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OXYNITRIDE-HYDRIDE,
METAL-SUPPORTED MATERIAL
CONTAINING OXYNITRIDE-HYDRIDE, AND
AMMONIA SYNTHESIS CATALYST

TECHNICAL FIELD

The present invention relates to an oxynitride-hydride, a
metal-supported material containing an oxynitride-hydride,
and an ammonia synthesis catalyst.

This application claims priority to Japanese Patent Appli-
cation No. 2020-030730 filed on Feb. 26, 2020, the contents

of which are incorporated herein by reference.

BACKGROUND

As a typical ammonia synthesis method, the Haber-Bosch
process 15 a method of producing ammonia by directly
reacting a mixture of nitrogen and hydrogen with a doubly
promoted 1ron catalyst containing several percent of Al,O,
and K,O 1 Fe O, under high-temperature and high-pressure
conditions. This technology 1s still used industrially in the
manufacturing process almost as it was at the time of
completion.

On the other hand, a method of synthesizing ammonia at
a temperature lower than the reaction temperature of the
Haber-Bosch process has been studied. Catalysts capable of
synthesizing ammoma by contacting 1t with nitrogen and
hydrogen have been investigated, and transition metals have
been examined as their catalytic active components. Among,
these methods, a method 1n which a catalyst obtained by
supporting ruthenium (Ru), as a catalyst active component,
on various supports 1s used as an ammonia synthesis catalyst
has been proposed as an eflicient method (for example,
Patent Document 1).

Further, a supported-metal catalyst obtained by support-
ing Ru on an oxynitride-hydride Bali(O;_ H,N,) having a
perovskite-type crystal structure or on a metal oxide
BaCeO, having a perovskite-type crystal structure as a
support has been reported (for example, Patent Document 2
and Non-Patent Document 1). Further, a supported-metal
catalyst (Ru/BaCe, | Y O,_,) obtained by supporting Ru on
Zr-doped BaCeO, as a support has been reported (for
example, Non-Patent Document 2).

On the other hand, a method of synthesizing nitrogen-
doped BaCeO, (Perovskite oxynitride, BaCe,(O, N),) has
been reported, but there 1s no disclosure about using the

nitrogen-doped BaCeO, as an ammonia synthesis catalyst
(for example, Non-Patent Document 3).

PATENT DOCUMENTS

[Patent Document 1] Japanese Unexamined Patent Appli-
cation Publication No. 2006-231229
[Patent Document 2] WO 2015/136953

Non-Patent Documents

[Non-Patent Document 1] Yang, X1ao-Long et al., “Cata-
lyst Communications™ 11, p. 867-870 (2010)

[Non-Patent Document 2] Shimoda, Naohiro et al., “Inter-
national Journal of Hydrogen Energy” 42, p. 29745-
297355 (2017)

[Non-Patent Document 3] Liu, Guo et al. “Journal of
Solid State Chemistry” 89, p 366-371 (1990)
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2
SUMMARY OF THE INVENTION

Problems to be Solved by Invention

Although the ammonia synthesis by the Haber-Bosch
process using a doubly promoted iron catalyst has been put
into practical use, it requires a high-temperature and high-
pressure conditions. Therefore, there 1s a problem 1n that the
burden on an apparatus and the cost 1s high.

The supported-metal catalyst as disclosed 1n Patent Docu-
ment 1 uses a carbonaceous support such as activated carbon
or an morganic oxide support. However, the supported metal
catalysts have a low reaction activity and have an insufhicient
performance for practical use. The supported-metal catalysts
disclosed 1n Patent Document 2 and Non-Patent Document
1 have insuihlicient catalytic activity.

In other words, an ammoma synthesis catalyst having a
suflicient reactivity even under a condition of lower tem-
perature and lower pressure than the reaction conditions of
the Haber-Bosch process 1s required.

Means for Solving Problems

The present inventors have found an ammonia synthesis
catalyst which can achieve both stabilization and improve-
ment of catalyst performance by supporting a transition
metal on a composition containing an oxynitride-hydride.

That 1s, the subject matter of the present invention 1s
shown as follows:

[1] An oxynitride-hydride, which 1s represented by the
following general formula (1),

N H

f-x+ "9z

(1)

wherein, in the general formula (1), A 1s at least one kind
selected from the group consisting of Ba and Sr; B 1s at
least one kind selected from the group consisting of Al,
Ga, In, S1, Ge, and Sn; n 1s an mteger of 1 to 3; m 1s 1
or 2; 11s 4 or 5; X represents a number represented by
0.1=x<3.5; vy represents a number represented by
0.1=y=<2.0; and z represents a number represented by
0.1=<z<2.0.

[2] The oxynitride-hydride according to [1], wherein, 1n
the general formula (1), B 1s at least one kind selected from
the group consisting of Al, Ga, and In; n=1; m=2; and 1=4.

[3] The oxynitride-hydride according to [1], wherein, 1n
the general formula (1), B 1s at least one kind selected from
the group consisting of S1, Ge, and Sn; n=3; m=1; and 1=5.

[4] A metal-supported material 1n which a transition metal
(M) 1s supported on a support, wherein the support 1s a
composition comprising the oxynitride-hydride according to
any one of [1] to [3].

[5] The metal-supported material according to [4],
wherein a loading amount of the transition metal (M) 1s 0.01
parts by mass to 50 parts by mass with respect to 100 parts
by mass of the support.

|6] The metal-supported maternial according to [4] or [ 5],
wherein the transition metal (M) 1s at least one kind selected
from the group consisting of Ru, Co, and Fe.

[7] A supported-metal catalyst comprising the metal-
supported material according to any one of claims 4 to 6.

[8] An ammonia synthesis catalyst comprising the metal-
supported material according to any one of [4] to [6].

[9] An ammonia synthesis catalyst, which 1s a composi-
tion comprising the oxynitride-hydride according to any one
of [1] to [3].

A B O
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[10] A method of producing ammonia, comprising react-
ing nitrogen with hydrogen in the presence of the supported-
metal catalyst according to [7].

[11] A method of producing an oxynitride-hydride repre-
sented by the following general formula (1), comprising:

a step of heating a compound represented by the follow-
ing general formula (2) and a compound represented by the
following general formula (3) under an ammonia atmo-

sphere,
AB O, NH

Xt E

(1)
(2)

B0, (3)

A(NH5),

wherein, in the general formulae (1) to (3), A 1s at least
one kind selected from the group consisting of Ba and
Sr; B 1s at least one kind selected from the group
consisting of Al, Ga, In, S1, Ge, and Sn; n 15 an integer
oflto3; mislor2;lisdorS5;kislor2;71s1 to
3; X represents a number represented by 0.1=x<3.5; y
represents a number represented by 0.1=y=<2.0; and z
represents a number represented by 0.1=z<2.0.

[12] The method of producing the oxynitride-hydride
according to [11], wherein, in the general formula (1), B 1s
at least one kind selected from the group consisting of Al,
(Ga, and In: n=1; m=2; and 1=4.

[13] The method of producing the oxynitride-hydride
according to [11], wherein, in the general formula (1), B 1s

at least one kind selected from the group consisting of Si,
Ge, and Sn; n=3; m=1; and 1=5.

Fftect of the Invention

When the oxynitride-hydride of the present invention 1s
used as an ammomia synthesis catalyst, 1t has a high ammo-
nia synthesis activity even at a low reaction temperature and
a low reaction pressure, and the catalyst activity does not
decrease even if the synthesis reaction 1s repeated; therelfore,
the oxynitride-hydride 1s suitable as an ammonia synthesis
catalyst.

Further, in comparison with the conventional synthesis
method of oxynitride or oxohydride, the composition con-
taining the oxymtride-hydride of the present invention can
be synthesized by a low-temperature heat treatment process,
and the synthesis method 1s also superior in terms of
productivity and cost.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s XRD patterns of oxynitride-hydride BaAl,O,,_
xN_H_ powders synthesized at various heat treatment tem-
peratures and treatment times as powder treatment condi-
tions 1n Example 1.

FIG. 2 1s a thermal desorption spectrum of BaAl,O,_
xN_H, obtained in Example 1.

FIG. 3 1s a graph showing the reaction temperature
dependence of each ammonia synthesis rate 1n Examples 1
and 2 and Comparative Example 1.

FIG. 4 1s XRD patterns of oxynitride-hydride Ba,S10._
=N H, powders synthesized in Examples 2 and 3 to 5 at
various heat treatment temperatures and treatment times as
powder processing conditions.

DESCRIPTION OF THE INVENTION

(Oxynitride-Hydride)
The oxynitride-hydride of the present mmvention 1s an
oxynitride-hydride in which nitrogen and hydrogen are
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4

doped 1n oxygen sites of a complex oxide represented by the
tollowing general formula (5). The oxymitride-hydride of the
present invention 1s a compound represented by the general
formula (1). It 1s preferable that the oxynitride-hydride has
the same type of crystal structure as the complex oxide
represented by the general formula (5) which 1s not doped
with nitrogen or hydrogen. That is, 1t 1s preferable that the
oxynitride-hydride of the present embodiment maintains the
crystal structure of the complex oxide while nitrogen and
hydrogen are doped in the oxygen sites of the complex oxide
represented by the general formula (3).

AanOf (5)

In the general formula (5), A 1s at least one kind selected
from the group consisting of Ba and Sr; and B 1s at least one
kind selected from the group consisting of Al, Ga, In, S1, Ge,
and Sn.

AB O, NH

e al Et

(1)

In the general formula (1), A 1s at least one kind selected
from the group consisting of Ba and Sr; B 1s at least one kind
selected from the group consisting of Al, Ga, In, S1, Ge, and
Sn; n1s an integer of 1 to 3; mi1s 1 or 2; 115 4 or 5; X
represents a number represented by 0.1=x<3.5; y represents
a number represented by 0.1=y=<2.0; and z represents a
number represented by 0.1=z<2.0.

An amount of nitrogen and an amount of hydrogen doped
in the oxynitride-hydride of the present invention are not
particularly limited. It 1s preferable that the resulting oxyni-
tride-hydride can maintain the crystal structure of the com-
plex oxide represented by the general formula (35).

The relationship between x, y, and z 1s preferably, for
example, 2x-(3y+z)=0, such that the oxynitride-hydride 1s
charge neutral.

In the general formula (1), 1t 1s preferable that x represents
a number represented by 0.5=x<3.5; y represents a number
represented by 0.25=y=1.8; and z represents a number
represented by 0.25=z<1.8.

In the general formula (1), 1t 1s more preferable that x
represents a number represented by 1.0=x=3.4; vy represents
a number represented by 1.0=y=<l1.7; and z represents a
number represented by 1.0=z<1.8.

The doped nitrogen and hydrogen may be partially further
replaced with an atom other than nitrogen and hydrogen, and
examples of the atom may specifically include an electron,
a carbon atom, a halogen atom, and the like, as long as the
cllect of the present invention 1s not impaired.

Specific examples of the oxynitride-hydride of the present
invention include an oxynitride-hydride represented by the
general formula (1) wheremn A 1s Ba and B 1s Al; an
oxynitride-hydride represented by the general formula (1)
wherein A 1s Ba and B 1s Ga; an oxynitride-hydride repre-
sented by the general formula (1) wherein A 1s Ba and B 1s
In; an oxynitride-hydride represented by the general formula
(1) wherein A 1s Ba and B 1s S1; an oxynitride-hydride
represented by the general formula (1) wherein A 1s Ba and
B 1s Ge; an oxynitride-hydride represented by the general
formula (1) wherein A 1s Ba and B 1s Sn; and an oxynitride-
hydride represented by the general formula (1) wherein A 1s
Sr and B 1s at least one kind selected from the group
consisting of Al, Ga, S1, and Ge. Among them, an oxyni-
tride-hydride represented by the general formula (1) wherein
A1s Ba and B 1s Al, or an oxynitride-hydride represented by
the general formula (1) wherein A 1s Ba and B 1s S1 1s
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preferable, and an oxynitride-hydride represented by the
general formula (1) wherein A 1s Ba and B 1s Al 1s more
preferable.

