydroxysilylpropanesulfonic acid. The ?brous material 
(I) may be also treated for silane coupling With a sulfur 
containing compound, e.g., 3-mercaptopropyltriethoxysi 
lane and then for oxidation, or treated With a halogenated 
silane coupling agent, e.g., 3-bromopropyltriethoxysilane 
and then treated to substitute the halogen group by sulfurous 
acid. The other common treatment methods With a silane 
coupling agent include drying and/or baking a mixture of 
alkoxysilane or halogenated silane and the ?brous material 
(I) after hydrolyZing the former to be compatible With the 
latter. 

5.1 Short Fibrous Material (J) 

[0155] The short ?brous material (J) is 1 to 1000 um long, 
preferably 5 to 100 um long. 

[0156] The short ?brous material (J) is preferably in the 
form of short glass ?bers (M) or Whiskers (L). The short 
glass ?bers (M) can be produced from glass ?bers by an 
adequate method, e.g., crushing. 

[0157] The Whiskers (L) are ?ne ?bers of crystalline 
structure, and used for reinforcing the membrane to prevent 
cracking. The Whi skers preferably have dimensions of diam 
eter: 0.1 to 3 pm, length: 1 to 20 um and aspect ratio: 5 to 
100, more preferably 10 to 50. When excessively ?ne, the 
Whiskers Will agglomerate With each other, and di?icult to 
handle. When excessively coarse, they may not fully exhibit 
the reinforcing effect. The materials for the Whiskers (L) 
include boron carbide, silicon carbide, alumina, aluminum 
borate, silicon nitride and K2O.6TiO2. The reinforcing agent 
preferably has a functional group (e.g., OH group), on the 
surface, Which can trigger the silane coupling reaction, to 
have improved adhesion to the hardenable material Which 
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forms the silicon-oxygen bond. The Whiskers (L) can have 
an activated surface When treated for oxidation on the 
surface. 

[0158] When excessively incorporated, the Whiskers (L) 
may not be dispersed sufficiently to possibly cause excessive 
permeation of the gas, and may decrease conductivity of the 
membrane. When incorporated insufficiently, they may not 
fully exhibit their effect. Therefore, they are incorporated at 
l to 75 parts by Weight per 100 parts by Weight of the 
organic/inorganic hybrid structure (A) and acid-containing 
structure (B) totaled. 

[0159] The most simple method to incorporate the short 
?brous material (J) into the proton-conducting membrane is 
mixing it With the organic/ inorganic hybrid structure (A) and 
acid-containing structure (B) While the starting solution of 
these structures are prepared. They are preferably mixed by 
a homogeniZer or ball mill, to strongly agitate them to 
prevent agglomeration. The mixture is preferably used 
immediately after it is prepared to prevent separation, or else 
treated to have a certain viscosity to prevent the mixture 
from being easily separated. 

5.2 Long Fibrous Material (K) 

[0160] The long ?brous material (K) is preferably 10 mm 
long or more and continuous, vieWed from the reinforcing 
effect. 

[0161] The preferable materials for the long ?brous mate 
rial include ?uorine resin represented by polytetra?uo 
roethylene, and glass, in particular glass, for their excellent 
adhesion to the crosslinked structure (A). 

[0162] The glass ?bers are preferably, in particular, 10 mm 
long or more and continuous, vieWed from the reinforcing 
effect. They are also preferably 3 to 20 um in diameter, more 
preferably 9 to 13 pm. When ?ner than 3 pm, they tend to 
be scattered into air. Moreover, it is accepted that they can 
easily enter the blood tubes to injure human health. The 
?bers having a diameter larger than 20 um are extremely 
stimulus to the human skin, and are not Well distributed in 
the paper-making step, Which is later described, to cause an 
uneven distribution. 

[0163] The short glass ?bers can be Well dispersed When 
mixed and agitated With the starting materials for the struc 
tures (A) and (B). HoWever, the long glass ?bers may not be 
evenly distributed in the proton-conducting membrane of the 
present invention, unless they are dispersed beforehand in 
the form of thin ?lm. The glass ?ber forms are described in 
detail. 

[0164] The proton-conducting membrane of the present 
invention is normally 10 to 300 pm thick, preferably 30 to 
100 um thick. 

[0165] The membrane thinner than 10 um may be insuf 
?ciently durable and tends to suffer defects, e.g., pinholes. 
The one thicker than 300 um has excessively high resistance 
to conduction, and is also unsuitable for fuel cells as an 
electrolytic membrane. 

