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Provided Is a hydrogen storing carbon material with improved hydrogen storage capacity. The hydrogen storing carbon material
has a total pore volume of at least 0.5 cm?/g, and the ratio of the total mesoporous volume to the total microporous volume per unit
welight is at least 5. Moreover, the aforementioned hydrogen storing carbon material may have a nitrogen content of 0.5 wt% to less
than 20 wt%. Furthermore, in an electrochemical measurement by chronopotentiometry in which the aforementioned hydrogen
storing carbon material Is used in a working electrode In the three-electrode method, when a cathode current is maintained at 1000
mA/g with respect to the aforementioned hydrogen storing carbon material, the stable potential may be -1.28 V or above.
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(57) Abstract: Provided 1s a hydrogen storing carbon material with improved hydrogen storage capacity. The hydrogen storing
carbon material has a total pore volume of at least 0.5 cm?*/g, and the ratio of the total mesoporous volume to the total microporous
volume per unit weight 1s at least 5. Moreover, the atorementioned hydrogen storing carbon material may have a nitrogen content

of 0.5 wt% to less than 20 wt%. Furthe

'more, 1n an electrochemical measurement by chronopotentiometry in which the atoremen-

tioned hydrogen storing carbon material is used in a working electrode in the three-electrode method, when a cathode current is
maintained at 1000 mA/g with respect to the atorementioned hydrogen storing carbon material, the stable potential may be -1.28

V or above.

(57) B %9

TN



CA 02791194 2012-08-24

WO 2011/105336 A1 MU A0N V1 T A A A

27&F7%5 BERISUVAD4 vV EILIE 84 EBEE (RTDEWVWRY ., 2 TOEBEDLEIR
Tokyo (JP). E A A[EE): ARIPO (BW, GH, GM, KE, LR, LS, MW,

(81) *E’EE (i%ﬁd) 7"d': L\BE L) . é(@*ﬁﬁo) mf% MZ, NA, SD, SL, SZ, TZ, UG, ZM, ZW), l:g :"‘/—)70
VA BE): AE, AG, AL, AM, AO, AT, AU, AZ, BA (AM, AZ, BY, KG, KZ, MD, RU, TJ, TM), J —H 7/
BB, BG, BH, BR, BW. BY, BZ, CA. CH. CL. CN. CO. (AL, AT, BE, BG, CH, CY, CZ, DE, DK, EE, ES, FL, FR,

> > > > > > > > > > 2 ? GB, GR, HR, HU, [E, IS9 IT, LT, LU, LV, 1\/[(:9 MK, MT,
CR, CU, CZ, DE, DK, DM, DO, DZ, EC, EE, EG, ES, FI,
GB, GD, GE, GH, GM, GT, HN, HR, HU, ID, IL, IN, IS, NL, NO, PL, PT, RO, RS, SE, SI, SK, SM, TR), OAPI
KE. KG, KM, KN, KP, KR, KZ, LA, LC, LK, LR, LS, (BF, BJ, CF, CG, CI, CM, GA, GN, GQ, GW, ML, MR,
LT, LU, LY, MA, MD, ME, MG, MK, MN, MW, MX, NE, SN, TD, TG).
PR RD. S0 56 L S, AR

9 ) ” ) ) 9 ) ” ) ) 9 ” ) L - = ;lr = k - Y aday &
SY, TH, TJ, TM, TN, TR, TT, TZ, UA, UG, US, UZ, VC, ERFAEHRS (KR 21 FRE))
VN, ZA, ZM, ZW.

KRR BREDN R L LT-—K%"&EZL MM ZRET S, AEBICEROLIKFREERRRMHIEZ, MR

MO0, S5cmi gllbtTHY ., BuBEBaI-YDEIJHARKRICHT O A VHABFEDLNS UL
T%éoJt\mim%@ﬁmiﬁﬂi\§$§E§@O.53 UL, 20EE%RETHHC &
ELTH &KUY, if::\ AR AKRBBRRMMZ=EBHICHS 1T HERABICHL :’7 O/HRTFToratrk
) —IZ &L HEBERILF ﬁ']@l-c:)l,\'(ﬂ AR KRB REM AT HHAY—FERZT1000mMAgT
RBELEBOREBMMN—1. 28VUETHSZEELTEHEL,



10

15

20

23

v CAD027911942012-08-24

HYDROGEN STORING CARBON MATERIAL

Technical Field
The present invention relates to a hydrogen-storing carbon

material, 1n particular, a carbon material with improved hydrogen

storage capacity.

Background Art

An i1nvestigation has been conducted on use of, for example,
an alloy as a hydrogen-storing material expected to be applicable
to a hydrogen-storing system in a fuel-cell vehicle or the like.
However, when a hydrogen-storing alloy is used, its hydrogen storage
capacity 1s insufficient. In addition, depending on kinds of metal
to be used, the alloy not only has low durability but also involves
problems 1n terms of price and reserve.

On the other hand, use of a carbon material that raises no

concern about exhaustion of resources and is relatively inexpensive
has been investigated. For example, Patent Literature 1 describes
a carbon material whose hydrogen storage quantity is increased by
expanding an average distance between carbon layers to 0.5 nm or
more to cause the carbon layers to hold hydrogen therebetween. In
addition, Patent Literature 2 describes an activated carbonmaterial
with an increased hydrogen storage quantity as a result of poOssession

of a pore diameter of 0.3 nm or more and 1.5 nm or less.

Citation lList

Patent Literature
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[Patent Literature 1] JP 2005-41742 A

[Patent Literature 2] JP 2003-171111 A

Summary of Invention

5 Technical Problem

However, 1t cannot be said that any carbon material that has

been investigated so far has sufficient hydrogen storage capacity
to be put into practical use as a hydrogen-storing material.

On the other hand, the 1nventors of the present invention have

10 paid particular attention to two points concerning structure of

a carbon material, 1.e., (1) a porous structure suitable for

adsorption of a hydrogen molecule and (2) a carbon surface suitable
for a dissociative reaction of a hydrogen molecule. The inventors
Oof the present invention have made extensive studies on their own,

15 and as a result, have found that a carbon material having a specific

structure shows high hydrogen storage capacity. Thus, the inventors
have completed the present invention.
That 1s, the present invention has been made in view of the

problems and an object of the present invention is to provide a

20  hydrogen-storing carbon material with improved hydrogen storage

capacity.