Examples of the oxynitride-hydride represented by the
general formula (1) wherein A 1s Ba and B 1s Al include

BaAl,O, N H,, Ba;Al,O4 N H, Ba;Al,0,, N H,
Ba,Al,O, N H, Ba,;Al,O, NH, BaAl,O, NH_,
BaAl,,0,, N H_, and the like. Among them, BaAl,O,_,

N_H, 1s more preterable.
Examples of the oxynitride-hydride represented by the

general formula (1) wherein A 1s Ba and B 1s Ga include
BaGa,O, N H BaGa, O, N _H Ba,Ga,O, N _H

"z T-xT Ty Fext Ty Tz
Ba,Ga,04_ N H_, and the like.
Examples of the oxynitride-hydride represented by the

general formula (1) wherein A 1s Ba and B 1s In include

BalnO, 5 N H_, Ba;In, 04 N H_, Bagln O, N H |
Ba,In,Os N H_, Ba,In,O, N H_, Ba,InsO,; N H_ and
the like.

Examples of the oxynitride-hydride represented by the

general formula (1) wherein A 1s Ba and B 1s Si1 include
Ba,S105_ N H._, Ba,S10, N H._, Ba,S1,0,,. N H

10-x z?
Ba,Sic0, N, BaSi,O, NI, BasSis0,, NI,

BagS1,,0,4 N H,, BaSi0, N H_, BaS1,05_ N H_, and the

like. Among them, Ba;S105_ N H_ is more preterable.
Examples of the oxynitride-hydride represented by the

general formula (1) wherein A 1s Ba and B 1s Ge include

Ba,GeO, N H,  BaGe,O, N H BaGe,O. N H

O-x -z 5-x e
Ba,,Ge,0, N, I, BaGeO, N H_ Ba,Ge,0, NI, and
the like.

Examples of the oxynitride-hydride represented by the
general formula (1) wherein A 1s Ba and B 1s Sn 1nclude
Ba,SnO, N H_, BaSnO,_ N H_, Ba;SnO, N H_, and the
like.

Examples of the oxynitride-hydride represented by the
general formula (1) wherein A 1s Sr and B 1s at least one kind
selected from the group consisting of Al, Ga, S1, and Ge
include SrAl,O, N H , SrGa,O, N H_, Sr;S105 N H,
Sr;GeOs_ N H_, and the like.

(Method of Producing Oxynitride-Hydride)

The method of producing an oxynitride-hydride repre-
sented by the following general formula (1) includes a step
of heating a compound represented by the following general
formula (2) and a compound represented by the following
general formula (3) under an ammonia atmosphere.

g

AB O, NH

Xt E

(1)

A(NH>), (2)

B0, (3)

In the general formulae (1) to (3), A 1s at least one kind
selected from the group consisting of Ba and Sr; B 1s at least
one kind selected from the group consisting of Al, Ga, In, S,
Ge, and Sn; n1s an mtegerof 1 to 3; mi1s 1 or 2;11s 4 or
S;k1s 1or2;71s 1 to 3; X represents a number represented
by 0.1=x=3.5; y represents a number represented by
0.1=y=<2.0; and z represents a number represented by
0.1=z<2.0.

Preferred embodiments and specific examples of the
oxynitride-hydride represented by the general formula (1),
which 1s a product of the producing method of the present
invention, are the same as those of the above-mentioned
oxynitride-hydride of the present invention.

Examples of the compound represented by the general
formula (2), which 1s a raw material of the producing
method of the present invention, include Ba(INH,), and

Sr(NH,),.
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6

Examples of the compound represented by the general
formula (3), which 1s a raw material of the producing
method of the present invention, include Al,O;, S10,, SnO,
In,O5, GeO,, and the like.

The method of producing the oxynitride-hydride repre-
sented by the general formula (1), as an embodiment of the
present mvention, includes a step of heating a metal amide
compound of Ba(NH,), or Sr(NH,), and an oxide of an
clement represented by B 1n formula (1) (for example,
Al,O;, S10,) under an ammoma atmosphere. A detailed
producing method will be described i1n the following
embodiments. For example, the method includes a mixing
step of mixing the metal amide compound and the oxide, and
a heating step of heating the mixture obtained 1n the mixing
step 1n the ammonia atmosphere. It 1s preferable to turther
include a pretreatment step of dehydrating the metal amide
compound before the mixing step. In this case, 1n the mixing
step, 1t 1s preferable to mix the obtained dehydrated oxide 1n
a rare gas atmosphere such as 1n an Ar glove box.

An example of the pretreatment step of the dehydration
includes a method of vacuum heating treatment at 300° C.
or higher and lower than 900° C., preferably at 400° C. or
higher and lower than 800° C. and more preferably at 500°
C. or higher and lower than 700° C.

An example of the heat treatment includes a method of
performing heat treatment 1n an ammonia stream at 300° C.
or higher and lower than 900° C. for 1 to 50 hours,
preferably at 300° C. or higher and lower than 900° C. for
2 to 30 hours, and more preferably at 400° C. or higher and
lower than 900° C. for 5 to 20 hours.

In the case of producing the compound represented by the
general formula (1), as the raw material charging ratio of the
oxide to the metal amide compound, the molar ratio (A:B)
of the element A to the element B 1s preferably 0.5xn:m to
1.5xn:m (mol/mol), more preferably 0.8xn:m to 1.2xn:m,
and still more preferably 0.9xn:m to 1.1xn:m. Here, A, B, n,
and m have the same meaning as A, B, n, and m in the above
general formula (1).

A form of the raw material of the metal amide used and
a form of the raw matenial of the oxide are preferably
powder. For example, the metal amide 1s commercially
available. The metal amide can be synthesized by the
following procedure. Metal A (A 1s at least one kind selected
from the group consisting of Ba and Sr) having a purity of

99.99% 1s placed 1n a pressure-resistant container, and
ammonia gas 1s mtroduced into the container while being
cooled to about -50° C. to dissolve the metal A. After
stirring at —50° C. for 1 hour, the mixture was returned to
room temperature.

Thereafter, the container was immersed in an oil bath,
held at 100° C. for 1 hour with stirring, and then was cooled
to room temperature. After cooling, ammonia gas remaining,
in the container 1s exhausted to obtain the metal amide.

Hereinatter, the oxymitride-hydride of the present imnven-
tion, a metal-supported material supporting a transition
metal, a supported-metal catalyst, and an ammonia synthesis
catalyst will be described 1n detail with reference to first and
second embodiments of the present invention. Further, a
method of producing ammomia using the ammonia synthesis
catalyst and a method of producing an oxymtride-hydride
according to the present invention will be described in detail
by taking the first and second embodiments of the present
invention as examples. However, the present invention 1s not
limited to the above embodiments and may take various
forms.
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First Embodiment

(Oxynitride-Hydrnide Containing Group 13 Typical Element)

The oxymitride-hydride of the present embodiment 1s an
oxynitride-hydride 1n which nitrogen and hydrogen are
doped 1n the oxygen site of a complex oxide represented by
the following general formula (6). The oxynitride-hydride 1s
a compound represented by the following general formula
(7). It 1s preferable that the oxynitride-hydride has the same
type of crystal structure as the complex oxide represented by
the general formula (6) which 1s not doped with nitrogen or
hydrogen. That 1s, it 1s preferable that the oxynitride-hydride
of the present embodiment maintains the crystal structure of
the complex oxide while doping nitrogen and hydrogen 1nto
the oxygen sites of the complex oxide represented by the
tollowing general formula (6).

AB50, (6)

AB,O, N.H

Sl

(7)

In the general formula (7), B 1s at least one kind selected
from the group consisting of Al, Ga, and In; and A, X, vy, and
7 have the same meaning as A, X, y, and z in the general
formula (1).

The compound represented by the general formula (7) 1s
a compound represented by the general formula (1), wherein
nis 1;mi1s 2;11s 4; and B 1s at least one kind selected from
the group consisting of Al, Ga, and In.

An amount of nitrogen and an amount of hydrogen doped
in the oxynitride-hydride of the present embodiment are not
particularly limited as long as the crystal structure of AB,O,
can be maintained.

The relationship between x, vy, and z 1s preferably, for
example, 2x-(3y+z)=0, such that the oxynitride-hydride is
charge neutral.

In the general formula (7), 1t 1s preferable that x represents
a number represented by 0.5=x=<1.6; y represents a number
represented by 0.25=y=<0.8; and z represents a number
represented by 0.2<z=0.8.

In the general formula (7), it 1s more preferable that x
represents a number represented by 1.0=x=<1.4; y represents
a number represented by 0.4=y=0.6; and z represents a
number represented by 0.3=z<0.5.

For example, 1n the example described below, an oxyni-
tride-hydride represented by BaAl,O, N H,  was synthe-
s1zed.

The doped nitrogen and hydrogen may be partially further
replaced with an atom other than nitrogen and hydrogen, and
examples of the atom may specifically include an electron,
a carbon atom, a halogen atom, and the like, as long as the
cllect of the present invention 1s not impaired.

(Method for Producing Oxynitride-Hydride)

The method of producing the oxynitride-hydride repre-
sented by the general formula (7), as in the present embodi-
ment, includes a step of heating a metal amide represented
by the following general formula (8) and an oxide of a group
13 element represented by the following general formula (9)
under an ammomnia atmosphere. A detailed producing
method will be described 1n later examples. The method of
producing the oxynitride-hydride AB,O, N H_ of the pres-
ent embodiment includes, for example, a mixing step of
mixing A(NH, ), and B,O,, and a heating step of heating the
mixture obtained in the mixing step 1n an ammonia atmo-
sphere. It 1s preferable that the method further includes a
pretreatment step of dehydrating A(NH, ), before the mixing,
step. In this case, 1n the mixing step, the dehydrated
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A(NH,), and B,O, are preferably mixed in a rare gas
atmosphere such as an Ar glove box.

A(NH>)5 (8)

B50; (9)

In the general formulae (8) and (9), A and B have the same
meaning as A and B 1n the general formula (7).

An example of the pretreatment step of the dehydration
includes a method of vacuum heating treatment at 300° C.
or higher and lower than 900° C., preferably at 400° C. or
higher and lower than 800° C. and more preferably at 500°
C. or higher and lower than 700° C.

An example of the heat treatment includes a method of
performing heat treatment in an ammonia stream at 300° C.
or higher and lower than 900° C. for 1 to 50 hours,
preferably at 400° C. or higher and lower than 900° C. for
2 to 30 hours, and more preferably at 500° C. or higher and
lower than 900° C. for 5 to 25 hours.

The molar ratio (A:B) of A to B 1s preferably 0.8:2.0 to
1.2:2.0 (mol/mol), more preterably 0.9:2.0 to 1.1:2.0, and
even more preferably 0.95:2.0 to 1.05:2.0.