[0166] The glass ?bers for the proton-conducting mem 
brane fall into 3 types in consideration of the limitation of 
membrane thickness; Woven fabric, non-Woven fabric and 
glass ?ber paper made by a paper-making process. Of these, 
Woven and non-Woven fabric can be selected, When the glass 
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?bers are used as the continuous ones. The fabric is prefer 
ably of a type Which can use continuous ?bers in order to 
exhibit a sufficient strength in the form of thin ?lm. 

[0167] The Woven fabrics may be square, diagonal, Turk 
ish satin, gauZe elastic, and leno Weaves, among others, of 
Which a square Weave is particularly preferable for the 
present invention to prevent elongation of the membrane. 
The square Weave is preferably not excessively tight to 
reduce its effect of blocking proton conductance in the 
membrane, because the ion conductance passages may be 
blocked in an excessively tight membrane. A fairly coarse 
Weave, e.g., that of yarns thinned out on every other yarn, is 
preferable. Such a Weave is referred to as thirled, square 
Weave in the present invention. 

[0168] The square Weave structure is de?ned by yam 
count and density (pitch), among others. The folloWing 
structure is preferable for the proton conducting membrane 
of the present invention. 

[0169] The yarn is a bundle of 50 to 1000 tWisted glass 
?bers, and its count is represented by Tex having a unit of 
mass (g) per 1000 m. Its count is preferably 3 to 50 Tex. The 
?ner yarn is more easily cut in the production process, 
although shoWing better properties. The yarn thicker than 50 
Tex is dif?cult to make the base on the thin ?lm suitable for 
the proton conducting membrane. 

[0170] Weave density, Which is referred to as count den 
sity or pitch, means number of the yams per 25 mm Width. 
The Weave of loW density cannot exhibit the reinforcing 
e?fect su?iciently. Conversely, Weave density is limited by 
?neness of the yarn. The Weave preferably has a density of 
40 to 200 yarns/25 mm Width. 

[0171] Thickness of the square Weave is essentially deter 
mined by the above speci?cations, 20 to 100 um based on 
the above speci?cations. 

[0172] Density (mass per unit area), Which is related to 
thickness, is normally 10 to 50 g/m2, preferably 15 to 25 
g/m for the same reasons described above. 

[0173] The long ?brous material (K) cannot directly form 
a uniform composite structure, even When mixed beforehand 
With the starting materials for the organic/inorganic hybrid 
structure (A) and acid-containing structure (B), unlike the 
short ?brous material (J). Therefore, it preferably has a 
speci?c shape (sheet) before it is incorporated. 

[0174] The long ?brous material (K), to be incorporated to 
form a composite structure, is preferably loaded With a 
starting mixture of the organic/inorganic hybrid structure 
(A) and acid-containing structure (B). It may be loaded by 
pressing or the liquid, starting mixture on the sheet, or 
rolling. The loading method can be optionally selected from 
the knoWn, simple ones. 

[0175] The loading methods are described above for glass 
?bers. HoWever, the similar methods are applicable to the 
other ?brous materials, e.g., those composed of ?uorine 
resin, cyclopolyole?n resin or high-molecular-Weight poly 
ole?n resin. 

6. Other Additives 

[0176] The proton conducting membrane of the present 
invention can exhibit its intended performance so long as it 
satis?es the requirements of simultaneously containing (a) 
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an organic/inorganic hybrid structure (A) covalently bonded 
to 2 or more silicon-oxygen crosslinks and having a carbon 
atom, and (b) an acid containing structure (B) having an acid 
group, covalently bonded to a silicon-oxygen crosslink and 
having an acidic group. HoWever, it may be further incor 
porated With another additive Within limits not harmful to its 
performance. 
[0177] These additives include the folloWing i) to iv): 

[0178] i) hydrophilic, polymeric compound, to impart 
hydrophilicity to the membrane, 

[0179] ii) ?nely poWdered metallic oxide, such as silica, to 
impart Water retentivity to the membrane, 

[0180] iii) reinforcing agent composed of glass or the like 
of ?bril or ?brous structure, to be used as the membrane 
base, the reinforcing agent is described earlier, and 

[0181] iv) auxiliary acid, or salt, ester or amide structure 
to improve conductivity of the membrane. 

[0182] The membrane may be also dispersed With a cata 
lyst, e.g., platinum, although necessity therefore varies 
depending on electrode structure or the like. 

[0183] Content of these additives is not limited so long as 
it is not harmful to performance of the membrane. HoWever, 
content of the total additives is preferably 50% or less by 
Weight based on the total membrane Weight, although not 
sWeepingly generaliZed, because content not harmful to the 
performance greatly varies additive by additive. 