Solution to Problem

A hydrogen-storing carbonmaterial according to an embodiment

25 of the present invention to solve the problem above has a total

pore volume of 0.5 cm3/g or more, and a ratio of a total mesoporous

volume to a total microporous volume per unit weight of 5 or more.

Z
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According to the present invention, there 1is provided a
hydrogen-storing carbon material with i1mproved hydrogen storage
capaclity.

In addition, the hydrogen-storing carbon material may have
a nitrogen content of 0.5 wt% or more and less than 20 wt%. With

this, there is provided a hydrogen-storing carbon material with

additionally improved hydrogen storage capacity. In addition, the
hydrogen-storing carbon material may have a stable potential of
-1.28 V or more when a cathode current with respect to the
hydrogen-storing carbon material as a working electrode is held
at 1,000 mA/g in electrochemical measurement by chronopotentiometry
1nvolving using the hydrogen-storing carbon material in the working
electrode 1n a three-electrode method. With this, there is provided
a hydrogen-storing carbon material with more effectively improved
hydrogen storage capacity. It shouldbe noted that the term "stable
potential”™ as used 1n the present invention refers to the minimum
potential when a difference between a potential at a certain time
point and a potential after 10,000 seconds from the time point becomes
tess than #0.002 V for the first time after the initiation of a
flow of current that is held at 1,000 mA/g. In addition, a
hydrogen-storing carbon material may be obtained by carbonization
of a raw material containing an organic substance, a metal, and

a carbonized material.
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In one embodiment, the present i1nvention relates to a
hydrogen-storing carbon material, which has a total pore volume

of 0.5'cmﬁ/g or more, and a ratio of a total mesoporous volume

to a total microporous volume per unit weight of 5 or more,

wherein the hydrogen-storing carbon material has a nitrogen

- content of 0.5 wt% or more and less than 20 wt%.

Advantageous Effects of Invention

According to the present invention, the hydrogen-
storing carbon material with improved hydrogen storage capacity

is provided.

3a
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Brief Description of Drawilngs

[FIG. 1] Anexplanatorydiagramshowling examples of the results

of evaluations of characteristicsofacarbonmaterial 1neachexample
according to an embodiment of the present i1invention.

(FIG. 2] Anexplanatorydiagram showlng examples of the results
of electrochemical measurement performed by chronopotentiometry

in the examples according to the embodiment of the present invention.

Description of Embodiments

Hereinafter, an embodiment of the present i1invention 1is
described. It should be noted that the present invention 1s not
limited to this embodiment.

First, a standpoint of the inventors of the present invention
1s described. The mechanism via which a carbon material stores
hydrogen 1s an adsorption of a hydrogen molecule to the surface
of the material. Therefore, a carbon material having a porous
structure that easily adsorbs hydrogen on a carbon surface and is

sultable for holding the adsorbed hydrogen is considered to be

sultable as a hydrogen-storing material.

Inviewof the foregoing, the inventorsof thepresent invention
have paidparticular attention to two points, i.e., (1) that a carbon
material should have a porous structure suitable for the adsorption

of a hydrogen molecule and (2) that the dissociative reaction of

a hydrogen molecule should efficiently occur on the carbon surface
of the carbon material. The 1nventors have made extensive studies

on their own, and as a result, have found a carbon material that

4
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exerts hydrogen storage capacity based on the hydrogen storage

mechanism above to the fullest extent possible.

Here, the point (1) is described. In the carbon material,

a pore (having a diameter of less than 100 nm) present in the carbon

material functions as a site for adsorbing a hydrogen molecule.
Therefore, the hydrogen storage capacity of the carbon material
tends to be higher as the total pore volume of the carbon material

increases. However, the hydrogen storage capacity of the carbon

material can vary significantly depending not only on the total

pore volume but also on the size distribution of its pores.

Inviewof the foregoing, the inventorsof thepresent invention
have made extensive studies on their own paying attention to those
polnts. As aresult, the inventors have found that a carbonmaterial

o

having a total pore volume of 0.5 cm’/g or more, and a ratio of a

Cotal mesoporous volume toa total microporous volume per unit weight
(hereinafter, referred to as "meso/micro ratio") of 5 or more has

excellent hydrogen storage capacity.

It should be noted that in the present invention, a micropore
1s a pore having a diameter of less than 2 nm, and a mesopore is
aporehavingadiameter of 2 nmormoreand 50nmor less. Inaddition,

the total pore volume i1s calculated on the basis of, for example,

the maximum adsorption in a BET method involving using a nitrogen

gas. The total mesoporous volume is calculated by, for example,

a BJH method. The total microporous volume is calculated by, for
example, an MP method.
It hasbeenconventionally acknowledged that a carbon material

1s more advantageous for hydrogen storage as the material contains

o
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a larger number of micropores (for example, has a smaller meso/micro
ratio). However, an investigation conducted by the inventors of
the present i1nvention on theilir own has unexpectedly revealed that
a carbonmaterial havinga largemeso/micro ratio shows high hydrogen
storage capacity.

Although the reason for the foregoing 1s unclear, 1n
considerationof, forexample, suchanactionmechanismthat hydrogen
enters a pore of the carbon material and then the hydrogen adsorbs
to the surface of the pore, the carbon material having a large
meso/micro ratio 1s assumed to show high hydrogen storage capacity
because a mesopore reaches the adsorption equilibrium of hydrogen
faster than a micropore does.

The total pore volume of the hydrogen-storing carbon material

is preferably 1.0 cm’/g or more, more preferably 1.5 cm®/g or more.
When the total pore volume of the carbon material is less than 0.5
cm’/g, the carbon material cannot have sufficient hydrogen storage
capacity.

The meso/micro ratio is preferably 10 or more, more preferably

gr—

15 or more. When the meso/micro ratio of the carbon material is

less than 5, the carbon material cannot have sufficient hydrogen

storage capacity.

Next, thepoint (2) isdescribed. Withregardtothe adsorption

of hydrogen in a vapor phase to carbon, suchdissociation equilibrium
of hydrogen as representedby the following formula (I) isestablished
when a temperature 1s extremely high (for example, 1,000°C or more) .