A form of the raw material A(NH,), and a form of the raw
material B,O; to be used are preferably powder. For
example, a commercially available Al,O; powder (average
particle size: 2 to 3 um) made by Kojundo Chemical Lab.
Co., Ltd can be used. Ba(NH,), can be synthesized by the
following steps. Metal Ba (made by Aldrich, purity 99.99%)
1s placed 1n a pressure vessel, and ammoma gas 1s introduced
into the vessel while cooling to about —30° C. to dissolve the
metal Ba. The resulting dissolved substance 1s stirred at —=50°
C. for 1 hour and then returned to room temperature.
Thereatter, the container containing the obtained dissolved
substance was 1mmersed 1n an o1l bath, held at 100° C. for
1 hour with stirring, and then cooled to room temperature.
After cooling, ammonia gas remaining in the container was
exhausted to obtain Ba(INH,)..

The oxynitride-hydride of the present embodiment 1s
preferably an oxynitride-hydride obtamned by heating
A(NH,), and B,O, under an ammonia atmosphere. The
oxynitride-hydride obtained by the producing method which
includes a mixing step of mixing A(NH,), and B,O, and a
heating step of heating the mixture obtained by the mixing
step 1n an ammonia atmosphere 1s more preferable. It 1s
preferable that the method further includes a pretreatment
step of dehydrating B,O, before the mixing step. In this
case, 1n the mixing step, it 1s preferable to mix the dehy-
drated B,O, and A(NH,), 1n a rare gas atmosphere such as
an Ar glove box. In addition, a preferable heat treatment
temperature, a preferable heating time, a preferable charging
ratio of the raw material, and the like are the same as those
of the producing method mentioned above.
<Determination of Nitrogen and Hydrogen in Oxynitride-
Hydride>

The synthesized oxynitride-hydride AB,O, N _H, can be
analyzed with a temperature-programmed desorption ana-
lyzer (BELCATA) to determine the amount of nitrogen and
hydrogen desorbed. Based on the results of the amount of
nitrogen and hydrogen desorbed, the percentage of nitrogen
and hydrogen contamned in the oxynitride-hydride 1s
obtained. For example, 1n a later example, the composition
of BaAl,O, N H, synthesized at 800° C. was
BaAl,O, N, ,-H, 50, based on the results analyzed by the
temperature-programmed desorption analysis (BELCATA).
(Metal-Supported Material)

The metal-supported material of the present embodiment
1s a material 1n which a transition metal (M) 1s supported on
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a support. The support contains an oxynitride-hydride 1n
which nitrogen and hydrogen are doped at the oxygen site of
AB,O,. The metal-supported material of the present
embodiment 1s a material 1n which a transition metal (M) 1s
supported on a support. The support 1s a composition
containing an oxynitride-hydride represented by the general
tormula (7). Preferably, the support 1s a composition con-
taining the oxynitride-hydride of the present embodiment
described above. The transition metal (M) 1s preferably at
least one kind selected from the group consisting of Ru, Co.
and Fe.

A loading amount of the transition metal 1s not particu-
larly limited, but 1s generally, with respect to 100 parts by
mass of the support, 0.01 parts by mass (0.01% by mass) or
more, preferably 0.5 parts by mass (0.5% by mass) or more,
more preferably 1 part by mass (1% by mass) or more, and
still more preferably 2 parts by mass (2% by mass) or more;
and usually 50 parts by mass (50% by mass) or less,
preferably 30 parts by mass (30% by mass) or less, more
preferably 20 parts by mass (20% by mass) or less, and still
more preferably 10 parts by mass (10% by mass) or less. The
cilect of the present invention can be obtained if the loading
amount 1s equal to or greater than the lower limit value, and
the effect of the present invention commensurate with the
loading amount and cost can be obtained if the loading
amount 1s equal to or less than the upper limit value.

The metal-supported material of the present embodiment
1s a material 1n which a transition metal (M) 1s supported on
a support. The support 1s preferably a composition contain-
ing an oxynitride-hydride obtained by heating B,O, and A
(NH,), under an ammonia atmosphere. More preferably, the
composition contains an oxynitride-hydride obtained by a
producing method including a mixing step of mixing B,O,
and A(NH,), and a heating step of heating the mixture
obtained by the mixing step 1n an ammonia atmosphere. It
1s preferable that the method further includes a pretreatment
step of dehydrating B,O, before the mixing step. In this
case, 1n the mixing step, it 1s preferable to mix the dehy-
drated B,O, and A(NH,), 1n a rare gas atmosphere such as
an Ar glove box. In addition, a preferable heat treatment
temperature, a preferable heating time, a preferable charging
ratio of the raw material, and the like are the same as those
of the producing method.
<Transition Metal>

As the transition metal used 1n the present embodiment, it
1s not particularly limited, but transition metals from Groups
6,7, 8, 9, or 10 of the periodic table may be used, preferably
those from Groups 6, 8, or 9 may be used, and more
preferably those from Groups 8 or 9 may be used.

As the specific metal element, it 15 not particularly lim-
ited, but Cr, Mo, Mn, Re, Fe, Ru, Os, Co, Rh, N1, Pd, or Pt
may be used. Mo, Re, Fe, Ru, Os, or Co may be preferably
used 1n view of high bonding energy with nitrogen. Ru, Co,
or Fe may be more preferably used in view of catalytic
activity on synthesizing ammonia when the supported metal
maternial 1s used as a supported metal catalyst. Further, Ru
may be most preferably used in view of the highest catalytic
activity.

Each of the above elements may be used alone, or two or

more of them may be used in combination. Intermetallic
compounds of these elements such as Co,Mo;N, Fe;Mo,N,
Ni,Mo,N, Mo,N, and the like may also be used. Each
clement may be used alone or in combination of two or more
kinds; and preferably, each element may be used alone in
view of cost.
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<Method of Loading Transition Metal (M) on Oxynitride-
Hydride>

A method of loading the transition metal (M) on the
oxynitride-hydride 1s not particularly limited, but, for
example, the powdered oxynitride-hydride (AB,O, N H,)
obtained by the above method and a compound of the metal
to be supported are inserted into a silica glass tube, heated
in vacuum at 50° C. to 90° C. for 0.5 to 4 hours, and then
heated at 100° C. to 150° C. for 0.5 to 4 hours to adhere the
metal compound on the surface of the powdered AB,O,
N_H,. Finally, the metal compound is thermally decomposed
by heating at 150° C. to 300° C. for 0.5 to 5 hours to obtain
a supported material in which the transition metal (M) 1s
fixed on AB,O, NH_ (herenatter, reterred to as
M/AB,0O,_ . N H,).

For example, the transition metal compounds Ru,(CO), ,,
Co,(CO),, and Fe,(CO), 1n which the transition metal (M)
1s Ru, Co, and Fe, respectively, can be used to synthesize the
metal-supported materials of Ru-supported AB,O, N H,
(hereinafter, reterred to as Ru/AB,O, N H,), Co-supported
AB,O, N _H_ (hereinafter, referred to as Co/AB,O, N _H ),
and Fe-supported AB,O, N H_ (hereinafter, reterred to as
Fe/AB,O, N_H,).
<Shape of Metal-Supported Material>

A shape of the metal-supported material according to the
present embodiment 1s not particularly limited, and specifi-
cally, may be any shape such as a block shape, a powder
shape, a film shape, etc., but 1s usually a powder shape. The
particle size of the powdered metal-supported material 1s not
particularly limited, but 1s usually 1 nm or more and 10 um
or less.

The particle size of the transition metal on the metal-
supported material of the present embodiment 1s not par-
ticularly limited, but 1s generally 1 nm or more and 100 nm
or less. Preferably, it 1s 20 nm or less, and more preferably
10 nm or less, which 1s advantageous 1n that the number of
step sites, which are active sites for nitrogen dissociation,
increases when used as an ammonia synthesis catalyst.
(Metal-Supported Catalyst)

The supported-metal catalyst of the present embodiment
contains the metal-supported material. The supported-metal
catalyst of the present embodiment contains a transition
metal and a support for supporting the transition metal, and
the support 1s a composition contaimng the oxynitride-
hydride represented by the following general formula (7).

AB,O, N H

Xy E

(7)

In the general formula (7), A 1s at least one kind selected
from the group consisting of Ba and Sr; B 1s at least one kind
selected from the group consisting of Al, Ga, and In; x
represents a number represented by 0.2<x=2.0; vy represents
a number represented by 0.1=y<1.0; and z represents a
number represented by 0.1=z<1.0.

(Ammonia Synthesis Catalyst)

An ammomia synthesis catalyst 1s obtained by loading a
transition metal (M) on a support. The support 1s a compo-
sition containing an oxynitride-hydride 1 which nitrogen
and hydrogen are doped at the oxygen site of AB,O,. The
ammonia synthesis catalyst of the present embodiment
includes a transition metal and a support for supporting the
transition metal, and the support 1s a composition containing
an oxynitride-hydride represented by the following general
formula (7). Preferably, the support 1s a composition con-
taining the oxymtride-hydride of the present embodiment
described above.

AB,O, N H

Xy E

(7)
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In the formula (7), A 1s at least one kind selected from the
group consisting of Ba and Sr; B 1s at least one kind selected
from the group consisting of Al, Ga, and In; X represents a
number represented by 0.2=x=<2.0; v represents a number
represented by 0.1=y=1.0; and z represents a number rep-
resented by 0.1=z<1.0.

As long as the eflect of the present mvention 1s not
impaired, a part of the nitrogen and hydrogen may further
include an atom other than both nitrogen and hydrogen, and
specifically, examples of the atom may include an electron,
a carbon atom, a halogen atom, and the like.
<Transition Metal>

As the transition metal used 1n the present embodiment, it
1s not particularly limited, but transition metals from Groups
6,7, 8,9, or 10 of the periodic table may be used, preferably
those from Groups 6, 8, or 9 may be used, and more
preferably those from Groups 8 or 9 may be used.

As the specific metal element, it 1s not particularly lim-
ited, but Cr, Mo, Mn, Re, Fe, Ru, Os, Co, Rh, N1, Pd, or Pt
may be used. Mo, Re, Fe, Ru, Os, or Co may be preferably
used 1n view of high bonding energy with nitrogen. Ru, Co,
or Fe may be more preferably used i view of catalytic
activity on synthesizing ammonia when the supported metal
material 1s used as a supported metal catalyst. Further, Ru
may be most preferably used in view of the highest catalytic
activity.

Each of the above elements may be used alone, or two or
more of them may be used in combination. Intermetallic
compounds of these elements such as Co;Mo;N, Fe;Mo;N,
Ni,Mo,N, Mo,N, and the like may also be used. Each
clement may be used alone or in combination of two or more
kinds; and preferably, each element may be used alone in
view o1 cost.

(Method of Producing Ammonia Synthesis Catalyst)

The ammonia synthesis catalyst of the present invention
1s obtained by loading a transition metal (M) on a support.
The support 1s a composition contaiming an oxynitride-
hydride 1n which nitrogen and hydrogen are doped at the
oxygen site of AB,O,. The ammonia synthesis catalyst of
the present embodiment 1s produced by loading the transi-
tion metal on the support containing the composition con-
taining the oxynitride-hydride. The producing method 1s not
particularly limited, but generally, the ammomnia synthesis
catalyst 1s produced by loading a transition metal or a
compound serving as a precursor ol the transition metal
(heremaftter, transition metal compound) on the support.

The composition of oxynitride-hydride used as the raw
material for the ammonia synthesis catalyst of the present
embodiment may be a commercially available reagent or an
industrial raw material, or may be obtained by a known
method from a corresponding metal.

The oxynitride-hydride composition used in the present
embodiment can be pretreated by heating at about 200° C.
to 500° C. for several hours 1n a hydrogen atmosphere, for
example, at 340° C. for 2 hours, and then the transition metal
can be supported at a transition metal-loading step described
later.