7. Method for Producing the Proton Conducting Membrane 

[0184] The proton conducting membrane of the present 
invention can be produced by various methods, and the 
method is not limited. For examples, the major methods 
include the folloWing four types (hereinafter referred to the 
?rst to fourth methods): 

1) First Method 

[0185] First step: Preparing a mixture containing an 
organic/inorganic hybrid, crosslinkable compound (C) and 
compound (D), the former having 2 or more crosslinkable 
silyl groups and carbon atoms each being bonded to the silyl 
group via the covalent bond and the latter having a crosslink 
able silyl group and acid group. 

[0186] Second step: Forming the above mixture into a 
?lm. 

[0187] Third step: HydrolyZing/condensing or only con 
densing the hydrolyZable silyl group contained in the mix 
ture formed into the ?lm to form a crosslinked structure. 

2) Second Method 

[0188] First step: Preparing a mixture containing an 
organic/inorganic hybrid, crosslinkable compound (C) and 
compound (E), the former having 2 or more crosslinkable 
silyl groups and carbon atoms each being bonded to the silyl 
group via the covalent bond and the latter having a crosslink 
able silyl group and mercapto group. 

[0189] Second step: Forming the above mixture into a 
?lm. 

[0190] Third step: HydrolyZing and condensing the hydro 
lyZable silyl group contained in the mixture formed into the 
?lm to form a crosslinked structure. 
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[0191] Fourth step: OxidiZing the mercapto group in the 
crosslinked structure obtained in the third step into sulfonic 
acid. 

3) Third Method 

[0192] First step: Preparing a mixture containing an 
organic/inorganic hybrid, crosslinkable compound (C) and 
compound (F), the former having 2 or more crosslinkable 
silyl groups and carbon atoms each being bonded to the silyl 
group via the covalent bond and the latter having a crosslink 
able silyl group and polysul?de group. 

[0193] Second step: Forming the above mixture into a 
?lm. 

[0194] Third step: HydrolyZing and condensing the hydro 
lyZable silyl group contained in the mixture formed into the 
?lm to form a crosslinked structure. 

[0195] Fourth step: OxidiZing the polysul?de group in the 
crosslinked structure obtained in the third step into sulfonic 
acid. 

4) Fourth Method 

[0196] First step: Preparing a mixture containing an 
organic/inorganic hybrid, crosslinkable compound (C) and 
compound (H), the former having 2 or more crosslinkable 
silyl groups and carbon atoms each being bonded to the silyl 
group via the covalent bond and the latter having a crosslink 
able silyl group and halogen group. 

[0197] Second step: Forming the above mixture into a 
?lm. 

[0198] Third step: HydrolyZing and condensing the hydro 
lyZable silyl group contained in the mixture formed into the 
?lm to form a crosslinked structure. 

[0199] Fourth step: Substituting the halogen group in the 
crosslinked structure obtained in the third step With sulfonic 
acid group. 

7.1 First Method 

[0200] This method comprises, as described above, the 
?rst step of preparing a mixture containing an organic/ 
inorganic hybrid, crosslinkable compound (C) and com 
pound (D), the forrner having 2 or more crosslinkable silyl 
groups and carbon atoms each being bonded to the silyl 
group via the covalent bond and the latter having a crosslink 
able silyl group and acid group, second step of forming the 
above mixture into a ?lm, and third step of hydrolyZing/ 
condensing or only condensing the hydrolyZable silyl group 
contained in the mixture formed into the ?lm to form a 
crosslinked structure. 

[0201] It is described in more detail for the starting 
materials and treatment conditions, among others, for these 
steps orderly. 

[0202] The ?rst method of the present invention ?rst 
prepares a mixture containing an organic/inorganic hybrid, 
crosslinkable compound (C) and acid containing compound 
(D). 
[0203] The proton conducting membrane of the present 
invention should satisfy the requirements of simultaneously 
containing (a) an organic/inorganic hybrid structure (A) 
covalently bonded to 2 or more silicon-oxygen crosslinks 
and having a carbon atom, and (b) an acid containing 
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structure (B) having an acid group, covalently bonded to a 
silicon-oxygen crosslink and having an acidic group. There 
fore, the starting materials each corresponding to the 
organic/inorganic hybrid structure (A) or acid containing 
structure (B) are used to form the crosslinked structure. 

