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FIG. 3

Co/BaMgOx CATALYST
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FIG. 4
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STUDY ON REDUCTION TEMPERATURE (1 MPa)

150
=
© 440 L
N a
o N
L 130 @
[ Mg,
> =3

(s ]
T 120 3
Z o
110 ©.
=)

0.0

11
300 350 400
Temperature /°C



U.S. Patent Jul. 28, 2026 Sheet 5 of 31 US 12,691,436 B2

FIG. 5
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FIG. 8

20 wt% Co/BaMgOx CATALYST
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FIG. 9
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FIG. 10

ColBaMgOx CATALYST
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FIG. 11
ColBaMgOx CATALYST
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FIG. 12
CoiBaMgOx CATALYST
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FIG. 13
CoiBaMgOx CATALYST
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FIG. 14

ColBaMgOx CATALYSTY
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FIG. 15
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FIG. 16
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FIG. 18

CoiBaMgOx CATALYST
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FIG. 19

Ru/BaMgOx CATALYST
CATALYST ACTIVITY (700°C, 1 h, red) {1 MPa)
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FIG. 21
Fe/BaMgOx CATALYST
STUDY ON PRETREATMENT CONDITIONS (20 wt%, 1 MPa)
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FIG. 22
Co-Fe/BaMgOx CATALYST
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FIG. 24
ColMgOx CATALYST
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FIG. 26
STUDY ON GROUP 2 ELEMENT ADDED TO 20 wt% Co/MgO (700°C, 1 h, red)
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FIG. 27
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FIG. 28
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FIG. 30
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FIG. 32
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FIG. 33
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AMMONIA SYNTHESIS CATALYST

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is the United States national phase of
International Application No. PCT/JP2021/003257 filed Jan.
29,2021, and claims priority to Japanese Patent Application
No. 2020-015552 filed Jan. 31, 2020, the disclosures of
which are hereby incorporated by reference in their entirety.

BACKGROUND OF THE INVENTION
Field of the Invention

The present invention relates to a composite oxide useful
in the synthesis of ammonia under mild conditions, a metal-
carrier material and an ammonia synthesis catalyst using the
composite oxide, a method of producing the composite
oxide, a method of producing the metal-carrier material, and
a method of producing ammonia.

Description of Related Art

Ammonia is a critical raw material in the modern chemi-
cal industry. Here, 80% or more of ammonia produced is
used to manufacture chemical fertilizers for crops. Further,
ammonia has attracted much attention as an energy and
hydrogen carrier. This is because (1) the hydrogen content is
large (17.6 wt %), (2) the energy density is high (12.8
GI/m?), and (3) carbon dioxide is not generated during
decomposition for producing hydrogen. If ammonia can be
efficiently produced from renewable energy such as solar
energy and/or wind power, global problems associated with
energy and food crises will be mitigated.

Currently, the Haber-Bosch process used to produce
ammonia consumes a large amount of energy, which
accounts for about 1 to 2% of the global energy consump-
tion. In this process, approximately 60% of the energy
consumed is recovered and is reserved as the enthalpy of
ammonia. However, most of the remaining energy is lost
during production of hydrogen from natural gas, synthesis of
ammonia, and separation of gases. Since ammonia is syn-
thesized by the Haber-Bosch process at very high tempera-
tures (>450° C.) and pressures (>20 MPa), it is required to
reduce the large amount of energy used in this process. In
order to suppress global energy consumption, there is a need
for a catalyst capable of synthesizing ammonia under milder
conditions (at a lower temperature and a lower pressure)
than the iron-based catalyst used in the Haber-Bosch pro-
cess.

In recent years, a method of producing ammonia under a
low-pressure condition of about 1 MPa (10 atm) is known.
The ruthenium catalyst used for ammonia production is
supported on a common carrier. For example, JP 6-079177
A discloses that when a rare earth oxide is used as a carrier
for supporting ruthenium, the amount of ruthenium used can
be reduced, and the reaction temperature can be lowered.
However, in the ammonia production method of JP
6-079177 A, the ammonia yield in the case of producing
ammonia under a lower-pressure condition is insufficient.
Thus, the present inventors have developed a ruthenium
catalyst with La, sCe, 5O, ;5 reduced at 650° C. as a carrier,
and have reported that the ruthenium catalyst exhibits excel-
lent characteristics even under a low-pressure condition (Y.
Ogura et al., “Efficient ammonia synthesis over a
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Ru/La0.5Ce0.501.75 catalyst pre-reduced at high tempera-
ture”, Chemical Science, Vol. 9, p. 2230-2237).