The catalyst produced by using a material in which the
support 1s previously heated under a hydrogen atmosphere,
for example, when used for an ammonia synthesis reaction,
can obtain high activity immediately after start of the
reaction.

The method of loading the transition metal (M) on the
support used 1n the present embodiment 1s not particularly
limited, and a known method can be used. Generally, a
method 1s used 1 which a compound of the transition metal
to be supported, which can be converted into a transition
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metal by reduction, thermal decomposition, or the like, 1s
supported on the support, and then the compound 1s con-
verted into the transition metal.

As the transition metal compound, 1t 1s not particularly
limited, but an mmorganic compound or an organic transition
metal complex of a transition metal easily susceptible to
thermal decomposition or the like may be used. Specifically,
a complex of transition metal, an oxide of transition metal,
a transition metal salt such as a mitrate and a hydrochloride,
or the like may be used.

For example, as a Ru compound, triruthenium dodecy-
carbonyl[Ru,(CO),,], dichloro tetrakis (triphenylphos-
phine) ruthenium (II) [RuCl,(PPh,),], dichloro-tris (triph-
enylphosphine) ruthentum (II) [RuCl,(PPh,),], tis
(acetylacetonato) ruthenium (III) [Ru(acac),], ruthenocene
[Ru(C.H;)], nitrosyl ruthenium nitrate [Ru(NO)(INO,),],
potassium ruthenate, ruthenium oxide, ruthenium nitrate,
ruthentum chloride, or the like may be used. Tris (acetylac-
ctonato) ruthenium (III) [Ru(acac),] 1s preferable.

As an Fe compound, 1ron pentacarbonyl [Fe(CO);], dode-
cycarbonyl ferric [Fe,(CO),,], nona carbonyl iron [Fe,
(CO)s], tetracarbonyl 1ron 10dide [Fe(CO),l,], tris (acety-
lacetonato) 1ron (III) [Fe(acac),], terrocene [Fe(CiHs),],
iron oxide, 1ron mitrate, iron chloride(FeCl,), etc.), or the like
may be used.

As a Co compound, cobalt octacarbonyl [Co,(CO)], tris
(acetylacetonato) cobalt (I1I) [Co(acac),], cobalt (II) acety-
lacetonate [Co(acac),], cobaltocene [Co(C.H),], cobalt
oxide, cobalt nitrate, cobalt chloride, or the like may be used.

A carbonyl complex of a transition metal such as [Ru,
(CO)1l, [Fe(CO)s], [Fes(CO)y L, [Fey(CO)l, or [Co,
(CO),] among these transition metal compounds 1s prefer-
able from the viewpoint that the reduction treatment to be
described later can be omitted in the production of the
supported metal material of the present embodiment because
the transition metal may be loaded by loading the carbonyl
complex and then heating 1t.

An amount of the transition metal compound to be used
1s not particularly limited, and an amount for realizing a
desired loading amount can be appropriately used. Usually,
with respect to 100 parts by mass of the support, 0.01 parts
by mass (0.01% by mass) or more, preferably 2 parts by
mass (2% by mass) or more, more preferably 10 parts by
mass (10% by mass) or more, and still more preferably 20
parts by mass (20% by mass) or more; and usually 50 parts
by mass (50% by mass) or less, preferably 40 parts by mass
(40% by mass) or less, and more preferably 30 parts by mass
(30% by mass) or less can be used.

As the method of loading the transition metal compound
on the catalysis support, for example, a physical mixing
method, a CVD method (chemical wvapor deposition
method), a sputtering method, or the like can be used.

In the physical mixing method, the support and the
transition metal compound are mixed 1n a solid state and
then heated 1n an 1nert gas stream such as nitrogen, argon, or
helium or under vacuum. A heating temperature at this time
1s not particularly limited, but i1s usually 200° C. or higher
and 600° C. or lower. A heating time 1s not particularly
limited, but usually 2 hours or more 1s desirable.

When a transition metal compound which may be con-
verted to a transition metal by thermal decomposition 1s
used, at this stage, a transition metal 1s loaded, and 1t
becomes the ammonia synthesis catalyst of the present
embodiment.

In the case of using a transition metal compound other
than the above-mentioned transition metal compound which
may be converted to a transition metal by thermal decom-
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position, the transition metal compound may be generally
reduced to obtain the supported metal material of the present
embodiment.

A method of reducing the transition metal compound
(heremaftter, referred to as “reduction treatment™) 1s not
particularly limited as long as it does not disturb the object
of the present invention, and examples thereol include a
method 1n which the transition metal compound i1s reduced
in a gas atmosphere containing a reducing gas, and a method
in which a reducing agent such as NaBH,, NH,NH,, or
formalin 1s added to the solution of the transition metal
compound to precipitate the transition metal on the surface
of the metal hydnide. However, the method in which the
transition metal compound 1s reduced 1n a gas atmosphere
containing a reducing gas 1s preferable. Examples of the
reducing gas include hydrogen, ammonia, methanol (vapor),
cthanol (vapor), methane, ethane, and the like.

During the reduction treatment, a component other than
the reducing gas which does not inhibit the object of the
present mvention, particularly the ammonia synthesis reac-
tion, may coexist with the reaction system. Specifically, at
the time of the reduction treatment, in addition to the
reducing gas such as hydrogen, a gas such as argon or
nitrogen which does not inhibit the reaction may be allowed
to coexist, and nitrogen 1s preferably allowed to coexist.

When the reduction treatment 1s carried out in a gas
containing hydrogen, 1t can be carried out 1n parallel with the
production of ammomnia to be described later by allowing
nitrogen to coexist with hydrogen. That 1s, when the sup-
ported metal material of the present embodiment 1s used as
an ammoma synthesis catalyst described later, by placing the
transition metal compound supported on the metal hydride
in the reaction conditions of the ammonia synthesis reaction,
the transition metal compound may be reduced and con-
verted to the transition metal.

The temperature 1n the reduction treatment 1s not particu-
larly limited, but 1s usually 200° C. or higher, preferably
300° C. or higher, and preferably lower than 700° C. More
preferably, the temperature 1s 400° C. or higher and lower
than 700° C. This 1s because the growth of the transition
metal 1s sufliciently and preferably carried out within the
reduction treatment temperature range.

A pressure during the reduction treatment 1s not particu-
larly limited, but 1t may be 0.01 MPa to 10 MPa. When the
pressure during the reduction treatment 1s set to the same
condition as the ammonia synthesis condition described
later, since complicated operations are unnecessary, the
pressure range 1s preferable 1n view of production efliciency.

A time of the reduction treatment 1s not particularly
limited, but in the case where the reduction treatment i1s
carried out under normal pressure, 1t may be 1 hour or more,
and pretferably 2 hours or more.

When the reaction i1s carried out at a high reaction
pressure, for example, 1 MPa or more, 1t 1s preferable that
the reaction 1s carried out for 1 hour or more.

When a transition metal compound other than a transition
metal compound converted to a transition metal by thermal
decomposition 1s used, the transition metal compound con-
tained 1n the solid mixture 1s reduced by a normal method,
as 1n the aforementioned reduction treatment method,
thereby providing the ammomnia synthesis catalyst of the
present embodiment.

As components other than the oxynitride-hydride and the
transition metal, the ammoma synthesis catalyst may further
contain S10,, Al,O;, ZrO,, MgQO, activated carbon, graphite.
S1C, or the like, which are used as a support of the oxyni-
tride-hydride.
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The ammomnia synthesis catalyst of the present embodi-
ment can be used as a molded body using a conventional
molding technique. As a shape of the catalyst, for example,
a shape such as granular, spherical, tablet, ring, macaromn,
four leaves, dice, honeycomb, and the like can be used. It
can also be used after coating a suitable support.

When the ammonia synthesis catalyst of the present
embodiment 1s used, the reaction activity i1s not particularly
limited, but when the formation rate of ammonia at a
reaction temperature of 300° C. and a reaction pressure of
0.9 MPa 1s taken as an example, the reaction activity 1is
preferably 1.0 mmol/g-h or more; more preferably 2.0
mmol/g-h or more because 1t 1s suitable for practical pro-
duction conditions; still more preferably 3.0 mmol/g-h or
more because 1t 1s suitable for high-efliciency production
conditions; and most preferably 5.0 mmol/g-h or more
because 1t 1s more suitable for high-efliciency production
conditions.

A method of producing ammonia using the ammonia
synthesis catalyst of the present embodiment will be

described below.
(Method for Producing Ammonia)

The method of producing ammonia of the present
embodiment (hereinafter, referred to as the producing
method of the present embodiment) 1s a method of synthe-
s1ZIng ammonia by reacting hydrogen and nitrogen on the
catalyst using the supported-metal catalyst of the present
embodiment or the ammonia synthesis catalyst of the pres-
ent embodiment as a catalyst.

As a specific producing method, i1t 1s not particularly
limited, and ammonia can be appropnately synthesized
according to a known synthesis method, as long as ammonia
1s synthesized by bringing hydrogen and nitrogen into
contact with the catalyst.

In the method of producing ammonia according to the
present embodiment, when hydrogen and nitrogen are
brought 1nto contact with the catalyst, the catalyst 1s heated
to produce ammonia.

The reaction temperature in the producing method of the
present embodiment 1s not particularly limited, but 1s usually
200° C. or higher, preferably 250° C. or higher, and more
preferably 300° C. or higher; and usually 600° C. or lower,
preferably 500° C. or lower, and more preferably 450° C. or
lower. Since ammonia synthesis 1s an exothermic reaction,
the low temperature region 1s more advantageous for ammo-
nia formation 1n terms of chemical equilibrium, but it 1s
preferable to carry out the reaction in the above temperature
range 1n order to obtain a suthicient ammonia formation rate.

In the producing method of the present embodiment, the
molar ratio of nitrogen and hydrogen brought into contact
with the catalyst 1s not particularly limited, but usually the
ratio of hydrogen to nitrogen (H,/N, (volume/volume)) 1s
0.4 or more, preferably 0.5 or more, and more preferably 1
or more; and usually 10 or less, and preferably 5 or less.

The reaction pressure i the producing method of the
present embodiment 1s not particularly limited, but 1s usually
0.01 MPa or more, and preferably 0.1 MPa or more; and
usually 20 MPa or less, preterably 15 MPa or less, and more
preferably 10 MPa or less at the pressure of the mixed gas
containing mitrogen and hydrogen. For practical use, the
reaction 1s preferably carried out under a pressurized con-
dition of atmospheric pressure or higher.

In the producing method of the present embodiment, 1t 1s
preferable to remove water or oxide adhering to the catalyst
by using a dehydrating material, a cryogenic separation
method, or hydrogen gas before bringing nitrogen and
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hydrogen into contact with the catalyst. As the removal
method, a reduction treatment can be used.

In the producing method of the present embodiment, in
order to obtain a better ammonia yield, 1t 1s not particularly
limited, but the water content 1n mitrogen and the water
content 1 hydrogen used in the synthesis method of the
present embodiment are preferably small, and the total water
content 1n the mixed gas of nitrogen and hydrogen 1s usually
preferably 100 ppm or less, and preferably 50 ppm or less.

In the producing method of the present embodiment, the
type of the reaction vessel 1s not particularly limited, and a
reaction vessel which can be normally used for the ammoma
synthesis reaction can be used. As a specific reaction form,
for example, a batch type reaction form, a closed circulation
system reaction form, a flow system reaction form, and the
like can be used. From a practical viewpoint, a flow system
reaction form 1s preferable. Any one of the following meth-
ods such as a method of using a single reactor filled with a
catalyst, a method of connecting a plurality of reactors filled
with a catalyst, or a method of using a reactor having a
plurality of reaction layers 1n the same reactor can be used.