[0204] A hydrolyzable silyl group is one of the crosslink 
ing precursors for forming the crosslinked structure. The 
hydrolyzable silyl group as the crosslinking precursor forms 
the crosslink composed of the SiiO bond by hydrolysis and 
subsequent condensation. This process is knoWn as the 
sol-gel process. 
[0205] The hydrolyzable silyl groups include alkoxysilyl 
groups With alkoxy group (e.g., methoxy, ethoxy, propoxy or 
phenoxy) directly bonded to the silicon atom, halogenated 
silyl groups With a halogen (e.g., chlorine) bonded to the 
silicon atom, and carboxylated silyl groups (e.g., acetoxy). 
Moreover, silanol and silanolate groups, Which are hydro 
lyzed beforehand, may be also used. In this case, hydrolysis 
is no longer necessary and the third step may only involve 
condensing. 
[0206] It is important for the present invention to use an 
organic/inorganic hybrid, crosslinkable compound (C) hav 
ing 2 or more crosslinkable silyl groups and carbon atoms 
each being bonded to the silyl group via the covalent bond, 
in order to form the organic/inorganic hybrid structure (A). 

[0207] The crosslinkable compounds having 3 or more 
crosslinked sites include l,3,5-tris(trichlorosilylethyl)-2,4,6 
trimethylbenzene, tr‘is(p-trichlorosilylpropylphenyl)amine 
and tris(3-trimethoxysilylpropyl)isocyanurate. They are 
commercialized by Gelest, Inc., and can be directly used as 
the crosslinkable compounds. Moreover, 1,2,4-trivinylcy 
clohexane and triallylamine (both commercialized by Ald 
rich) can be treated for hydrosilylation With trialkoxysilane, 
dialkoxyalkylsilane or monoalkoxydialkylsilane to produce 
the corresponding starting compounds. The starting com 
pounds can be also produced by the reaction With, e.g., 
3-triethoxysilylpropylisocyanate or the like for the com 
pounds having hydroxyl or amino group in the molecular 
structure, and by the reaction With, e.g., 3-tr‘iethoxysilylpro 
pylamine for those having a reactive group, e. g., isocyanate, 
in the molecular structure. 

[0208] The crosslinkable compounds having 4 crosslinked 
sites can be easily produced by the hydrosilylation of 
tetraallylsilane (Gelest, Inc.) or tetravinyl silane (Aldrich) as 
the commercial products. In other Words, it is suf?ciently 
possible to synthesize various starting compounds having 3 
or more crosslinked sites. Similarly, those having 2 or more 
crosslinkable silyl groups in the side chain of straight-chain 
or cyclic siloxane or the like can be synthesized or com 
mercially available. 
[0209] For the crosslinkable compounds having 2 
crosslinked sites in the molecular chain, the precursors 
represented by, e.g., the general formula (7) is suitably used: 

(112)“ (112)“ 

(wherein, R1 is a carbon-containing group of l to 50 carbon 
atoms; R2 is methyl, ethyl, propyl or phenyl group; R5 is C1, 
or OCH3, OC2H5, OC6H5, OH or OCOCH3 group; and “n” 
is 0, l or 2). 
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[0210] Some of the crosslinkable precursors for these 
structures are commercially available and directly used. 
They can be synthesized from the precursor having the 
corresponding unsaturated bond, When available, by 
hydrosilylation of the crosslinkable silyl compound. 

[0211] Many compounds With a hydrocarbon as R1 are 
commercially available or easily synthesized. When it has an 
aromatic ring, divinylbenzene, l,4'-divinylbiphenyl or divi 
nylnaphthalene, for example, can be easily converted into 
the corresponding crosslinkable compound by hydrosilyla 
tion. Bis(trimethoxysilylethyl)benzene is commercialized 
by Gelest, Inc. 

[0212] Of these compounds, the crosslinkable compound 
(C) represented by the general formula (8) can be produced 
by hydrosilylation of the corresponding diene compound: 

(112)“ (R2)n 

(Wherein, R2 is methyl, ethyl, propyl or phenyl group; R5 is 
C1, or OCH3, OC2H5, OC6H5, OH or OCOCH3 group; “m” 
is an integer of l to 30; and “n” is 0, l or 2). 

[0213] Some of these crosslinkable compounds, e.g., bis 
(triethoxysilyl)ethane, bis(trimethoxysilyl)hexane, bis(tr‘i 
ethoxysilyl)octane and bis(triethoxysilyl)nonane, are com 
mercialized by Gelest, Inc. Of these, 
bis(triethoxysilyl)octane having 8 methylene chains is 
readily available, and suitably used. Bis(tr‘ialkoxysilyl)oc 
tane, bis(dialkoxyalkylsilyl)octane and bis(alkoxydialkylsi 
lyl)octane are also suitably used, because 1,7-decadiene as 
the starting compound is easily available. 

[0214] Other compounds of different chain length can be 
easily synthesized into the corresponding crosslinkable 
compounds by hydrosilylation of those compounds With 
unsaturated bonds at both terminals, e.g., 1,3-butadiene, 
1,9-decadiene, 1,13-tetradecadiene, l,l5-hexadecadiene and 
1,2l-docosadiene. Moreover, compounds of longer chain 
can be also synthesized. 