[Chem. 1]
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H, & 2H » = (I)

It has been reported that in this case, for example, such
adsorptionof hydrogen as representedbyeachofthe following formula

(ITa) andformula (IIb) occurseveninacarbonmaterial likegraphite,

5 that 1s chemically stable and does not show any chemical reaction

with hydrogen 1n a temperature zone lower than normal temperature

(Yu S Nechaev, OKAlexeeva: On the nature, capacity andreversibility

of hydrogen storage in novel carbon nanomaterials for mobile power

units. International Journal of Hydrogen Enerqgy 28 2003; 1433-1443,
10  Atsumi H, Tokura S, Miyake M: Adsorption and desorption of deuterium

on graphite at elevated temperatures. J Nucl Mater 1988;
155-157:241-5) .

[Chem. 2]

2H+ C — H,C -« - (ITa)

15 [ Chem. 3]

H+ C — HC -+ « (IDb)

At high temperatures, the equilibrium state represented by

the formula (I) 1seasilyachieved, and the adsorptionof dissociated

hydrogen to carbon represented by each of the formula (IIa) and

20 formula (IIb) serves as a reaction rate-determining step. However,
in a temperature region where hydrogen storage is practically
performed (for example, around room temperature), almost no
spontaneous dissoclative reaction of hydrogen occurs and

dissociative adsorption equilibrium is achieved by the presence

y
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of a site having reaction activity for a dissociative reaction.

The reactions represented by the formula (I), formula (IIa),

and formula (IIb) are represented by the following formula (IIT)

because a reaction active site for hydrogen in the carbon material

5 according to the present invention is considered to be derived from

carbon. Equilibrium represented by the formula (III) is domlinated
by the reactivity of the carbon material.

[Chem. 4]
1/2H,+C & C-H  « » « (IM)

10 Meanwhile, anelectrochemical reaction similar to the formula

(ITI) including the adsorption of hydrogen is given by the following

formula (IV). This reaction is considered to reach equilibrium 1in
a region showing a stable potential to be observed after a transition

region in electrochemical measurement by chronopotentiometry.

15 [Chem. 5]

C+HO+e & C-H+OH - - - (IV)

At this time, an equililibrium constant K of the formula (IV)

is represented by the following formula (V) with activities.

[Math. 1]

ad,_d . -
K = C-1TYon oL (\/r)
d.da,-di g
20

Further, the equilibrium constant K 1s represented by the

following formula (VI) with a standard reaction Gibbs energy NG

Here, 1in the following formula (VI), R represents a gas constant

8
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and T represents a temperature (K).

[Math. Z]

an:—_—-Ar r -« (VI)
RT

Further, the standard reaction Gibbs energy 1s represented

*J

5 Dby the following formula (VII) with an electrode potential E. Here,

in the following formula (VII), v represents the number of electrons

involved 1n the reaction represented by the formula (IV) (v=1) and

F' represents Faraday's constant.

[Math. 3]

_ “ArGO
v I

E - -« (V)

10

As described above, the electrode potential of the reaction
represented by the formula (IV) in the electrochemical measurement
serves as an i1ndicator indicating the equilibrium constant K. Of
the activities represented in the formula (V), a.., amgyg, and ags-

15 can each be set to "1" because "e ," "H,0," and "OH " exist in large
excess lnthe reactionconditions. Accordingly, a factordominating
the equilibriumconstant Kis representedwitharatioBofactivities

concerning carbon as represented by the following formula (VIII).

20
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Even in the reaction represented by the formula (III) 1n the
vapor phase, the factor dominating the equillibrium constant K 1s
the ratio B of the activities concerning carbon, and 1s common to
theelectrochemical reaction representedby the formula (IV). Thus,
reactivitybetweencarbonandhydrogeninthevaporphase isevaluated
by the electrochemical measurement.

Inviewof the foregoing, the inventorsofthepresent invention
have made extensive studles on their own, and as a result, have
found that a hydrogen-storing carbon material, which has a total
pore volume of 0.5 cm’/g or more and a meso/micro ratio of 5 or more,
and which has a stable potential of -1.28 V or more when a cathode
current with respect to the hydrogen-storing carbon material as
a working electrode 1s held at 1,000 mA/g in electrochemical
measurement Dby chronopotentiometry involving using  the
hydrogen-storing carbon material in the working electrode in a
three—-electrodemethod, hasadditionallyexcellent hydrogen storage
capacity.

The stable potentlial 1s a stablepotential to be observedafter

a transition region where a potential abruptly changes in the case
where the potential 1s measured over time in the electrochemical

measurement by chronopotentiometry while a constant cathode current

iscausedto flowthroughtheworkingelectrode. Thestablepotential

refers to theminimumpotential when adifference between a potential

at a certain time point and a potential after 10,000 seconds from

the time point becomes less than +$0.002 V for the first time after
the 1initiation of the flow of the current that is held at 1,000

mA/g.
10
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Although the reason why the hydrogen storage capacity of the
carbon material having a specific porous structure 1s significantly
improved when the material further has a specific electrochemical
characteristic as described above 1s unclear, a possible reason

is, for example, that a porous structure having a large meso/micro

ratio not only increases the adsorption rate of hydrogen but also

improves the ease with which the dissociative reaction of hydrogen

occurs on the carbon surface.

That 1s, a mesopore is considered to be advantageous as a field
for providing an active site of the dissociative reaction. That

is, a micropore 1is present mainly in an amorphous component of the

carbon material, and its thermal stability 1s so low that there

is a highpossibility that its structurewill change during a process

for providing a catalytic active site. In contrast, the mesopore
that easilyprovides a structure havinghighthermal stabilityeasily
forms a catalytic active site.

Therefore, the hydrogen-storing carbon material according to
the present invention brings together the function according to

the point (1) and the function according to the point (2), and as

a result, a hydrogen molecule efficiently adsorbs in its porous

structure and the hydrogenmoleculedissoclateson its carbon surface.
Accordingly, 1tshydrogenstoragecapacitylsdramatically improved.

In addition, the nitrogen content of the hydrogen-storing
carbon material according to the present invention is preferably
0.5 wt% or more and less than 20 wt%, more preferably 0.7 wt% or
more and 10 wt% or less.

When the nitrogen content falls short of the range, the amount

11
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of nitrogen present on the carbon surface 1s 1nsufficlent and hence
the dissociation of hydrogen on the carbon surface does not progress
efficiently in some cases. In addition, when the nitrogen content
is excessively large, 1t becomes difficult to control the porous
structure at the time of the production of the carbon material and
hence such a porous structure suitable for hydrogen adsorption as
described above cannot be formed i1in some cases.