Further, the present inventors have developed a binary
composite oxide composed of two kinds of metal elements
and a metal-carrier material (catalyst for ammonia synthesis)
in which a catalyst such as ruthenium is supported on the
binary composite oxide (WO 2019/059190 A and WO
2019/216304 A). The following is disclosed as the ammonia
synthesis catalyst using the binary composite oxide (carrier)
disclosed in the literatures, including:

Ru/Ce, ¢sLa, 5O, _reduced (at 500° C., 600° C., 650° C.,
or 700° C.), Ru/Ce, ¢, La, 550, _reduced (at 500° C., 600°
C., 650° C., or 700° C.), Ru/Ce, ;;La, 5,0, _reduced (at
500° C., 600° C., 650° C. or 700° C),
Ru/Ce sLa, 45O, reduced (at 500° C., 600° C., 650° C., or
700° C.), Ru/Ce, sLa, sO,_reduced (at 500° C., 650° C., or
800° C.), Ru/CeysZr,s0, reduced at 700° C,
Ru/Ce, sPr, O, _reduced (at 500° C., 600° C., 650° C., 700°
C., or 800° C.), Ru/La, sPr, sO,_reduced (at 450° C., 500°
C., 600° C., 650° C., or 700° C.), Ru/Ba, ,La, ,O, reduced
(at 500° C. 700° C., 800° C., or 900° C.),
Ru/Ba, ,Ce, O, _reduced (at 500° C. or 700° C.),
Co/Ba, ysLa, 5,0, _reduced (at 500° C., 600° C., 700° C., or
800° C.), Co/BayqLages0, reduced at 700° C.,
Co/Bag o5La, 5,0, _reduced at 700° C., or
Co/Bag La, ,O,_reduced at 700° C.

In addition, the literatures have described 8.4 wt % Ba/4.5
wt % Ru/MgO_reduced (at 500° C. or 700° C.) (Example
80, Example 81). These oxides are obtained by impregnating
a carrier MgO with a Ru solution, calcinating the carrier, and
further having Ba supported using Ba(OH), -8H,0.

In addition to JP 6-079177 A and Ogura et al., various
patent literatures disclose ammonia synthesis catalysts in
which ruthenium is supported on each rare earth oxide
carrier. Typical examples thereof include Patent Literatures
2 to 4 JP 2013-111562 A, WO 2016/133213 A, and JP
2017-018907 A or Y. Niwa and K. Aika, Chemistry Letters,
(1996) 3-4; X. Luo et al., Catalysis Letters 133, 382 (2009);
and A. S. Ivanova et al., Kinetics and Catalysis, Vol. 45, No.
4, 2004, pp. 541-546, Translated from Kinetika i Kataliz,
Vol. 45, No. 4, 2004, pp. 574-579. JP 2013-111562 A and JP
2017-018907 A disclose each lanthanoid oxide, WO 2016/
133213 A discloses a praseodymium oxide, and Niwa et al.
discloses a Ce oxide as a carrier. Luo et al., discloses a
Ru/CeO,—1.a,0;-based catalyst produced by coprecipitat-
ing hydroxides of Ru, Ce, and La, followed by drying and
activation.

The related art documents including JP 6-079177 A, JP
2013-111562 A, JP 2017-018907 A and Niwa et al. describe
that Ru is present as particles on the surface of a carrier of
a ruthenium catalyst used for ammonia synthesis. In the case
of being present as particles, the average diameter is report-
edly larger than 5 nm (see Luo et al.) and less than 2 nm
(Ogura et al.). In addition, WO 2016/133213 A describes
that Ru has an eggshell structure.

On the other hand, regarding the carrier, Ivanova et al.
describes that in evaluating the ammonia synthesis activity
of a Y(La)-M-O (M is Ca, Sr, or Ba) catalyst having Ru
supported thereon, the carrier oxide before having Ru sup-
ported thereon has a large specific surface area when the
calcination temperature of the carrier oxide is set to 450° C.,
and the carrier obtained at a calcination temperature raised
to 650° C. has a reduced specific surface area.

In addition, in view of the fact that Ru is expensive, an
ammonia synthesis catalyst in which a transition metal
compound other than Ru, for example, Co, is supported on
a carrier has also been disclosed (see, for example, M.
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Kitano et al., Angew. Chem. Int. Ed., 130(2018)2678 and W.
Gao et al., ACS Catal., 7 (2017) 3654). Although Gao et al.
discloses Co—BaO/C in which cobalt is supported on
barium oxide, the ammonia synthesis activity was low. In
Kitano et al., calcium amide (Co/Ba—Ca(NH,),) is used
instead of an oxide, but the ammonia yield at 1 MPa of the
catalyst having Co supported thereon was lower than that of
the catalyst having Ru supported thereon.