Since the reaction for synthesizing ammonia from hydro-
gen and nitrogen 1s an exothermic reaction accompanied by
volumetric shrinkage, reaction heat 1s preferably removed
industrially 1n order to increase the ammonia yield, and a
known reactor with a commonly used heat removal means
may be used. For example, a method 1n which a plurality of
reactors filled with a catalyst are connected 1n series and an
intercooler 1s 1nstalled at an outlet of each reactor to remove
heat may be used.

In the ammonia production method of the present embodi-
ment, the ammonia synthesis catalyst obtained 1n the pro-
ducing method of the present embodiment may be used
alone, or the ammonia synthesis catalyst can be used 1n
combination with other known catalysts that can normally
be used for ammonia synthesis.

Second Embodiment

(Oxynitride-Hydrnides Containing Group 14 Typical Ele-
ment)

The oxynitride-hydrnide of the present embodiment 1s an
oxynitride-hydride in which nitrogen and hydrogen are
doped 1n the oxygen site of a complex oxide represented by
the following general formula (10). The oxynitride-hydride
1s a compound represented by the following general formula
(11). It 1s preferable that the oxynitride-hydride has the same
type of crystal structure as the complex oxide represented by
the following general formula (10) which 1s not doped with
nitrogen or hydrogen. That 1s, it 1s preferable that the
oxynitride-hydride of the present embodiment maintains the
crystal structure of the complex oxide while nitrogen and
hydrogen are doped into the oxygen site of the complex
oxide represented by the following general formula (10).

A;BO. (10)

A,BO,_N H

S-x*Tytoz

(11)

In the general formula (7), B 1s at least one kind selected
from the group consisting of S1, Ge, and Sn; and A, X, vy, and
7 have the same meaning as A, X, v, and z in the general
formula (1).

The compound represented by the general formula (11) 1s
a compound represented by the general formula (1), wherein
nis3, mis 1, 11s 5, and B is at least one kind selected from
the group consisting of S1, Ge, and Sn.
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An amount of nitrogen and an amount of hydrogen doped
in the oxynitride-hydride of the present embodiment are not
particularly limited as long as the crystal structure of A;BO.
can be maintained.

The relationship between x, y, and z 1s preferably, for
example, 2x-(3y+z)=0, such that the oxynitride-hydride 1s
charge neutral.

In the general formula (11), it 1s preferable that x repre-
sents a number represented by 0.1=x=3.35; v represents a
number represented by 0.1=y=2.0; and z represents a num-
ber represented by 0.1=z<2.0.

In the general formula (11), 1t 1s more preferable that x
represents a number represented by 2.0=x=<3.5; y represents
a number represented by 1.0=y=<2.0; and z represents a
number represented by 1.0=z<2.0.

For example, an oxynitride-hydride represented by
Ba,S5105_ N _H, was synthesized 1n a later example.

The doped mitrogen and hydrogen may be partially
replaced with an atom other than both nitrogen and hydro-
gen as long as the eflect of the present imvention 1s not
impaired, and examples of the atom may include an electron,
a carbon atom, a halogen atom, and the like.

(Method for Producing Oxynitride-Hydrides)

The method of producing the oxynitride-hydride repre-
sented by the general formula (11) includes a step of heating
a metal amide represented by the general formula (8) and an
oxide of a group 14 element represented by the general
formula (12) under an ammonia atmosphere. A detailed

producing method will be described 1n a later example. The
method of producing the oxynitride-hydride A;BO; N H,
of the present embodiment includes, for example, a mixing
step of mixing A(NH,), and BO,, and a heating step of
heating the mixture obtained i1n the mixing step in an
ammonia atmosphere. It 1s preferable that the method further
includes a pretreatment step of dehydrating A(NH, ), betore
the mixing step. In this case, 1n the mixing step, the
dehydrated A(NH,), and BO,, are preferably mixed 1n a rare

gas atmosphere such as an Ar glove box.

A(NH>)5 (8)

BO.,

In the above general formulae (8) and (12), A and B have
the same meaning as A and B in the above general formula
(11).

As the dehydration treatment step, for example, there 1s a
method of vacuum heating treatment at 300° C. or higher
and lower than 900° C., preferably at 400° C. or higher and
lower than 800° C., and more preferably at S00° C. or higher
and lower than 700° C.

As the heat treatment, for example, there 1s a method of
performing heat treatment 1n an ammonia stream at 300° C.
or higher and lower than 900° C. for 1 to 24 hours,
preferably at 300° C. or higher and lower than 700° C. for
2 to 12 hours, and more preferably at 400° C. or higher and
lower than 700° C. for 2 to 6 hours.

The molar ratio (A:B) of A to B 1s preferably 2.4:1 to 3.6:1
(mol/mol), more preferably 2.7:1 to 3.3:1, and even more
preferably 2.85:1 to 3.15:1.

The form of the raw material A(NH,), used and the form
of the raw material BO, are preferably powder. Examples
include commercially available S10, powders (average par-
ticle size: less than 10 nm) manufactured by Aldnch.
Ba(NH,), can be produced 1n the same manner as 1n the first
embodiment.

The oxynitride-hydride of the present embodiment 1s
preferably an oxynitride-hydride obtamned by heating

(12)
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A(NH,), and BO, under an ammonia atmosphere. The
oxynitride-hydride obtained by the producing method
including a mixing step of mixing A(NH,), and BO, and a
heating step of heating the mixture obtained by the mixing
step 1n an ammonia atmosphere 1s more preferable. It 1s
preferable that the method further includes a pretreatment
step of dehydrating BO, betore the mixing step. In this case,
in the mixing step, the dehydrated A(NH,), and BO, are
preferably mixed in a rare gas atmosphere such as an Ar
glove box. In addition, a preferable heat treatment tempera-
ture, a preferable heating time, a preferable charging ratio of
the raw material, and the like are the same as those of the
above-mentioned producing method.

<Determination of Nitrogen and Hydrogen i Oxynitride-
Hydrnde>

The synthesized oxynitride-hydride A;BO;_ N _H_ can be
analyzed with a temperature-programmed desorption ana-
lyzer (BELCATA) to determine the amount of desorbed
nitrogen and hydrogen. With respect to the results of the
amount of nitrogen and hydrogen desorbed, the percentage
of nitrogen and hydrogen contained in the oxynitride-hy-
dride 1s obtained. For example, in a later example, the
composition of A;BO; N H_ synthesized at 600° C. was
A;BO, (,N, . H, -, based on the results analyzed by a
temperature-programmed desorption analyzer (BELCATA).
(Metal-Supported Material)

The metal-supported material of the present embodiment
1s a supported material in which a transition metal (M) 1s
supported on a support. The support 1s a composition
contaiming an oxynitride-hydride i which nitrogen and
hydrogen are doped in the oxygen site of A;BO.. The
support 1s a composition containing an oxynitride-hydride
represented by the general formula (11). Preferably, the
support 15 a composition containing the oxynitride-hydride
of the present embodiment described above. The transition
metal (M) 1s preferably at least one kind selected from the
group consisting of Ru, Co, and Fe.

The type of the transition metal, the method of supporting
the transition metal (M) on the oxynitride-hydride, the
loading amount of the transition metal (M), the method of
producing the metal-supported material, and the shape of the
metal-supported material are the same as those of the first
embodiment.

(Metal-Supported Catalyst)

The supported-metal catalyst of the present embodiment
comprises the metal-supported material. The supported-
metal catalyst of the present embodiment contains a transi-
tion metal and a support for supporting the transition metal,
and the support 1s a composition containing an oxynitride-
hydride represented by the general formula (11).

A,BO,_ N H

S-x-Tproz

(11)

In the general formula (11), A 1s at least one kind selected
from the group consisting of Ba and Sr; B 1s at least one kind
selected from the group consisting of S1, Ge, and Sn; X
represents a number represented by 0.1=x<3.5; y represents
a number represented by 0.1=y=2.0; and z represents a
number represented by 0.1=z<2.0.

(Ammonia Synthesis Catalyst)

The ammonia synthesis catalyst 1s obtained by loading a
transition metal (M) on a support. The support 15 a compo-
sition containing an oxymtride-hydride 1n which mitrogen
and hydrogen are doped 1n the oxygen site of A,BO.. The
ammomnia synthesis catalyst of the present embodiment
includes a transition metal and a support for supporting the
transition metal, and the support 1s a composition containing,
an oxynitride-hydride represented by the general formula
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(11). Preferably, the support 1s a composition containing the
oxynitride-hydride of the present embodiment described
above.

N_H

S-x= Tyt tz

A,BO (11)

In the general formula (11), A 1s at least one kind selected
from the group consisting of Ba and Sr; B 1s at least one kind
selected from the group consisting of Si, Ge, and Sn; x
represents a number represented by 0.1=x=3.5; vy represents
a number represented by 0.1=y<2.0; and z represents a
number represented by 0.1=z<2.0.

The mitrogen and hydrogen may further include an atom
other than both nitrogen and hydrogen, and examples of the
atom may include an electron, a carbon atom, a halogen
atom, and the like, as long as the eflect of the present
invention 1s not impaired.

The transition metal used 1n the present embodiment is the
same as that of the first embodiment.

(Method of Producing Ammonia Synthesis Catalyst)

The ammoma synthesis catalyst according to the present
embodiment 1s obtained by loading a transition metal (M) on
a support. The support 1s a composition containing an
oxynitride-hydride 1 which mitrogen and hydrogen are
doped 1n the oxygen site of A,BO.. The ammonia synthesis
catalyst of the present embodiment 1s produced by loading
the transition metal on the support containing the composi-
tion contamning the oxynitride-hydride. The producing
method 1s not particularly limited, but generally, the ammo-
nia synthesis catalyst 1s produced by loading the transition
metal or a compound used as a precursor of the transition
metal (hereinatter, referred to as transition metal compound)
on the support.

The ammoma synthesis catalyst of the present embodi-
ment can be produced by the same method as the first
embodiment.

As components other than the oxymitride-hydride and the
transition metal, the ammoma synthesis catalyst may further
include $10,, Al,O,, ZrO,, MgQO, activated carbon, graphite,
S1C, or the like, which are used as a support of the oxyni-
tride-hydride.

The ammomnia synthesis catalyst of the present embodi-
ment can be used as a molded body using a conventional
molding technique. As a shape of the catalyst, for example,
a shape such as granular, spherical, tablet, ring, macaron,
four leaves, dice, honeycomb, and the like can be used. It
can also be used after coating a suitable support.

When the ammonia synthesis catalyst of the present
embodiment 1s used, the reaction activity 1s not particularly
limited, but when the formation rate of ammonia at a
reaction temperature of 300° C. and a reaction pressure of
0.9 MPa 1s taken as an example, the reaction activity 1is
preferably 1.0 mmol/g-h or more, more preferably 2.0 mmol/
g-h or more because 1t 1s suitable for practical production
conditions, still more preferably 3.0 mmol/g'h or more
because 1t 1s suitable for high-efliciency production condi-
tions, and most preferably 5.0 mmol/g-h or more because 1t
1s more suitable for high-efliciency production conditions.
(Method for Producing Ammonia)

The method of producing ammonia of the present
embodiment 1s the same as the method of producing ammo-
nia of the first embodiment except that the ammonia syn-
thesis catalyst of the present embodiment 1s used.