[0215] For hydrosilylation of unsaturated bonds, func 
tional group number of the crosslinking group can be freely 
selected When triethoxysilane, diethoxymethylsilane or 
ethoxydimethylsilane is used as the hydrosilyl compound, 
and hence crosslinking density or the like can be ?nely 
designed. 

[0216] A siloXane-based compound can be also used, in 
addition to the hydrocarbon-based compound described 
above, as the main skeleton of the organic/ inorganic hybrid, 
crosslinkable compound (C) as the starting compound for 
the organic/inorganic hybrid structure (A). 

[0217] A siloXane-based compound can be suitably used 
for a proton-conducting membrane, because of its stability 
to acid and heat and resistance to oxidation. 
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[0218] Examples of these siloxane compounds are those 
represented by the general formula (10): 

(10) 
R11 

(R12)n R13 (R14)n 

(Wherein, R11, R12, R13 and R14 are each methyl, ethyl, 
propyl or phenyl group, Which may be the same or different; 
R5 is C1, or OCH3, OC2H5, OC6H5, OH or OCOCH3 group; 
m is an integer of 1 to 30; and “n” is 0, 1 or 2). 

[0219] These siloxane-based compounds useful for the 
siloxane-based organic/inorganic hybrid, crosslinkable com 
pound (C) for the present invention include, but not limited 
to, the folloWing ones. 

[0220] Polydimethylsiloxane With silanol at both termi 
nals, polydiphenylsiloxane With silanol at both terminals, 
polydimethylsiloxane-polydiphenylsiloxane copolymer 
With silanol at both terminals, polydimethylsiloxane With 
chlorine at both terminals, polydimethylsiloxane With diac 
etoxymethyl at the terminal, polydimethylsiloxane With 
methoxy at the terminal, polydimethylsiloxane With 
dimethoxymethylsilyl at the terminal, polydimethylsiloxane 
With trimethoxysilyl at the terminal and methoxymethylsi 
loxane-dimethylsiloxane copolymer, Which are commercial 
iZed by, e.g., Gelest, Inc. 

[0221] Moreover, a vinyl siloxane compound With tri 
methoxysilane, dimethoxymethylsilane or methoxydimeth 
ylsilane added to the vinyl group by hydrosilylation is also 
suitably used. These vinyl compounds include polydimeth 
ylsiloxane With vinyl at the terminal, diphenylsiloxane 
dimethylsiloxane copolymer With vinyl at the terminal, 
polyphenylmethylsiloxane With vinyl at the terminal, poly 
vinylmethylsiloxane, vinyl methylsiloxane-dimethylsilox 
ane copolymer, vinyl methylsiloxane-diphenylsiloxane 
copolymer, vinyl methylsiloxane-tili?uoropropylmethylsi 
loxane copolymer and polyvinylmethoxysiloxane. 

[0222] Of these, a polydimethylsiloxane-based compound 
is particularly suitably used, because of its availability. The 
polydimethylsiloxane-based organic/inorganic hybrid, 
crosslinkable compound (C) is represented by the general 
formula (11): 

(11) 
CH3 

(CH3)n CH3 (CH3)n 

(Wherein, R5 is C1, or OCH3, OC2H5, OC6H5, OH or 
OCOCH3 group; “m” is an integer of 1 to 30; and “n” is 0, 
1 or 2). 

[0223] In the ?rst method of the present invention, it is 
important to use a compound (D) having a crosslinkable 
silyl group and acid group to form the crosslinked structure 
(B) containing an acid group. The compound (D) is not 
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limited, so long as it contains a silyl group Which can be 
bonded and acid group. For example, those compounds 
represented by the general formula (12) can be used: 

(12) 

(R6-)TTi—R3 
(114)". 

(Wherein, R3 is a molecular chain group having at least one 
acid group; R4 is methyl, ethyl, propyl or phenyl group; R6 
is C1, or OCH3, OC2H5, OC6H5, OH or OCOCH3 group; and 
“m” is 0, 1 or 2). 

[0224] Various acid groups are useful as the ones Which R3 
has. For example, they include sulfonic, phosphonic, car 
boxylic, sulfuric, phosphoric and boric acid, of Which sul 
fonic acid is particularly preferable, because it has a loW pKa 
value, can secure proton in the membrane at a suf?ciently 
high concentration and is thermally stable. 

[0225] When the structure (B) containing an acid group 
has a structure represented by the general formula (6), the 
acid containing compound (D) as the starting material for 
the corresponding precursor has a structure represented by 
the general formula (13): 

(114)". 