CITATION LIST
Patent Literature

JP 6-079177 A

JP 2013-111562 A
WO 2016/133213 A
JP 2017-018907 A
WO 2019/059190 A
WO 2019/216304 A

Patent Literature 1:
Patent Literature 2:
Patent Literature 3:
Patent Literature 4:
Patent Literature 5:
Patent Literature 6:

Non Patent Literature

Non Patent Literature 1: Y. Niwa and K. Aika, Chemistry
Letters, (1996) 3-4

Non Patent Literature 2: X. Luo et al., Catalysis Letters
133, 382 (2009)

Non Patent Literature 3: A. S. Ivanova et al., Kinetics and
Catalysis, Vol. 45, No. 4, 2004, pp. 541-546. Translated
from Kinetika i Kataliz, Vol. 45, No. 4, 2004, pp.
574-579.

Non Patent Literature 4: Y. Ogura et al., “Efficient ammo-
nia synthesis over a Ru/La0.5Ce0.501.75 catalyst pre-
reduced at high temperature”, Chemical Science, Vol.
9, p. 2230-2237

Non Patent Literature 5: M. Kitano et al., Angew. Chem.
Int. Ed., 130(2018)2678

Non Patent Literature 6: W. Gao et al., ACS Catal., 7
(2017) 3654

SUMMARY OF THE INVENTION

Generally speaking, high synthesis activity is sought for
synthesis catalysts. Also, with regard to ammonia synthesis
catalysts under development, there is a continuing demand
for highly active catalysts that enable higher yields. Among
the binary catalysts, for example, a catalyst such as
Co/BaLaO_ has sufficiently high ammonia synthesis activity,
but further improvement in the activity has been sought.

The purpose of the present invention is to provide a binary
composite oxide containing conventional rare earth metals,
for example, a composite oxide exhibiting higher ammonia
synthesis activity than that of BaLaO_ when cobalt is sup-
ported. Another purpose of the present invention is to
provide a metal-carrier material or ammonia synthesis cata-
lyst exhibiting such high ammonia synthesis activity. Still
another purpose of the present invention is to provide a
method of producing such a composite oxide or a metal-
carrier material, and a method of producing ammonia.

In order to solve the above problem, the present inventors
have found that ammonia synthesis activity is high at the
time of using, in combination as a catalyst, two kinds of
Group 2 elements having specific properties as metal oxides
constituting a composite oxide. Then, the following inven-
tion has been completed.

[1] A composite oxide comprising an oxide of a metal
element [L and an oxide of a metal element N, the composite
oxide represented by a composition of general formula (1):

LaNis M
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the composite oxide having the following characteristics (a)
to (d):

(a) the metal element L being an oxide of any element(s)
selected from (i) a Group 1 element, (ii) a Group 2
element, or (iii) a Group 1 element and a Group 2
element,

(b) the metal element N comprising a Group 1 or Group
2 element other than the metal element L,

(c) n of 0.001 or more and 0.300 or less, and

(d) the oxide of the metal element L and the oxide of the
metal element N forming no solid solution, and oxide
particles of the metal element L being deposited on
surfaces of oxide particles of the metal element N.

[2] The composite oxide according to [1], wherein

(a) the metal element L represents a metal element that is
a strongly basic element having a value of partial
negative charge (-9,,) of oxygen in an oxide state of
0.56 or more and 0.70 or less, and

(b) the metal element N represents a metal element that is
a weakly basic element having a value of partial
negative charge (-8,z) of oxygen in an oxide state of
0.35 or more and 0.55 or less.

[3] The composite oxide according to [1] or [2], which is

a binary composite oxide consisting of a metal element A
contained in the metal element L and a metal element B
contained in the metal element N, wherein the general
formula (1) is represented by a composition of general
formula (2):

ABL, @

the composite oxide having the following characteristics (a)
to (d);

(a) the metal element A representing a Group 2 element
that is a strongly basic element having a value of partial
negative charge (-d,,) of oxygen in an oxide state of
0.56 or more and 0.70 or less,

(b) the metal element B representing a Group 2 element
that is a weakly basic element having a value of partial
negative charge (-8,z) of oxygen in an oxide state of
0.35 or more and 0.55 or less,

(c) n of 0.001 or more and 0.300 or less, and

(d) an oxide of the metal element A and an oxide of the
metal element B forming no solid solution, and oxide
particles of the metal element A being deposited on
surfaces of oxide particles of the metal element B.