In the ammonia production method of the present embodi-
ment, the ammonia synthesis catalyst obtained 1n the pro-
ducing method of the present embodiment may be used
alone, or the ammonia synthesis catalyst can be used 1n
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combination with other known catalysts that can normally
be used for ammonia synthesis.

EXAMPLES

The present invention will now be described 1n more
detail with reference to examples. The ammomia synthesis
activity was evaluated by obtaining the ammonia formation
rate by determining the amount of generated NH; by a gas
chromatograph or by determining the amount of generated
NH, dissolved 1n an aqueous sulfuric acid solution by an 10n
chromatograph.

(Ion Chromatogram Analysis)

Ammonia gas discharged from the reaction vessel was
dissolved mm 5 mM sulfuric acid aqueous solution, and
captured ammonium ions (NH,") were analyzed by an ion
chromatograph. The analytical conditions were shown as
follows.

[ Measurement Conditions]

Equipment: Prominence manufactured by Shimadzu Cor-
poration

Detector: Electrical conductivity detector CDD-10 Avp
(manufactured by Shimadzu Corporation)

Column: Column IC-C4 for 1on chromatography (manu-
factured by Shimadzu Corporation)

Eluent: 3.0 mM oxalic acid+2.0 mM 18-crown-6-ether
aqueous solution; flow rate: 1.0 mL/min

Column temperature: 40° C.

Example 1

(Preparation of Ammonia Synthesis Catalyst)
[Synthesis of BaAl,O, N H_ Powder]

Dehydrated Al,O, was obtained by removing water and
the like adsorbed on the surface of the Al,O, by vacuum
heating treatment of Al,O; at 600° C., and the obtained
dehydrated Al,O; and Ba(INH, ), were mixed using an agate
mortar 1 an Ar glove box. At this time, the mixture was
mixed so that the molar ratio of Ba to Al was 1:2. The
obtained powder was heated to 800° C. for 2 hours, and was
heat-treated at 800° C. for 20 hours 1n an NH; stream having,
a flow rate of 100 mL/min to obtain a BaAl,O, N H,
powder ol the present example.

As shown i FIG. 1, when the synthesis was carried out
at 600° C. for 6 hours, the desired BaAl,O, phase was not
obtained. On the other hand, when the synthesis was carried
out at 800° C. for 6 hours, the existence of the desired
BaAl,O, phase was confirmed. Furthermore, in the present
example 1n which the synthesis was carried out at 800° C.
for 20 hours, a BaAl,O, phase having substantially a single
phase was obtained.
<Determining Amount of Nitrogen and Hydrogen 1n
BaAl,O, N H >

FIG. 2 shows the result of analyzing BaAl,O, N H,
synthesized in the present example by a temperature-pro-
grammed desorption analyzer (BELCATA).

As shown 1n FIG. 2, nitrogen and hydrogen began to
desorb from around 550° C., and it was confirmed that
nitrogen and hydrogen were contained in BaAl,O, N H_.
Since nitrogen 1s not completely desorbed even at 900° C.,
it 1s diflicult to determine the amount of all nitrogen 1n
BaAl,O, N _H_, but an approximate content was estimated

4-x= "z
to be a composition of BaAl,O, N, ,,H, 4o

[Loading Ru on BaAl,O, N H ]
0.50 g of the powdered BaAl,O, N H

_ synthesized 1n the
present example and 0.056 g of Ru,(CO),, (made by
Aldrich, 99%) (equivalent to 5% by mass of the supported

10

15

20

25

30

35

40

45

50

55

60

65

20

metal Ru with respect to Ba;5105_ N H,) were inserted into
a silica glass tube, heated at 70° C. for 1 hour 1n vacuum, and

then heated at 120° C. for 1 hour to adhere Ru,(CO),, on the
surface of powdered BaAl,O, N_H_. Finally, the powdered

4-x+ prtze
material thus obtained was heated at 250° C. for 2 hours, and

Ru,(CO),, was pyrolyzed to obtain a supported material 1n
which Ru was fixed to BaAl,O,_ N H_ (herematter, referred
to as Ru/BaAl,O, N H ).

Ammonia synthesis was performed using the ammonia
synthesis catalyst.
[Ammonia Synthesis Using Ru-Supported BaAl,O, N H_]
<Ammonia Synthesis Reaction>

The above Ru/BaAl,O, N _H, was used as a catalyst, and

the catalyst was brought into contact with a mixed gas of

nitrogen and hydrogen to carry out an ammonia synthesis
reaction. 0.1 g of Ru/BaAl,O, N H_was packed i a

4-x z
reaction tube made of SUS, and the rjéaction was carried out
using a fixed bed tlow reactor equipped with the reaction
tube. The water content of nitrogen gas and the water content
of hydrogen gas were below the detection limits, respec-
tively. The flow rate of the raw material gas during the
reaction was 15 mL/min for nitrogen gas and 45 mL/min for
hydrogen gas (total 60 mL/min). The reaction pressure was
0.9 MPa, the reaction temperature was 300° C., and the
reaction time was 30 hours.
<Ammonia Formation Rate>

The gas coming out of the fixed bed flow reactor was
bubbled nto a 0.005 M sulfuric acid aqueous solution,
ammonia 1n the gas was dissolved, and the resulting ammo-
nium 1on was determined by the above method using an 10n
chromatograph. The formation rate of ammonia produced by
ammonia synthesis reaction was measured by 10n chroma-
tography over time, and Ru/BaAl,O, N H_ showed much
higher catalytic activity than an existing Ru catalyst of
Cs—Ru/MgO, under all reaction temperature conditions
(shown 1n FIG. 3). The ammonia formation rate at 300° C.
was 8.4 mmol/g-h. This value 1s much higher than Cs—Ru/

MgO (0.55 mmol/g-h). The results are shown 1n Table 1.

Example 2

(Preparation of Ammonia Synthesis Catalyst)
[Synthesis of Ba;S105_ N H, Powder]

Dehydrated S10, was obtained by removing water and the
like adsorbed on the surface of the S10, by vacuum heating
treatment of S10, at 600° C., and the obtained dehydrated
510, and Ba(NH, ), were mixed using an agate mortar 1n an
Ar glove box. At this time, the mixture was mixed so that the
molar ratio of Ba to S1 was 3:1. The obtained powder was
heated to 600° C. for 2 hours and subjected to heating
treatment at 600° C. for 6 hours in an NH; stream having a
flow rate of 100 mL/min to obtain Ba;5105_N_H_ powder.
[Loading Ru on Ba,;S105 N H |

0.50 g of powdered Ba;S105_ N H, obtained by the above
method and 0.056 g of Ru,(CO),, (made by Aldrich, 99%)
(equivalent to 5% by mass of the supported metal Ru with
respect to Ba;S105 N H ) were inserted into a silica glass
tube, heated at 70° C. for 1 hour 1n vacuum, and then heated
at 120° C. for 1 hour to adhere Ru,(CO),, on the surface of
powdered Ba,;S105 N H_. Finally, the powdered material
thus obtained was heated at 250° C. for 2 hours, and
Ru,(CO),, was pyrolyzed to obtain a supported material in
which Ru was fixed to Ba;5105_ N _H, (hereinafter, referred
to as Ru/Ba;S5105_ N H).

Ammonia synthesis was performed using the ammonia
synthesis catalyst.
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[Ammonia Synthesis Using Ru-Supported Ba;S105_ N H_ ]
<Ammonia Synthesis Reaction>

The above Ru/Ba;S105 N H_ was used as a catalyst, and
the catalyst was brought into contact with a mixed gas of
nitrogen and hydrogen to carry out an ammonia synthesis
reaction. 0.1 g of Ru/Ba;S105_ N H_ was packed in a reac-
tion tube made of SUS, and the reaction was carried out
using a fixed bed flow reactor equipped with the reaction
tube. The water content of nitrogen gas and the water content
of hydrogen gas were below the detection limits, respec-
tively. The flow rate of the raw material gas during the
reaction was 15 mlL/min for nitrogen gas and 45 mL/min for
hydrogen gas (total 60 mL/min). The reaction pressure was
0.9 MPa, the reaction temperature was 300° C., and the

reaction time was 30 hours.
<Ammonia Formation Rate>

The gas coming out of the fixed bed flow reactor was
bubbled into a 0.005 M sulfuric acid aqueous solution,
ammonia 1n the gas was dissolved, and the resulting ammo-
nium 1on was determined by the above method using an 10n
chromatograph. The formation rate of ammonia produced by
ammomnia synthesis reaction was measured by 10n chroma-
tography. The ammoma formation rate at 300° C. and 0.9
MPa was 6.34 mmol/g-hr as shown 1n Table 1. The results
are shown in Table 1.

The reaction temperature of the ammonia synthesis reac-
tion was changed to evaluate the reaction temperature
dependence of the ammonia formation rate. The results are

shown 1n FIG. 3.

Comparative Example 1

[ Synthesis of Cs—Ru/MgO Powder]

A 5% by mass Ru—Cs/MgO catalyst (Cs/Ru element
rati0=1) was prepared by the same method as 1n Example 1,

except that MgO 1 which Cs was added (heremafter,
referred to as Cs/MgO) was used 1nstead of BaAl,O, N _H

4-x- vz
in Example 1.
| Ammonia Synthesis Using Cs—Ru/MgO]
<Ammonia Synthesis Reaction>

The ammonia synthesis reaction was carried out under the

same conditions as in Example 1. The ammoma formation
rate at 300° C. and 0.9 MPa was 0.55 mmol/g-hr as shown
in Table 1. The results are shown 1n Table 1.

Comparative Example 2

[ Synthesis of Ru/CeO, Powder]

A 5% by mass Ru/CeQO, catalyst was prepared by the same
method as 1n Example 1 except that CeO, was used 1nstead
of BaAl,O, N _H_in Example 1.

4-x* Ttz

| Ammonia Synthesis Using Ru/CeQO, ]
<Ammonia Synthesis Reaction>

The ammonia synthesis reaction was carried out under the

same conditions as in Example 1. The ammoma formation
rate at 300° C. and 0.9 MPa was 0.72 mmol/g-hr as shown
in Table 1. The results are shown 1n Table 1.

Comparative Example 3

[ Synthesis of Ru/C12A7: e Powder]

A 2% by mass RW/C12A7: ¢~ catalyst was prepared in the
same manner as described in WO 2012/0077658, instead of

using BaAl,O, N _H_in Example 1.

4-x+ "z
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|[Ammonia Synthesis Using Ru/C12A7: 7]
<Ammonia Synthesis Reaction>
The ammonia synthesis reaction was carried out under the

same conditions as 1n Example 1. The ammonia formation
rate at 300° C. and 0.9 MPa was 0.76 mmol/g-hr as shown
in Table 1. The results are shown 1n Table 1.

Comparative Example 4

[Synthesis of Ca,NH Powder]

A 5% by mass Ru/Ca,NH catalyst was prepared 1n the
same manner as described in WO 2015/129471, instead of
using BaAl,O, N H_ 1in Example 1.

[Synthesis of Ammonia Using Ru/Ca,NH]
<Ammonia Synthesis Reaction>

The ammonia synthesis reaction was carried out under the
same conditions as 1 Example 1. The ammonia formation
rate at 300° C. and 0.9 MPa was 1.74 mmol/g-hr as shown
in Table 1. The results are shown in Table 1.
<XRD of BaAl,O, N _H, Powder>

FIG. 1 shows the XRD pattern of the sample synthesized
in Example 1 by the method described above. The XRD
patterns of Al,O,, BaO, and BaAl,O, are also shown 1n FIG.