In addition, th.e speclfic surface area of the hydrogen-storing
carbon material according to the present invention 1s, for example,
preferably 400 mz/g or more, more preferably 600 mz/g or more. In
addition, the mesoporous volume of the hydrogen-storing carbon
material 1s, for example, preferably 0.5 cm3/g Or more, more
preferably 1.0 cm’/g or more. 1In addition, an average interlayer
distance in the carbon structure of the hydrogen-storing carbon
material 1s, for example, preferably 0.4 nm or less. More
specifically, the distance is preferably 0.335 nm or more and 0.4
nm or less.

The hydrogen—-storing carbonmaterial according to the present

invention may be a carbon material manufactured by, for example,
a sol-gel method, a template method, a furnace method, a channel
method, an acetylene method, a lampblack method, a turpentine soot
method, a chemical vapor deposition method (CVD method), or

activation.

Speclfically, for example, one or two or more kinds selected

from the group consisting of a carbon nanotube, a carbon nanofiber,
carbon black (e.g., carbon black such as ketjen black or acetylene

black), graphite, activatedcarbon, glassycarbon, mesoporous carboh,
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a carbon fiber, fullerene, and onion-like carbon may be used. Of

those, carbon materials each having a large mesoporous volume such

as a carbon nanotube, a carbon nanofiber, and carbon black (e.g.,

carbon black such as ketjen black or acetylene black) may be

particularly preferably used.

In addition, the hydrogen-storing carbon material according

to the present invention may be formed of, for example, a carbon
material having catalyticactionbywhich a hydrogen atom 1s produced
froma hydrogenmolecule. Inthis case, thehydrogen-storing carbon

material may be, for example, a carbon material obtained by the

carbonization of a raw material contalning an organic substance,

a metal, and a carbonized material. It should be noted that the

catalytic action by which a hydrogen atom 1s produced from a hydrogen
molecule 1s evaluated through electrochemical measurement by
chronopotentiometry as described above. That 1s, the fact that the
hydrogen-storing carbonmaterial according to the present invention
maintains a higher potential than that of a carbon material such
as carbon black in chronopotentiometry means that its overvoltage

reduces 1in the electrolysis of water, and hence 1t i1s saild that

the hydrogen—-storing carbonmaterial has catalyticactivity. Here,

the potential of the hydrogen-storing carbon material according

to the present invention in chronopotentiometry is, for example,

preferably -1.28 V or more, more preferably -1.24 V or more. The
carbonmaterial showing suchpotential shows such catalyticactivity
as described above and has high hydrogen storage capacity.

The organic substance 1n the raw material is not particularly

limited as long as the substance is carbonized (the substance 1is
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used as a carbon source), and one kind of arbiltrary substance, or
two or more kinds thereof may be used. That is, for example, one,
or both, of a high-molecular weight organic compound (e.g., a resin
such as a thermoplastic resin or a thermosetting resin) and a

low-molecular weight organic compound may be used as the organic

substance. A biomass such as plant waste may also be used.

An organic substance containing nitrogen may be preferably
used as the organic substance. The nitrogen-containing organic

substance 1is not particularly limited as long as the substance

contains an organic compound containing a nitrogen atominamolecule

thereof and can be carbonized, and one kind of arbitrary substance,
or two or more kinds thereof, may be used.

Specifically, for example, one or two or more Kinds selected
fromthe groupconsistingofpyrrole, polypyrrole, polyvinylpyrrole,
3-methylpolypvrrole, vinylpyridine, polyvinylpyridine, imidazole,
2-methylimidazole, aniline, polyaniline, polyaminobismaleimide,
polyimide, benzimidazole, polybenzimidazole, polyamide,

acrylonitrile, polyacrylonitrile, chitin, chitosan, silk, wool,

a polyamino acid, a nuclelc acid, DNA, RNA, hydrazine, hydrazide,
urea, salen, polycarbazole, polyblismaleimide, triazine, melamline,
a melamine resin, and a polyamidelimide resin may be used as the
nitrogen-containing organic compound.

In addition, for example, one or two Or more Kkinds selected
from the group consisting of food industrial waste such as sake
cake, malted rice, coffee grounds, used tea leaves, brewer's spent
grains, and rice bran, wooden waste such as forest land remainder

material andbuildingwaste, and domestic waste such as sewage sludge
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may be used as the biomass such as waste. The nitrogen-containing

organic compoundmay further contain one or two ormore kinds selected

from the group consisting of boron, phosphorus, oxygen, and sulfur.

In addition, the organic substance may further contain a resin
component. The resin component is not particularly limited as long
as the resin component is a polymer material that can be carbonized,
and one kind of arbitrary resin component, or two or more kinds
thereof, may be used. That is, for example, a thermosetting resin
or thermoplastic resin that can be carbonized may be used.

Specifically, for example, one kind or two or more kinds

selected from the group consisting of a chelate resin, cellulose,

carboxymethyl cellulose, polyvinyl alcohol, polyacrylic acaid,
polymethyl acrylate, polymethyl methacrylate, polyfurfuryl alcohol,
a f‘uran resin, a phenol resin, a phenol-formaldehyde resin, an epoxy
resin, pitch, brown coal, polyvinylidene chloride, 1lignin,
anthracite, a biomass, a 'protein, humic acid, polysulfone, and an
lonomer may be used.

Although the content of the organic substance 1n the raw

material is not particularly limited as long as the content falls

within such a range that the carbon material having the specific

carbon structure 1s obtained, for example, the content may be set

to fall within the range of 1 to 70 wt%, and 1s preferably set to

fall within the range of 3 to 50 wt%. When the content of the organic

substance falls short of the range, the number of active sites for
dissociating hydrogen on the carbon surface 1s small, and hence

a sufficient hydrogen storage gquantity cannot be obtained in some

cases. Inaddition, whenthecontentoftheorganicsubstanceexceeds
15
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the range, it becomes difficult to control the porous structure

at the time of the production of the carbon material and hence such
a porous structure suitable for hydrogen adsorption as described
above cannot be formed 1n some cases.