[4] A composite oxide comprising an oxide of a metal

element [L and an oxide of a metal element N, the composite
oxide represented by a composition of general formula (3):

L.N,O, 3)

the composite oxide having the following characteristics (a)
to (d):
(a) the metal element L being an oxide of any element(s)
selected from
(1) a Group 1 element,
(i1) a Group 2 element, or
(ii1) a Group 1 element and a Group 2 element,
(b) the metal element N comprising a Group 1 or Group
2 element other than the metal element L,
(c) n of 0.001 or more and 0.300 or less, and
(d) the oxide of the metal element L and the oxide of the
metal element N forming no solid solution, and oxide
particles of the metal element L being deposited on
surfaces of oxide particles of the metal element N.
[5] The composite oxide according to [4], wherein
(a) the metal element L represents a metal element that is
a strongly basic element having a value of partial
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negative charge (-8,,) of oxygen in an oxide state of
0.56 or more and 0.70 or less, and
(b) the metal element N represents a metal element that is
a weakly basic element having a value of partial
negative charge (-8,5) of oxygen in an oxide state of
0.35 or more and 0.55 or less.
[6] The composite oxide according to [4] or [5], which is
a binary composite oxide consisting of a metal element A
contained in the metal element L and a metal element B
contained in the metal element N, wherein the general
formula (3) is represented by a composition of general
formula (4):

A,B1,0x Q)

the composite oxide according to [4] or [5] having the
following characteristics (a) to (d);

(a) the metal element A representing a Group 2 element
that is a strongly basic element having a value of partial
negative charge (-8,,) of oxygen in an oxide state of
0.56 or more and 0.70 or less,

(b) the metal element B representing a Group 2 element
that is a weakly basic element having a value of partial
negative charge (-8,5) of oxygen in an oxide state of
0.35 or more and 0.55 or less,

(c) n of 0.001 or more and 0.300 or less,

(d) an oxide of the metal element A and an oxide of the
metal element B forming no solid solution, and oxide
particles of the metal element A being deposited on
surfaces of oxide particles of the metal element B, and

(e) x is the number of oxygen atoms required to keep the
composite oxide electrically neutral.

[7] The composite oxide according to any one of [1] to

[6], which is Ba,Mg, O, (where 0.001 n 0.300).

[8] The composite oxide according to [7], which is
Ba, Mg, ,, O, (where 0.01 n 0.10).

[9] The composite oxide according to [7] or [8], wherein
an amount of carbonate contained in the composite oxide is
10 mol % or less based on Ba.

[10] A metal-carrier material comprising the composite
oxide according to any one of [1] to [9], the composite oxide
having, supported thereon, particles of at least one metal M
selected from the group consisting of cobalt, iron, and
nickel.

[10-1] A metal-carrier material comprising, as a compo-
sition, metal particles M and the composite oxide according
to any one of [1] to [3], wherein each element is recognized
as an aggregate of particles, and it is observed that the metal
element [ having a particle diameter of 10% or less of
particle diameter of the metal particles M is distributed on
the metal particles M, between each metal particle M and the
metal oxide N, and on the metal oxide N.

[10-2] The metal-carrier material according to [10-1],
wherein it is observed that particles of the metal element L
are uniformly distributed.

[10-3] The metal-carrier material according to [10-1] or
[10-2], wherein the particles of the metal element L are also
distributed at an intermediate layer between the metal par-
ticles M and the metal element N.

[10-4] The metal-carrier material according to any one of
[10-1] to [10-3], wherein the composite oxide is the com-
posite oxide according to [6], the metal element A is selected
from the metal element L, and the metal element B is
selected from the metal element N.

[11] The metal-carrier material according to [10], wherein
the metal particles M are supported on the oxide of the metal
element L deposited on a surface of the oxide of the metal
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element N, and oxide particles of the metal element L. are
deposited on surfaces of the metal particles M.

[12] The metal-carrier material according to [10], wherein
oxide particles of the metal element N are distributed
between the oxide particles of the metal element L and the
metal particles M.

[12-1] The metal-carrier material according to [11] or
[12], wherein the composite oxide is the composite oxide
according to [6], the metal element A is selected from the
metal element L, and the metal element B is selected from
the metal element N.