(Wherein, R4 is methyl, ethyl, propyl or phenyl group; R6 is 
C1, or OCH3, OC2H5, OC6H5, OH or OCOCH3 group; X is 
hydrogen, an alkali metal, alkyl group or ammonium group; 
“m” is 0, 1 or 2; and “n” is an integer of 1 to 20). 

[0226] Of the starting compounds for these structures, 
trihydroxysilylpropylsulfonic acid for the structure having 
“n” of 3, commercialiZed by Gelest, Inc., is particularly 
preferable because of its availability. 

[0227] Moreover, compounds disclosed by Japanese 
Patent Laid-open Publication No. 54-138522 (U.S. Pat. No. 
4,152,165) are also suitably used as the acid-containing 
compound (D). 

[0228] The acid-containing structure (B) can be also pro 
duced by oxidation of a ?lm formed using a compound 
having an alkoxysilyl and halogenated alkyl group after the 
halogen is substituted by dithiocarbonic acid or the like; 
directly reacting sulfurous acid on an unsaturated bond in a 
?lm formed using a compound having an alkoxysilyl group 
and the unsaturated bond; and oxidation of an unsaturated 
bond after a sulfur compound, e.g., thiosulfuric acid, is 
added to the bond. 

[0229] In the ?rst method of the present invention, the 
mixing ratio of the organic/inorganic hybrid, crosslinkable 
compound (C) to the acid-containing compound (D) is not 
limited. In general, hoWever, it is preferably 9:1 to 1:9 by 
Weight. The membrane is fragile and di?‘icult to handle When 
the organic/inorganic hybrid, crosslinkable compound (C) is 
incorporated at beloW 10%. On the other hand, it cannot 
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secure a suf?cient proton conductivity at its content above 
90%. The above ratio almost corresponds to the ?nal (A)/ (B) 
ratio in the membrane. 

[0230] In the ?rst method of the present invention, a 
crosslinking agent (G) may be incorporated, as required, in 
addition to the organic/inorganic hybrid, crosslinkable com 
pound (C) and compound (D) containing an acid group. The 
crosslinking agent (G) Works to further strengthen the 
chemical bonds in the crosslinked structure of the organic/ 
inorganic hybrid, crosslinkable compound (C) and com 
pound (D) containing an acid group and also further enhance 
extent of crosslinking, thereby contributing to improved 
membrane properties, e.g., toughness and gas barrier char 
acteristics. 

[0231] A crosslinkable, metallic compound Which gives 
another metal oxide (e.g., that of titanium, Zirconium or 
aluminum oxide) can be suitably used as the crosslinking 
agent (G). These metallic compounds include mono-, di-, tri 
or tetra-alkoxide of titanium, Zirconium or aluminum. A 
crosslinkable metal containing a substituent, e.g., complex 
With acetylacetone, may be also incorporated to adjust 
reactivity. The crosslinked structure may be also incorpo 
rated With phosphoric, phosphorous or boric acid in com 
bination With the above. Content of the hydrolyZable metal 
lic compound other than silicon compound is not limited, but 
preferably 50% by mol or less on the hydrolyZable silyl 
group for cost and easiness of controlling the reaction. 

[0232] More speci?cally, the compounds useful for the 
crosslinking agent (G) include alkoxysilicates, e.g., tetra 
ethoxysilane, tetramethoxysilane, tetraisopropoxysilane, 
tetra-n-butoxysilane, tetra-t-butoxysilane, and monoalkyl 
and dialkyl derivatives thereof; alkoxy titanates, e.g., phe 
nyltriethoxy titanate, halogenated titanates, tetraethoxy tita 
nium, tetra-isopropoxytitanium, tetra-n-butoxytitanium, 
tetra-t-butoxytitanium, and monoalkyl and dialkyl deriva 
tives thereof, and also oligomers thereof; hydrolyZable Zir 
conium compounds, e.g., Zirconium tetra-n-butoxide, Zirco 
nium tetra-t-butoxide, Zirconium tetra-n-propoxide, 
Zirconium tetra-l-propoxide, Zirconium tetraethoxide, Zir 
conium tetra(2-methyl-2-butoxide) and Zirconium tetra(2 
ethylhexyoxide); hydrolyZable aluminum compounds, e.g., 
aluminum-tri-s-butoxide, aluminum-tri-n-butoxide, alumi 
num-tri-t-butoxide, aluminum-tri-l-propoxide and alumi 
num-triphenoxide; and phosphoric, phosphorous and boric 
acid, and esters thereof. The hydrolyZable metallic com 
pound may be formed into a complex With a [3-diketone 
(e.g., acetylacetone or acetoacetic acid ester), ethylene gly 
col, ethylene glycol (mono- or di-)alkyl ester, or ethanol 
amine, to control the reactivity. 