The metal in the raw material is not particularly limited as
long as the metal does not inhibit the hydrogen storage capacity
of the carbon material to be produced. That 1s, for example, a
transition metal may be preferably'used.as the metal, and metals
belonging to the fourth period of Groups 3 to 12 in the periodic
table may each be particularly preferably used. One kind of metal
may be used alone, or two or more kinds thereof may be used 1n

combination.

Specifically, for example, one or two or more kinds selected

from the group consisting of cobalt, iron, nickel, manganese, zlnc,
copper and chromium may be preferably used, and cobalt, 1iron,
manganese, and nickel may be particularly preferably used.

A simple substance of the metal or a compound of the metal

may be used as the metal. As the metal compound, for example, a

metal salt, a metal hydroxide, a metal oxide, a metal nitride, a

metal sulfide, ametal carbide, and ametal complex can be preferably

used, and a metal salt, a metal oxide, and a metal complex may be

particularly preferably used.

Although the content of the metal in the raw material 1s not
particularly limited as long as the content falls within such a
range that the metal does not inhibit the hydrogen storage capacity
of the carbonmaterial tobe produced, the content 1s set topreferably

fall within, for example, the range of 0.5 to 75 wt$%, more preferably
16
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the range of 2 to 40 wtk.

When the metal content falls short of the range, the inside

of the system at the time of the production of the carbon material

becomes nonuniform, the carbonization progresses only 1in the

vicinity of the place at which the metal i1is present, and a uniform

carbon material cannot be obtained in some cases. Inaddition, when
the metal content exceeds the range, the extent to which
graphitization progresses enlarges and hence the porous structure

of the carbon material to be obtalned 1s unsuilitable for hydrogen

adsorption in some cases.

The carbonizedmaterial inthe rawmaterial isnotparticularly

limitedas long as thematerial isamaterial that hasbeencarbonized,

and contributes to the formation of the specific porous structure
in the carbonization of the raw material, and one kind of arbitrary

carbonized material, or two or more kinds thereof, may be used.

Specifically, for example, one or two or more kinds selected
from the group consisting of a carbon nanotube, a carbon nanofiber,
carbon black (e.g., carbon black such as ketjen black or acetylene

black), graphite, activatedcarbon, glassycarbon, mesoporous carbon,
a carbon fiber, fullerene, and onion-like carbon may be used. Of

those, carbon materials each having a large mesoporous volume such

as a carbon nanotube, a carbon nanofiber, and carbon black (e.g.,
carbon black such as ketjen black or acetylene black) may be
particularly preferably used.

The specific surface area of the carbonized material is, for
example, preferably 400 mz/g or more, more preferably 600 mz/g or

more. The content of the carbonized material in the raw material

17
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is not particularly limited as long as the content falls within

such a range that the material contributes to the formation of the

specific porous structure in the carbonization of the raw material.

For example, the content may be set to fall within the range of

1 to 95 wt%, and 1s preferably set to fall within the range of 30

to 90 wtSs.

phm—
p—

When the content of the carbonized material falls short of

the range, a carbon material having a porous structure suitable
for hydrogen storage 1s not obtained i1n some cases. In addition,
when the content of the carbonized material exceeds the range, the
amount of nitrogen on, for example, the carbon surface reduces and

hence the adsorption of hydrogen on the carbon surface does not

progress efficiently 1n some cases.
Therefore, the rawmaterial preferably contains, for example,
1 to 70 wt% of the organic substance and 30 to 90 wt% of the carbonized

material. In addition, more specifically, the raw material

preferablycontains, forexample, 3to50wt%of theorganicsubstance,
2 to 40 wt%s of themetal, and 30 to 90 wt% of the carbonized material.

Inaddition, the rawmaterial may contain any other component.
That 1s, any other material such as a ceramic material or a metal

material may be added to the raw material for the purpose of, for

example, increasing the surface area of the hydrogen-storing carbon

material according to the present invention. Specifically, for

example, one or two or more kinds selected from the group consisting

of mescporous silica, mesoporous carboen, metal powder, a metal fine

particle, and a metal fiber may be used. For example, the content

-

of such other material in the raw material may be set to fall within
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the range of 1 to 90 wt%, and 1s preferably set to fall within the
range of 20 to 70 wt%.
The carbonization 1s performed by heating the raw material

and holding the raw material at such a predetermined temperature

that the raw material 1s carbonized (hereinafter, referred to as
"carbonization temperature”) for a predetermined time period. The
carbonization temperature 1s not particularly limited as long as

the raw material is carbonized at the temperature.

That 1s, for example, the carbonization temperature may be

set to 300°C or more, and may be preferably set to 700°C or more.

More specifically, for example, the carbonization temperature may

be set to fall within the range of 300 to 3,000°C, may be preferably

set to fall within the range of 700 to 2,000°C, and may be more

preferably set to fall within the range of 700 to 1,500°C.

When the carbonization temperature falls short of the range,

the carbonization 1s insufficient, and hence no porous structure

1s formed and a carbon material having a porous structure suitable

for hydrogen storage cannot be produced 1in some cases. In addition,

when the carbonization temperature exceeds the range, the

graphitization progresses to so large an extent that a sufficient

amount of nitrogen does not remain on the carbon surface and a porous

structure having a sufficient volume cannot be formed in some cases.

g

A rate oI temperature 1increase up to the carbonization

temperature may be set to fall within the range of, for example,

0.5 to 300°C/min. For example, the time period for which the raw

material 1s held at the carbonization temperature may be set to

fall within the range of 5 minutes to 24 hours, and may be preferably
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set to fall within the range of 20 minutes to 2 hours. The

carbonization 1s preferably performed in a stream of an inert gas

such as nitrogen.

In addition, the hydrogen-storing carbon material obtained

by the carbonizationmaybepulverizedinto fineparticles. Amethod

for the pulverization i1s not particularly limited as long as the

surface area of the carbon material is increased, and any known

method may be employed. That 1s, the fine particles of the carbon

material may be prepared with pulverizing means such as a ball mill,
a bead mill, or a jet mill.

The hydrogen—-storing carbon material obtained by the
carbonization may be subjected to a washing treatment for reducing
itsmetal content or removingitsmetal. Anacidsuchashydrochloric
acidorsulfuricacidmaybe preferablyused in the washing treatment.

The hydrogen-storing carbon material obtained by the
carbonization may be activated. A method of activating the carbon
material 1snotparticularlylimited, and for example, ammoxidation,
carbon dioxide activation, phosphoric acid activation, alkali

activation, or steam activation may be employed.