1 for comparison.

Examples 3 to 5

[Evaluation of Ba;S105_ N H, Powders Synthesized at Vari-

ous Heating Temperatures]
Ba;5105 N H,  powders were prepared by the same
method as 1 Example 1 except that the heat treatment
temperatures 1n the NH, stream of Example 1 were changed
from 600° C. to the heat treatment temperatures shown 1n
Table 2.

<XRD of Ba;5105_ N H, Powder>

FIG. 4 shows XRD patterns of samples synthesized by the
above-described methods at various heat treatment tempera-
tures. The XRD pattern of Ba;S10; 1s also shown 1n FIG. 4
for comparison.

As shown 1n FIG. 4, when the heat treatment temperature
was 400° C. or higher, the presence of a Ba,S10. crystal
phase was confirmed, and a material of substantially a single
phase was obtained. The presence of a Ba,S10; crystalline
phase was also confirmed when the heat treatment tempera-
ture was raised to 800° C. In addition, 1t was confirmed that
the peak shifted to the lower angle side overall compared
with the standard oxide Ba,S10.. It 1s considered that this
was because nitrogen having a larger ionic radius than

oxygen was doped at a higher concentration.

TABLE 1
Catalytic
Activity
Specific (NH;
Surface  Formation
Area Rate)
Catalyst (m?/g)  (mmol/g/h)
Example 1 5% by mass Ru/BaAl,O, N H, 1.2 8.4
Example 2 5% by mass Ru/Ba;S105 N H, 3.4 6.34
Comparative 5% by mass Cs—Ru/MgO 32 0.55
Example 1
Comparative 5% by mass Ru/CeO, 46 0.72
Example 2
Comparative 2% by mass Ru/C12A7: e 1 0.76
Example 3
Comparative 5% by mass Ru/Ca,NH 1.5 1.74
Example 4
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The reaction conditions of the examples and comparative
examples 1n Table 1 are as follows.

Catalyst amount: 0.1 g, reaction temperature: 300° C.,
reaction gas flow rate: 60 mlL/min; Reaction gas composi-
tion: N,/H,=1/3 (v/v), reaction pressure: 0.9 MPa.

TABLE 2

Heat Treatment

Ba;8105_N_H_ Powder Temperature (° C.)

-XT T

Example 2 Ba;S105 N H, 600

Example 3 400

Example 4 500

Example 5 800
Example 6

[Loading Co on BaAl,O, N H_|

0.855 g of powdered BaAl,O, N H_ synthesized in
Example 1 and 0.145 g of Co,(CO), (made by Kanto
Kagaku Co., Ltd. 95%) (equivalent to 5% by mass of the
supported metal Co with respect to Ba;S105_ N H)) were
put into a quartz glass reaction tube, nitrogen 15 ml/min and
hydrogen 45 mL/min were passed through the tube, and the
temperature was raised to 400° C. for 2 hours and main-

tained for 5 hours to obtain a supported material 1n which Co
was fixed to BaAl,O, N H_ (hereinafter, referred to as

Co/BaAl,O, N, H,).

Ammonia synthesis was performed using the ammonia
synthesis catalyst.
[Ammonia Synthesis Using Co-Supported BaAl,O,_ N H_]
<Ammonia Synthesis Reaction>

The above Co/BaAl,O,_ N H_ was used as a catalyst, and
the catalyst was brought into contact with a mixed gas of
nitrogen and hydrogen to carry out an ammonia synthesis

reaction. 0.1 g of Co/BaAl,O, N H_ was packed m a
reaction tube made of SUS, and the reaction was carried out
using a fixed bed flow reactor equipped with the reaction
tube. The water content of nitrogen gas and the water content
of hydrogen gas were below the detection limits, respec-
tively. The flow rate of the raw material gas during the
reaction was 15 mlL/min for nitrogen gas and 45 mL/min for
hydrogen gas (total 60 mL/min). The reaction pressure was
0.9 MPa, the reaction temperature was 300° C., and the
reaction time was 30 hours.
<Ammonia Formation Rate>

The gas coming out of the fixed bed flow reactor was
bubbled into a 0.005 M sulfuric acid aqueous solution,
ammonia in the gas was dissolved, and the resulting ammo-
nium 1on was determined by the above method using an 10n
chromatograph. The time-dependent formation rates of
ammonia produced by ammonia synthesis reaction were
measured by 1on chromatography. The ammonia formation
rate at 300° C. and 0.9 MPa was 1.11 mmol/g-hr as shown

in Table 3. The results are shown 1n Table 3.

Example 7

(Preparation of Ammonia Synthesis Catalyst)
[Loading Co on Ba,S105_ N H |

The powdered Ba;S105_N_H_ obtained in Example 2 and
Co,(CO), (made by Kanto Kagaku Co., Ltd. 95%) (equiva-
lent to 5% by mass of the supported metal Co with respect
to Ba;S105_ N H,) are placed in a quartz glass reaction tube,
nitrogen 15 mL/min and hydrogen 45 mlL/min are passed
through the tube, and the temperature 1s raised to 400° C. for
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2 hours and maintained for 5 hours to obtain a supported
material 1n which Co 1s fixed to Ba,S10.__N_H_ (hereinafter,

5-x" "y
referred to as Co/Ba;S105_ N H)).

Ammonia synthesis 1s performed using the ammonia
synthesis catalyst.

[Ammonia Synthesis Using Co-Supported Ba;S105 N H_ ]
<Ammonia Synthesis Reaction>

The Co/Ba;S105_ N H_ 1s used as a catalyst, and the
catalyst 1s brought 1nto contact with a mixed gas of nitrogen
and hydrogen to carry out an ammonia synthesis reaction.
The reaction 1s carried out by packing 0.1 g of Co/Ba,S10.__
N_H, 1n a reaction tube made of SUS and using a fixed bed
flow reactor equipped with the reaction tube. It 1s confirmed
that the water content of the raw material nitrogen gas and
the water content of the hydrogen gas are below the detec-
tion limits, respectively. The flow rate of the raw material
gas during the reaction 1s 15 mL/min for nitrogen gas and 45
ml./min for hydrogen gas (total 60 mL/min). The reaction
pressure 1s 0.9 MPa, the reaction temperature 1s 300° C., and
the reaction time 1s 30 hours.
<Ammonia Formation Rate>

The gas coming out of the fixed bed flow type reactor 1s
bubbled mto a 0.005 M sulfuric acid aqueous solution,
ammonia 1n the gas 1s dissolved, and the generated ammo-
nium 10n 1s determined by the method using an 10n chro-
matograph. The formation rate of ammonia produced by the
ammonia synthesis reaction 1s measured by an 10n chro-

matograph over time. The ammonia synthesis rate (mmol/
g-hr) at 300° C. and 0.9 MPa 1s calculated.

Example 8

[Loading Fe on BaAl,O, N H ]

The powdered BaAl,O, N H_ synthesized in Example 1
and Fe,(CO), (made by STREM CHEMICALS, 99%)
(equivalent to 5% by mass of the supported metal Fe with
respect to Ba;5105_ N _H)) are placed in a quartz glass tube,
nitrogen 15 mL/min and hydrogen 45 mlL/min are passed
through the tube, and the temperature 1s raised to 400° C. for
2 hours and maintained for 5 hours to obtain a supported
material in which Fe 1s fixed to BaAl, O, N H_ (hereinatter,
referred to as Fe/BaAl,O, N H)).

Ammonia synthesis 1s performed using the ammonia
synthesis catalyst.

Ammonia Synthesis Using Fe-Supported BaAl,O
<Ammonia Synthesis Reaction>

The above Fe/BaAl,O, N H_ 1s used as a catalyst, and
the catalyst 1s brought into contact with a mixed gas of
nitrogen and hydrogen to perform ammonia synthesis reac-
tion. The reaction 1s carried out by packing 0.1 g of
Fe/BaAl,O, N _H_ inareaction tube made of SUS and using
a fixed bed tlow reactor equipped with the reaction tube. It
was confirmed that the water content of the nitrogen gas and
the water content of the hydrogen gas in the raw material are
below the detection limits, respectively. The tflow rate of the
raw material gas during the reaction 1s 15 mL/min for
nitrogen gas and 45 mlL/min for hydrogen gas (total 60
ml./min). The reaction pressure 1s 0.9 MPa, the reaction
temperature 1s 300° C., and the reaction time 1s 30 hours.
<Ammonia Formation Rate>

The gas coming out of the fixed bed flow type reactor 1s
bubbled into a 0.005 M sulfuric acid aqueous solution,
ammonia 1n the gas 1s dissolved, and the generated ammo-
nium 10n 1s determined by the method using an 10n chro-
matograph. The formation rate of ammonia produced by the
ammonia synthesis reaction 1s measured by an 10on chro-

N H
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matograph over time. The ammonia synthesis rate (mmol/
g-hr) at 300° C. and 0.9 MPa was calculated.

Example 9

(Preparation of Ammonia Synthesis Catalyst)
[Loading Fe on Ba,;S105 N H |

0.837 g of powdered Ba;S105_ N _H, obtained in Example
2 and 0.163 gof Fe,(CO), (made by STREM CHEMICALS,
99%) (equivalent to 5% by mass of supported metal Fe with
respect to Ba;S105 N H ) were put into a quartz glass
reaction tube, which was circulated with 15 ml/min of
nitrogen and 45 ml/min of hydrogen, and the tube was
heated to 400° C. for 2 hours and maintained for 5 hours to
obtain a supported material in which Fe was fixed to
Ba,S5105_ N _H_ (hereinafter, referred to as Fe/Ba;Si0s_,
N_H,).

Ammonia synthesis was performed using the ammonia
synthesis catalyst.
[Ammonia Synthesis Using Fe-Supported Ba;S105 N H_ ]
<Ammonia Synthesis Reaction>

The above Fe/Ba;S105_ N H, was used as a catalyst, and
the catalyst was brought into contact with a mixed gas of
nitrogen and hydrogen to carry out an ammonia synthesis
reaction. 0.1 g of Fe/Ba;5105 N H_ was packed in a reac-
tion tube made of SUS, and the reaction was carried out
using a fixed bed flow reactor equipped with the reaction
tube. It was confirmed that the water content of mitrogen gas
and the water content of hydrogen gas were below the
detection limits, respectively. The flow rate of the raw
material gas during the reaction was 15 mL/min for nitrogen
gas and 45 mL/min for hydrogen gas (total 60 mL/min). The
reaction pressure was 0.9 MPa, the reaction temperature was
300° C., and the reaction time was 30 hours.
<Ammonia Formation Rate>

The gas coming out of the fixed bed flow reactor was
bubbled into a 0.005 M sulfuric acid aqueous solution,
ammonia in the gas was dissolved, and the resulting ammo-
nium 1on was determined by the above method using an 10n
chromatograph. The formation rate of ammonia produced by
ammonia synthesis reaction was measured by 10n chroma-
tography. The ammoma formation rate at 300° C. and 0.9
MPa was 0.916 mmol/g-hr as shown 1n Table 1. The results

are shown 1n Table 1.

Example 10

[Loading Ni on BaAl,O, N H ]

0.839 g of powdered BaAl,O, N H_ synthesized 1n
Example 1 and 0.161 g of N1(C.H.), (made by Tokyo Kasei,
98%) (equivalent to 5% by mass of supported metal N1 with
respect to BaAl,O, N H)) were put into a quartz glass
reaction tube, nitrogen 15 ml/min and hydrogen 45 mL/min
were passed through the tube, and the tube was heated to
400° C. for 2 hours and maintained for 5 hours to obtain a
supported material in which Ni was fixed to BaAl,O, N H_
(hereinafter, referred to as NV¥BaAl,O, N H_).