[0233] A hydrolyZable alkoxysilane polymer represented 
by the general formula (21) may be also used as the 
crosslinking agent (G): 

(21) 
OR6 

Wherein, R6 is CH or C H rou ; and “m” is an inte er of 3 2 5 g p g 

l to 300). 

Sep. 13,2007 

[0234] The hydrolyZable alkoxysilane polymer can be 
suitably used, because it has adequate crosslinking perfor 
mance and its reactivity itself is easily controlled. When the 
organic/inorganic hybrid structure (A) has one silanol group 
at the terminal, in particular, use of the crosslinking agent 
(G) imparts adequate softness and strength simultaneously 
to the membrane. 

[0235] The ?rst method of the present invention may use 
an adequate solvent to prepare a mixture of an organic/ 
inorganic hybrid, crosslinkable compound (C), compound 
(D) containing an acid group and crosslinking agent (G) in 
the ?rst step. The solvents useful for the present invention 
generally include, but not limited to, alcohols, e.g., metha 
nol, ethanol, isopropanol, n-butanol and t-butanol; ethers, 
e.g.; tetrahydrofuran and dioxane; glycol alkyl ethers, e.g., 
ethylene glycol monomethyl ether, ethylene glycol mono 
ethyl ether and ethylene glycol monobutyl ether; and Water. 
Any solvent may be used so long as it is useful for 
dissolution or mixing an organic compound, metallic alkox 
ide or the like. 

[0236] Ratio of the solvent is not limited, but the content 
is preferably adjusted to give a solids concentration of 80 to 
10% by Weight. 

[0237] The ?rst step for mixing the starting compounds for 
the precursors may use another optional component, e.g., 
reinforcing agent, softening agent, surfactant, dispersant, 
reaction promoter, stabiliZer, colorant, antioxidant, or inor 
ganic or organic ?ller, Within limits not harmful to the object 
of the present invention. 

[0238] The mixing may be achieved by a knoWn method, 
e.g., agitation or vibration. The mixing method is not lim 
ited, so long as it can su?iciently mix the materials. Heating, 
pressuriZing, defoaming, degassing or the like may be used, 
as required. 

[0239] In the ?rst method, the second step folloWs the ?rst 
step to make a thin ?lm of the precursor mixture solution, 
obtained in the ?rst step, by a knoWn method, e.g., casting 
or coating. 

[0240] The ?lm-making method is not limited, so long as 
it can give a uniform ?lm. Film thickness can be optionally 
varied in a range from 10 um to 1 mm. It is adequately 
selected in consideration of proton conductivity, fuel per 
meability and mechanical strength of the ?lm, among others. 
It is not limited, but preferably, in general, in a range from 
30 to 300 pm on a dry basis. 

[0241] The ?lm may be incorporated With a support or 
reinforcing agent of ?bers, mat or ?brils during the ?lm 
making step. These are preferably of glass, silicon resin, 
?uorine resin or polymeric material in consideration of their 
resistance to heat and acid. 

[0242] In the ?rst method, then, the third step folloWs the 
second step to hydrolyZe and condense the crosslinking 
group (more speci?cally, the hydrolysable silyl group) in the 
?lm prepared in the second step (hydrolysis is saved When 
the crosslinking group is silanol or silanolate) to form a 
crosslinked structure composed of the silicon-oxygen bond. 
The crosslinking is achieved by the so-called sol-gel reac 
tion. 

[0243] The objective membrane is produced under heating 
at an optional temperature in a range from room temperature 
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to around 300° C. in the crosslinking step. It is heated by a 
known method, e.g., heating in an oven, or in an autoclave 
under pressure. 

[0244] The precursor mixture solution may be incorpo 
rated With Water or heated in a hydrothermal condition 
beforehand to perform the hydrolysis/condensation more 
ef?ciently in the third step. 

[0245] An acid, e.g., hydrochloric, sulfuric or phosphoric 
acid, may be incorporated as a catalyst beforehand in the 
reaction system, to accelerate formation of the crosslinked 
structure. Formation of the crosslinked structure can be 
accelerated also in the presence of a base. Therefore, a basic 
catalyst, e.g., ammonia or sodium hydroxide, may be also 
used. 

[0246] It is preferable for the ?rst method to crosslink the 
hydrolysable silyl group at 100 to 300° C. in the third step, 
or include an aging step effected at 100 to 300° C. subse 
quent to the third step. 