The hydrogen-storing carbon material obtained by the
carbonlzation may be subjected to a heat treatment. The heat
treatment 1s performed by further holding the hydrogen-storing
carbon material obtained by the carbonization at a predetermined
temperature. The temperature for the heat treatment may be set to
fall within the range of, for example, 300 to 1,500°C.

A metal may be added to the hydrogen-storing carbon material

obtained by the carbonizationby amethod such as ametal impregnation
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method or a mechanical alloying method. The metal to be added is

not particular limited as long as the metal does not inhibit the

hydrogen storage capacility of the carbon material, and for example,
metals such as titanium, manganese, nickel, zirconium, cobalt,
aluminum, 1ron, niobium, vanadium, magnesium, palladium, calcium,
zinc, and platinum may be preferably used.

The hydrogen-storing carbonmaterial according to the present
invention exhibits high hydrogen storage capacity. That is, the
hydrogen storage quantity of the hydrogen-storing carbon material
1s, for example, 2.0 wt% or more, preferably 2.5 wt% or more, more
preferably 3.0 wt% or more. In addition, the hydrogen storage

quantity per unit area of the hydrogen-storing carbon material is,

for example, 1.5 mg/m° or more, preferably 2.5 mg/m° or more, more
preferably 3.0 mg/m’ or more.

The hydrogen-storing carbonmaterial according to the present
invention may be used not only as a hydrogen-storing material that

merely performs the storage and emission of hydrogen but also as

an electrode material for, for example, a nickel-hydrogen cell or

anailr cell becausethematerial shows high hydrogen storage capacity.

Next, a specific example according to this embodiment is

described.

Examples

(Example 1)

Ketjen black (EC600JD, Lion Corporation) as high-specific
surface area carbon black was prepared as a hydrogen-storing carbon

material.
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(Example 2)

1.5 Grams of a polyacrylonitrile-polymethacrylic acid

copolymer were dissolved in 30 g of dimethylformamide. After that,

1.5 g of cobalt chloride hexahydrate and 1.5 g of 2-methylimidazole
were added to the solution, and then the mixture was stirred for
2 hours. Thus, a blue solution was obtained. The ketjen black

(EC600JDmanufacturedbyLion Corporation) was added tothe resultant

solutionsothat itscontentinaprecursor compositiontobedescribed

later was 67 wt%, and then the contents were mixed with a mortar.
After that, dimethylformamide was removed by drying the mixture
under reduced pressure at 60°C and 6.4x107° Pa for 12 hours. Thus,
a precursor composition was obtained.

Next, the precursor composition was subjected to an infusible
treatment. That 1s, the precursor composition was set in a forced
circulation dryer. Then, in the air, the temperature in the dryer
was increased from room temperature to 150°C over 30 minutes and

then increased from 150°C to 220°C over 2 hours. After that, the

precursor composition was held at 220°C for 3 hours. Thus, the

precursor compositlion was made 1nfusible.

Then, the precursor composition was carbonized. That is, the

precursor composition obtalned as described above was loaded into
a quartz tube and then the quartz tube was subjected to a nitrogen

purge for 20 minutes in an ellipsoidal reflection-type infrared

gold 1mage furnace. Next, heating was started to increase the
temperature 1n the gold 1mage furnace from room temperature to 9300°C

at arate of temperature increase of 50°C/min. After that, thequartz

tube was held at 900°C for 1 hour. Thus, a hydrogen-storing carbon
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material produced by the carbonization of the precursor composition

was obtained.

Further, the hydrogen-storing carbon material was subjected

toapulverization treatment. Thatis, asiliconnitrideball having

a diameter of 10 mm was set in a planetaryball mill (P-7 manufactured
by FRITSCH JAPAN CO., LTD.) and then the hydrogen-storing carbon
material obtained by the carbonizationwaspulverizedat a rotational

speed of 650 rpm for 50 minutes. The pulverized hydrogen-storing

carbon material was taken out and classified with a sieve having

an aperture of 106 um. The hydrogen-storing carbon material that
had passed through the sieve was obtalned as a pulverized, fine

particulate hydrogen-storing carbon material.

(

Example 3)
A fine particulate hydrogen-storing carbon material was
obtained by the same method as that of Example 2 described above

except that manganese (II) chloride tetrahydrate was used instead

of cobalt chloride hexahydrate.

(Comparative Example 1)
A fine particulate hydrogen-storing carbon material was
obtained by the same method as that of Example 2 described above

except that the ketjen black (EC600JD manufactured by Lion

Corporation) was not added to the precursor composition.

(Comparative Example 2)

A fine particulate hydrogen-storing carbon material was

obtained by the same method as that of Example 2 described above

except that the content of the ketjen black (EC600JD manufactured

by Lion Corporation) 1n the precursor composition was set to 23
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wt%.

(Comparative Example 3)

Porous carbon (Maxsorb (trademark) manufacturedbyKansail Coke
and Chemicals Co., Ltd.) as activated carbon subjected to alkall
activation was prepared as a hydrogen-storing carbon material.

(Measurement of specific surface area, total pore volume,

mesoporous volume, and microporous volume)
The specific surface areas, total pore volumes, mMesSOpOrous
volumes, and microporous volumes of the carbon materials prepared

in Examples 1 to 3 and Comparative Examples 1 to 3 described above

were measured with a specific surface area/pore

distribution-measuring apparatus (Tristar 3000 manufactured by

Shimadzu Corporation).

First, 0.1 g of a carbonmaterial was held at 100°C and 6. 7x107°
Pa for 3 hours. Thus, moisture adsorbing to the carbon material

was removed. Next, the specific surface area of the carbon material

was measured by a BET method involving using a nitrogen gas. In
addition, its total pore volume was calculated from the maximum

adsorption of the nitrogen gas. Further, 1ts microporous volume

was calculatedbyanMPmethodandits mesoporousvolumewas calculated

by a BJH method. 1In addition, its meso/micro ratio was calculated
by dividing the mesoporous volume by the microporous volume.