Ammonia synthesis was performed using the ammonia
synthesis catalyst.

[Ammonia Synthesis Using Ni-Supported BaAl,O, N H, ]
<Ammonia Synthesis Reaction>

The obtained N1/BaAl,O, N _H, was used as a catalyst,
the catalyst was brought into contact with a mixed gas of
nitrogen and hydrogen, and ammonia synthesis reaction was
carried out. 0.1 g of Ni/BaAl,O, N H, was packed in a
reaction tube made of SUS, and the reaction was carried out

using a fixed bed tlow reactor equipped with the reaction
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tube. It was confirmed that the water content of nitrogen gas
and the water content of hydrogen gas were below the
detection limits, respectively. The flow rate of the raw
material gas during the reaction was 15 mL/min for nitrogen
gas and 45 mL/min for hydrogen gas (total 60 mL/min). The
reaction pressure was 0.9 MPa, the reaction temperature was
400° C., and the reaction time was 30 hours.

<Ammonia Formation Rate>

The gas coming out of the fixed bed tflow reactor was
bubbled into a 0.005 M sulfuric acid aqueous solution,
ammonia 1n the gas was dissolved, and the resulting ammo-
nium 1on was determined by the above method using an 10n
chromatograph. The formation rate of ammonia produced by
ammonia synthesis reaction was measured by 10on chroma-
tography. The ammonia formation rate at 400° C. and 0.9
MPa was 1.20 mmol/g-hr as shown 1n Table 3. The results
are shown 1n Table 3.

Example 11

(Preparation of Ammonia Synthesis Catalyst)
[Loading N1 on Ba,S10._ N _H ]

5-x""yz

0.839 g of powdered Ba,S10.__N_H_obtained in Example

5-x" "y Uz

2 and 0.161 g of N1(C.H.).(made by Tokyo Kasei, 98%)
(equivalent to 5% by mass of supported metal N1 with
respect to Ba,;S105 N H ) were placed 1n a quartz glass
reaction tube, nitrogen 15 mlL/min and hydrogen 45 mL/min
were passed through the tube, and the tube was heated to
400° C. for 2 hours and maintained for 5 hours, thereby

obtaining a supported material in which N1 was fixed to
Ba;S105_ N H_ (hereinafter, referred to as N1/Ba;S105_

N, H,).

Ammonia synthesis was performed using the ammonia

synthesis catalyst.
|[Ammonia Synthesis Using Ni-Supported Ba,S10.. N H ]

5-x" "y Tz
<Ammonia Synthesis Reaction>

The obtained N1/Ba;S105_ N H, was used as a catalyst,
and the catalyst was brought into contact with a mixed gas
of nitrogen and hydrogen to carry out an ammonia synthesis
reaction. 0.1 g of N1/Ba;5105_ N H_ was packed in a reac-
tion tube made of SUS, and the reaction was carried out
using a fixed bed tlow reactor equipped with the reaction
tube. It was confirmed that the water content of nitrogen gas
and the water content of hydrogen gas were below the
detection limits, respectively. The flow rate of the raw
material gas during the reaction was 15 mL/min for nitrogen
gas and 45 mlL/min for hydrogen gas (total 60 mL/min). The
reaction pressure was 0.9 MPa, the reaction temperature was

400° C., and the reaction time was 30 hours.

<Ammonia Formation Rate>

The gas coming out of the fixed bed flow reactor was
bubbled mto a 0.005 M sulfuric acid aqueous solution,
ammonia 1n the gas was dissolved, and the resulting ammo-
nium 1on was determined by the above method using an 10n
chromatograph. The formation rate of ammonia produced by
ammonia synthesis reaction was measured by 10n chroma-
tography. The formation rate of ammonia at 400° C. and 0.9
MPa was 0.282 mmol/g-hr as shown 1n Table 1. The results
are shown in Table 1.
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TABLE 3

Catalytic Activity
(NH; Formation

Catalyst Rate) (mmol/g/h)
Example 6 5% by mass Co/BaAl, O, N H_ 1.11
Example 9 5% by mass Fe/Ba;Si0Os5 N H, 0.916
Comparative 5% by mass Ni/BaAl,O, N H, 1.2
Example 10
Comparative 5% by mass N1/Ba3Si05 N H, 0.282
Example 11

The reaction conditions of Examples 6 and 9 in Table 3
are shown as follows.

Catalyst amount: 0.1 g, reaction temperature: 300° C.,
reaction gas flow rate: 60 mL/min;

Reaction gas composition: N,/H,=1/3 (v/v), reaction
pressure: 0.9 MPa.

The reaction conditions of Examples 10 and 11 1n Table
3 are shown as follows.

Catalyst amount: 0.1 g, reaction temperature: 400° C.,
reaction gas tlow rate: 60 ml/min;

Reaction gas composition: N,/H,=1/3 (v/v), reaction
pressure: 0.9 MPa.

The eflect of the ammoma synthesis catalyst of the present
invention 1s that, unlike a general method of synthesizing an
oxynitride-hydride 1n which the oxygen site 1s replaced with
nitrogen or hydrogen after synthesizing a complex oxide, an
oxynitride-hydride can be synthesized in one step at a low
temperature by using a metal amide material containing an
A-site element of an A B, O, type complex oxide and a
transition metal oxide contaiming a B-site element as raw
materials.

In addition, 1 a catalyst in which nanoparticles of a
transition metal such as Ru and the like are fixed on a general
oxide, dissociation of mitrogen molecules and hydrogen
molecules occurs on the transition metal nanoparticles in the
same manner as that in a usual ammonia synthesis catalyst,
and the reaction proceeds by means of the Langmuir-
Hinshelwood reaction mechanism for synthesizing ammo-
nia. However, in the catalyst of the present invention,
ammonia synthesis proceeds by means of the Mars-van
Krevelen mechanism 1n which nitrogen and hydrogen doped
in the backbone of the support material are directly involved
in the reaction, and the reaction shows high catalytic activity
even 1n the low temperature region. As a result, the activa-
tion energy for ammonia synthesis using the catalyst of the
present invention 1s about half that of the conventional
catalyst.

The invention claimed 1s:

1. An oxynitride-hydrnide, which 1s represented by the
tollowing general formula (1),

AB O, NH

X E

(1)

wherein, 1n the general formula (1), A 1s at least one
selected from the group consisting of Ba and Sr; B 1s at
least one selected from the group consisting of Al, Ga,
In, S1, and Ge; n1s an integer of 1 to 3; mis 1 or 2; 1
1s 4 or 5; X represents a number represented by
0.1=x=<3.5; v represents a number represented by
0.1=y=2.0; and z represents a number represented by
0.1=z<2.0.

2. The oxynitride-hydride according to claim 1, wherein,
in the general formula (1), B 1s at least one selected from the
group consisting of Al, Ga, and In; n=1; m=2; and 1=4.

3. The oxynitride-hydride according to claim 1, wherein,
in the general formula (1), B 1s at least one selected from the
group consisting of S1, and Ge; n=3; m=1; and 1=5.
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4. A method of producing an oxynitride-hydride repre-
sented by the following general formula (1), comprising:
a step of heating a compound represented by the follow-
ing general formula (2) and a compound represented by
the following general formula (3) under an ammonia
atmosphere,

AB O, NH

Xt e E

(1)

A(NH,), (2)

B0, (3)

wherein, 1n the general formulae (1) to (3), A 1s at least
one selected from the group consisting of Ba and Sr; B
1s at least one selected from the group consisting of Al,
Ga, In, S1, and Ge; n1s an integer of 1 to 3; m1s 1 or
2;11s4or3;ki1s1or2;71s 110 3; x represents a number
represented by 0.1=x=3.5; y represents a number rep-
resented by 0.1=y=<2.0; and z represents a number
represented by 0.1=z<2.0.

5. The method of producing the oxynitride-hydnde
according to claim 4, wherein, 1n the general formula (1), B
1s at least one selected from the group consisting of Al, Ga,
and In; n=1; m=2; and 1=4.

6. The method of producing the oxynitride-hydride
according to claim 4, wherein, 1n the general formula (1), B
1s at least one selected from the group consisting of S1, and
Ge; n=3; m=1; and 1I=5.

7. A metal-supported material 1n which a transition metal
(M) 1s supported on a support,

wherein the support 1s a composition comprising an

oxynitride-hydride which 1s represented by the follow-
ing general formula (1),

AB O, NH

Xt e E

(1)

wherein, 1n the general formula (1), A 1s at least one
selected from the group consisting of Ba and Sr; B 1s at
least one selected from the group consisting of Al, Ga,
In, S1, and Ge; n1s an mteger of 1 to 3; m1s 1 or 2; 1
1s 4 or 5; X represents a number represented by
0.1=x<3.5; vy represents a number represented by
0.1=y=<2.0; and z represents a number represented by
0.1=<z<2.0.

8. The metal-supported material according to claim 7,
wherein a loading amount of the transition metal (M) 1s 0.01
parts by mass to 50 parts by mass with respect to 100 parts
by mass of the support.

9. The metal-supported material according to claim 7,
wherein the transition metal (M) 1s at least one selected from
the group consisting of Ru, Co, and Fe.

10. A supported-metal catalyst comprising the metal-
supported material according to claim 7.

11. An ammonia synthesis catalyst comprising the metal-
supported material according to claim 7.

12. An ammonia synthesis catalyst, which 1s a composi-
tion comprising an oxynitride-hydride which 1s represented
by the following general formula (1),

AB O, NH

Xy E

(1)

wherein, 1n the general formula (1), A 1s at least one
selected from the group consisting of Ba and Sr; B 1s at
least one selected from the group consisting of Al, Ga,
In, S1, and Ge; n1s an mteger of 1 to 3; m1s 1 or 2; 1
1s 4 or 5; x represents a number represented by
0.1=x=3.5; v represents a number represented by
0.1=y=2.0; and z represents a number represented by

0.1=z=<2.0.
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13. The metal-supported material according to claim 7,
wherein, 1n the general formula (1), B 1s at least one selected
from the group consisting of Al, Ga, and In; n=1; m=2; and
1=4.

14. The metal-supported material according to claim 7,
wherein, 1n the general formula (1), B 1s at least one selected
from the group consisting of S1, and Ge; n=3; m=1; and 1=5.

15. A method of producing the metal-supported material
according to claim 7, comprising:

a step of producing the oxynitride-hydride represented by
the general formula (1) by heating a compound repre-
sented by the following general formula (2) and a
compound represented by the following general for-
mula (3) under an ammonia atmosphere,

A(NH;), (2)

B0, (3)

wherein, in the general formulae (2) to (3), A 1s at least
one selected from the group consisting of Ba and Sr;
B 1s at least one selected from the group consisting
of Al, Ga, In, S1, and Ge; ki1s 1 or 2; 715 1 to 3; and

a step of loading the transition metal (M) on the oxyni-

tride-hydride.

16. The method of producing the metal-supported mate-
rial according to claim 15, wherein, 1n the general formula
(1), B 1s at least one selected from the group consisting of
Al, Ga, and In; n=1; m=2: and 1[=4.

17. The method of producing the metal-supported mate-
rial according to claim 15, wherein, in the general formula
(1), B 1s at least one selected from the group consisting of

S1, and Ge; n=3; m=1; and 1=5.

% x *H % o

10

15

20

25

30

30



	Front Page
	Drawings
	Specification
	Claims