[0247] When the proton-conducting membrane of the 
present invention is to be used at a high temperature of 100° 
C. or higher, it is preferably heated at service temperature or 
higher. This can be achieved directly in the crosslinking step 
effected at 100 to 300° C., or by heating at 100 to 300° C. 
subsequent to the crosslinking step Where the membrane is 
hardened by the sol-gel process at, e.g., 5 to 40° C. for 2 
hours or more. It can be heated by an ordinary heat source, 
far-infrared ray, electromagnetic Wave induction, micro 
Waves, or a combination thereof. 

[0248] The membrane undergoing these steps may be 
Washed With Water, as required. The Washing medium is 
preferably distilled or ion-exchanged Water free of metallic 
ion. It may be also treated With sulfuric acid or hydrogen 
peroxide, to remove impurities and unnecessary metallic 
ions, and thereby to further increase proton content in the 
membrane. 

[0249] The treated membrane may be further irradiated 
With ultraviolet or electron beams to further increase extent 
of crosslinking. 

7.2 Second Method 

[0250] This method comprises, as described above, the 
?rst step of preparing a mixture containing an organic/ 
inorganic hybrid, crosslinkable compound (C) and com 
pound (E), the former having 2 or more crosslinkable silyl 
groups and carbon atoms each being bonded to the silyl 
group via the covalent bond and the latter having a crosslink 
able silyl group and mercapto group, second step of forming 
the above mixture into a ?lm, the third step of hydrolyZing/ 
condensing the hydrolyZable silyl group contained in the 
mixture formed into the ?lm to form a crosslinked structure, 
and the fourth step of oxidiZing the mercapto group in the 
crosslinked structure obtained in the third step into sulfonic 
acid. 

[0251] It is described in more detail for the starting 
materials and treatment conditions, among others, for these 
steps orderly. 
[0252] The second method of the present invention ?rst 
prepares a mixture containing an organic/inorganic hybrid, 
crosslinkable compound (C) and mercapto-containing com 
pound (E) containing a crosslinkable silyl group and mer 
capto group. 
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[0253] The proton conducting membrane of the present 
invention should satisfy, as mentioned earlier, the require 
ments of simultaneously containing an organic/inorganic 
hybrid structure (A) and an acid-containing structure (B). 
Therefore, the starting materials each corresponding to the 
organic/inorganic hybrid structure (A) or acid-containing 
structure (B) are used to form the crosslinked structure. 

[0254] Accordingly, an organic/inorganic hybrid, 
crosslinkable compound (C) as the starting material for the 
organic/ inorganic hybrid structure (A) is the same as that for 
the ?rst method. 

[0255] For the starting material for the acid-containing 
structure (B), on the other hand, a compound (E) containing 
a mercapto group is used in place of a compound (D) 
containing an acid group for the ?rst method. A mercapto 
group can be converted into sulfonic acid as a functional 
group, and the acid-containing structure (B) can be obtained 
by incorporation of the mercapto group folloWed by its 
oxidation. 

[0256] The compound (E) containing a mercapto group is 
not limited so long as it has a mercapto group and crosslink 
able silyl group. HoWever, a compound represented by the 
general formula (14) is suitably used: 

(14) 

(RGaTsi—R7 

(Wherein, R7 is a molecular chain group having at least one 
mercapto group; R4 is methyl, ethyl, propyl or phenyl group; 
R6 is C1, or OCH3, OC2H5, OC6H5, OH or OCOCH3 group; 
and “m” is 0, l or 2). 

[0257] Of these compounds, the compound (E) containing 
a mercapto group is more preferably represented by the 
general formula (15) in consideration of stability of R7 to 
heat, acid and oxidation: 

(114)". 

(Wherein, R4 is methyl, ethyl, propyl or phenyl group; R6 is 
C1, or OCH3, OC2H5, OC6H5, OH or OCOCH3 group; “m” 
is 0, l or 2; and “n” is an integer of l to 20). 

[0258] The compounds represented by the above formula 
are commercially available. The knoWn ones include 3-mer 
captopropyltiimethoxysilane, 3-mercaptopropyltriethoxysi 
lane, 3-mercaptopropylmethyldimethoxysilane, mercaptom 
ethyltrimethoxysilane and mercaptomethyldiethoxysilane. 

[0259] The compounds useful for the compound (E) con 
taining a mercapto group, other than those commercially 
available, can be easily synthesiZed by, e.g., reaction of 
sodium hydrosul?de With a halide having an alkoxysilyl 
group and halogenated alkyl, e.g., 3-chloropropyltrimethox 
ysilane, or hydrolysis of an alkyl group having an alkox 
ysilyl group and unsaturated bond, e.g., allyltriethoxysilane, 
after thioacetic acid or the like is added. 






