It should be noted that the MPmethod is amethod of determining
the volume, area, and distribution of micropores using a "t-plot

method" (B C Lippene, J H de Boer, J Catalysis, 4, 319 (1969)),

devised by Mikhail, Brunuer, and Bodor (R S Mikhail, S Brunauer,

E E Bodor, J Colloid Interface Sci, 26, 45, (1968)). 1In addition,
24
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the BJH method is a representative method of determining the

distribution of mesopores, proposed by Barrett, Joyner, and Halenda

(E P Barrett, L G Joyner and P P Halenda, J Am Chem Soc, 73, 373,

(1951) ).

5 (Measurement of hydrogen storage quantity)

The hydrogen storage quantity of each carbon material was

measured in accordance with JIS H 7201. First, about 1 g of the

carbon material was inserted into a sample tube and then the tube

was evacuated to a vacuum for 18 hours or more. After that, an He
10 gas was introduced into the sample tube and then the volume of the
carbon material was measured. Further, the He gas was removed from

the sample tube by evacuating the tube to a vacuum for 3 hours or

more.
Then, a hydrogen gas was introduced into the sample tube until

15 1its pressure reached 40 MPa, and then the hydrogen storage quantity

(wt%) was measured. It should be noted that the measurement was

performed at a temperature of -30°C (243 K). Inaddition, a hydrogen

storage quantity per unit surface area (mg/mz) was calculated by

dividing the hydrogen storage quantity thus obtained by the specific

20 surface area obtained as described above.

g

(Measurement of nitrogen content)

The nitrogen content of each carbon material was measured with

an organic trace element analyzer (2400I1 manufactured by

PerkinElmer Inc.) byacombustionmethod. 2Milligrams of the carbon

25 material were analyzed with helium as a carrlier gas under the

conditions of a combustion tube temperature of 980°C and a reduction

tube temperature of 640°C. It should be noted that a time period
25
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for which oxygen was supplied to the combustion tube of 1 second
and a combustion time of 20 seconds were added to the standard
conditions of the analyzer for optimizing the combustion conditions.

(Measurement of average interlayer distance)

First, the X-ray diffraction measurement of a carbon material
was performed. That is, the sample of the carbonmaterial was loaded

into a recess of a glass sample plate and held with a slide glass.

Thus, the sample was uniformly filled into the recess so that its
surface and a reference surface coincided with each other. Next,
the glass sample plate was fixed to a wide-angle X-ray diffraction

sample base so that the shape of the filled sample did not collapse.

Then, the powder X-ray diffraction measurement of each sample
was performed with an X-ray diffractometer (Rigaku RINT2100/PC
manufacturedby Rigaku Corporation) tomeasure itsdiffractionpeak,
and then integration was performed four times. Thus, X-ray
diffraction data to be analyzed was obtained. It should be noted
that a voltage and current applied to an X-ray tube were set to
50 kV and 300 mA, respectively. 1In addition, a sampling interval

was set to 0.1° or 0.01°, a scanning rate was set to 1°/min, and

a measurement angle range (26) was set to 5 to 90°. A CuKo ray was

used as an 1ncident X-ray.

Next, an evaluation for the laminated structure of carbon
network surfaces 1n a carbon structure was performed on the basis

of the resultant X-ray diffraction data. That 1s, an average Lc,

the lamination number of the carbon network surfaces and the
distribution of the number, and an average spacing dggy, Were analyzed

with analytical software installed in a computer (Carbon Analyzer
20



10

15

20

25

30

CA 02791194 2013-08-16

- 50366-22PPH

D series, Ryoka Systems Inc., method of which 1s described 1in
Hiroyuki Fujimoto et al., “Theory for the analysis of layer-size

distribution of carbonaceous material”, Tanso, 2004 [No. 213], 144-

150.

In a calculation process with the software, the following
five steps were performed: (1) the i1ntensity correction of a
diffraction line; (2) the correction of a background; (3) the
calculation of a Patterson function; (4) an evaluation for wvalidity
by inverse Fourier calculation; and (5) the calculation of the
average Lc, an average lamination number, a lamination number

distribution, and the average spacing dgg with the Patterson

function.

That is, first, the diffraction data from 5° to 40°
obtained by the x-ray diffraction measurement was subjected to the
diffraction line intensity correction and the background correction.
In the diffraction line intensity correction, a linear absorption
coefficient p of carbon was set to 4.219, a sample thickness t was
set to 0.2 mm, a divergence slit width B was set to 2/3°, and a
goniometer radius R was set to 285 mm. The background correction was

performed by a spline interpolation method with a point around 15°

and a point around 35° as base points.

Next, the Patterson function was calculated with the data
after the corrections. An integration starting angle and an
integration ending angle were set to 5° and 40°, respectively, and
then the inverse Fourier calculation was performed by Hirsch’s
method while a calculation distance u was changed. Thus, the

evaluation for validity was performed. It should be noted that
Hirsch’s method while is a known method proposed by Hirsh in 1954
for evaluating the average lamination number and lamination number

distribution of carbon network surfaces in a sample having a

relatively small network
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surface size, such as coal or pitch.

The remaining calculation process was performed with the

Patterson function thus calculated in accordance with the standard

procedure of the software. Thus, the average interlayer distance

of the carbon material was calculated.

[ —— ]

clectrochemical measurement by chronopotentiometry)

(

First, a working electrode carrying any one of the carbon

materials was produced. That is, 30 mg of the carbon material,

4]

acetylene black as a conductive aid, and a PTFE as a binder were

weighed at a weight ratio of 8:1:1, and were then mixed with an
agate mortar. After that, the mixture was pressed at 22 MPa for

20 minutes. Thus, pellet having a diameter of 13 mm were produced.

The resultant pellets were sandwliched between nickel meshes,

followed by crimping at 7 MPa for 10 minutes. Thus, the working

electrode was obtalned.

In addition, an Hg/HgSO,; electrode was used as a reference

electrode, and glassy carbon was used as a counter electrode. The

working electrode, the reference electrode, and the counter
electrode were immersed 1n a beaker containing 50 mL of a 6-M agqueous
solution of KOH. Thus, a three-electrode electrochemical cell was
produced.

Next, a cyclic voltammetry test was performed with an
electrochemical analyzer 760 (manufactured by BAS Inc.) under the

conditions of a potential width of -0.885 to 0.215 V (vs NHE), a

sweep rate of 50 mV/s, and 10 cycles. Thus, a surface washing
treatment for washing out a component eluted 1n the agqueous solution

of KOH from the surface of the material was performed.

28
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After that, chronopotentiometrywas performed, which involved
measuring its potential over time while causing a cathode current
at aconstant currentdensityof1l,000mA/gthroughthecarbonmaterial.
Then, the minimum potential when a difference between a potential

5 at a certain time point and a potential after 10,000 seconds from
the time point became less than £0.002 V for the first time after

the initiation of the flow of the current that was held at 1,000

mA/g was read as a stable potential. It should be noted that the
electrochemical measurement was performed at room temperature
10 (25°C).
(Results)
FIG. 1 shows results obtained by evaluating a carbon material
for its characteristics as described above. That 1s, FIG. 1 shows
a hydrogen storage quantity (wt%) represented 1n a welight percentage
15 unit, a hydrogen storage quantity per unit area (mg/m°), a specific
surface area (mz/g) , @ total pore volume (cm3/g) , & total mesoporous
volume (cm’/g), a total microporous volume (cmB/g), a meso/micro

ratio (=), a nitrogen content (wt%), an average interlayer distance

(nm), anda stablepotential (VvsNHE) foreachof thecarbonmaterials

20 according to Examples 1 to 3 and Comparative Examples 1 to 3.

FIG. 2 shows a chronopotentiogram obtained by the potential
measurement in chronopotentiometry. InFIG. 2, the axis of abscissa
indicates an elapsed time (s) from the initiation of the flow of
the cathode current and the axis of ordinate indicates a measured

25 potential (V vs NHE). It should be noted that the term "40% Pt/C"

shown 1n FIG. 2 refers to the results of the measurement in the

case where a material having extremely high catalytic activity in
29
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the electrolysis of water, which was produced by causing ketjen

black (EC600JD manufactured by Lion Corporation) to carry 40 wt%

of platinum, was used in a working electrode for comparison.

As shown in FIG. 1, the carbon materials according to Examples
1 to 3 showed significantly large hydrogen storage quantities

compared with those of the carbonmaterials according to Comparative

Examples 1 to 3. The meso/micro ratios of the carbon materials

according to Examples 1 to 3 each showing high hydrogen storage

capacity as described above were significantly high compared with

those of the carbon materials according to Comparative Examples

1to3. Therefore, eachof the carbonmaterialsaccordingtoExamples
1 to 3 was considered to exert high hydrogen storage capacity because
the carbon material had a porous structure having a relatively large

total pore volume and a large meso/micro ratio.

In addition, the hydrogen storage quantities of the carbon

materials according to Example 2 and Example 3 were significantly

high compared even with that of the carbon material according to

Example 1. In this regard, as shown in FIG. 1 and FIG. 2, a stable

potential in chronopotentiometry involving using each of the carbon

materials according to Example 2 and Example 3 was -1.28 V or more

(that i1s, the stable potential of Example 2 was -1.084 V (1,000
to 11,000 s) and the stable potential of Example 3 was -1.236 V
(6,000 to 16,000 s)), but a stable potential 1n the case where the

carbon materlal according to Example 1 was used was -1.304 V (25,000

to 35,000 s). It should be noted that the stable potential of

Comparative Example 1 was -1.105 V (700 to 10,700 s), the stable

potential of Comparative Example 2 was -1.084 v (1,300 to 11,300
30
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s), the stablepotential of Comparative Example 3was -1.335V (30,000
to 40,000 s), and the stable potential of the 40% Pt/C was -0.915

V (200 to 10,200 s).
Therefore, each of the carbon materials according to Example
O 2 and Example 3 was considered to exert particularly high hydrogen
storage capacity because the carbon material not only had a porous
structure having a large meso/micro ratio but also had a
Characteristic for realizing an efficient dissociative reaction
of hydrogen, i.e., a stable potential in chronopotentiometry of

10 -1.28 V or more.

The following fact was also considered to contribute to the

highhydrogen storage capacity. While thecarbonmaterial according

to Example 1 was free of nitrogen, the carbon materials according

to Example 2 and Example 3 each had a nitrogen content of a

15 predetermined value or more.
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CLAIMS:

1. A hydrogen-storing carbon material, which has a total

= —

pore volume of 0.5 cmﬁ/g or more, and a ratio of a total

mesoporous volume to a total microporous volume per unit weight

of 5 Oor more,

wherein the hydrogen-storing carbon material has a

ﬁ

nitrogen content of 0.5 wt% or more and less than 20 wt$.

2. The hydrogen-storing carbon material according to

claim 1, wherein the hydrogen-storing carbon material is

'ﬁ

obtained by carbonization of a raw material containing an

organic substance, a metal, and a carbonized material.

3. The hydrogen-storing carbon material according to

claim 2, wherein the hydrogen-storing carbon material has a

H

~stable potential of -1.28 V or more when a cathode current with

respect to the hydrogen-storing carbon material is held at
1,000 mA/g'in electrochemical measurement by

chronopotentiometry 1involving using the hydrogen-storing carbon

material 1in a working electrode in a three-electrode method.
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HYDROGEN

SPECIFIC

TOTAL

TOTAL

TOTAL

MESO/

AVERAGE

STORAGE  |SURFACE| PORE |MESOPOROUS|MICROPOROUS| MICRO 'B”éﬁ?gﬁTN INTERLAYER Pg;g&%ﬁl’
QUANTITY AREA |VOLUME| VOLUME VOLUME | RATIO | " lian’ | DISTANCE |1\ cie
(wtt) | (mg/md) | (m*/g) |(em®/g)| (ecm°/g) (cm*/g) | (=) (nm)
EXAMPLE 1 | 26 2.0 1300 | 2.66 .82 0.07 26 0 0.351 -1.304
EXAMPLE 2 | 3.9 4.3 910 | 1.84 1.22 0.06 20 21 0.341 -1.084
EXAMPLE 3 [ 3.5 4.4 800 | 1.82 1.2 0.02 51 26 0.354 ~1.236
COMPARATIVE i
XAMPLE 1 | 0.7 2.4 300 | 0.25 0.16 0.09 18 2.7 0.339 1.105
COMPARATIVE ' )
CEXAMPLE 2 | 04 1.2 340 | 0.46 0.30 0.08 3.8 3.8 0.342 1.084
| COMPARATIVE _
NAMBLE 3| 19 0.8 3000 | 1.70 0.72 1492 0.51 0 0.341 1,335
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