[13] The metal-carrier material according to [10], wherein
the metal particles M are cobalt particles.

[14] An ammonia synthesis catalyst comprising the metal-
carrier material according to [10].

[15] A method of producing the metal-carrier material
according to [10], comprising the steps of (a) to (d):

(a) an impregnation step of impregnating a metal element
N-containing N precursor with a metal element L-con-
taining L. precursor;

(b) a composite oxide calcination step of calcinating the
resulting mixture at a temperature of 500° C. or higher
to obtain a carrier including a composite oxide;

(c) a supporting step of impregnating the composite oxide
with a metal particles M-containing compound precur-
sor to obtain an impregnated carrier; and

(d) a carrier material calcination step of calcinating the
impregnated carrier at a temperature of 400° C. or
higher.

[15-1] The method of producing a metal-carrier material
according to [15], wherein the metal element A is selected
from the metal element L, the metal element B is selected
from the metal element N, and the method includes the
following steps (a) to (d):

(a) an impregnation step of impregnating a metal element
B-containing B precursor with a metal element A-con-
taining A precursor solution;

(b) a composite oxide calcination step of calcinating the
resulting mixture at a temperature of 500° C. or higher
to obtain a carrier including a composite oxide;

(c) a supporting step of impregnating the composite oxide
in a solution containing a metal particles M-containing
compound precursor to obtain an impregnated carrier;
and

(d) a carrier material calcination step of calcinating the
impregnated carrier at a temperature of 400° C. or
higher.

[15-2] The method of producing a metal-carrier material
according to [15] or [15-1], wherein step (b) is carried out
in air.

[15-3] The method of producing a metal-carrier material
according to [15] or [15-1], wherein step (d) is carried out
in an argon atmosphere.

[16] The method of producing a metal-carrier material
according to any one of [15] to [15-3], further comprising
step (e):

(e) a reduction step of calcinating the resulting metal-

carrier material obtained in (d) at 500° C. or higher in
a presence of hydrogen.

[17] A method of producing ammonia, comprising bring-
ing hydrogen and nitrogen into contact with a catalyst,
wherein the catalyst is the ammonia synthesis catalyst
according to [14].

The present invention makes it possible to provide a
binary composite oxide containing conventional rare earth
metals, for example, a composite oxide exhibiting higher
ammonia synthesis activity than that of Ru/Bal.aO, when
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cobalt is supported. In addition, the present invention makes
it possible to provide a metal-carrier material or ammonia
synthesis catalyst exhibiting such high ammonia synthesis
activity. Further, the present invention makes it possible to
provide a method of producing such a composite oxide or a
metal-carrier material, and a method of producing ammonia.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 is a graph showing ammonia synthesis activity of
a catalyst Co/Bag o, Mg, 500, _reduced at 700° C. (catalyst
prepared by performing reduction at 700° C. after Co is
supported thereon) in Examples.

FIG. 2 is a graph showing ammonia synthesis activity
measured using each catalyst Co/BaMgO, prepared by
changing the amount of Ba added to a carrier of the
Co/BaMgO, catalyst in Examples.

FIG. 3 is a graph showing ammonia synthesis activity
measured using each Co/BaMgO,, catalyst by changing the
amount of Ba added to a carrier of the Co/BaMgO, catalyst
in Examples.

FIG. 4 is a graph showing ammonia synthesis activity
measured using each Co/BaMgO, catalyst prepared by
changing a reduction temperature of the Co/BaMgO, cata-
lyst in Examples.

FIG. 5 is a graph showing ammonia synthesis activity
measured using each Co/BaMgO, catalyst prepared by
changing a reduction temperature of the Co/BaMgO, cata-
lyst in Examples.

FIG. 6 is an XRD pattern measured using each Co/BaM-
g0, catalyst prepared by changing a reduction temperature
of the Co/BaMgO, catalyst in Examples.

FIG. 7 is a graph showing ammonia synthesis activity
measured using each Co/BaMgO, catalyst prepared by
changing the amount of Co supported on the Co/BaMgO,.
catalyst in Examples.

FIG. 8 is a graph showing ammonia synthesis activity
measured using each Co/BaMgO, catalyst prepared by
changing the amount of Co supported on the Co/BaMgO,
catalyst in Examples.

FIG. 9 is a graph showing ammonia synthesis activity
measured by changing a reaction pressure for the Co/BaM-
g0, catalyst in Examples.

FIG. 10 is a graph showing ammonia synthesis activity
measured by changing a reaction pressure for the Co/BaM-
g0, catalyst in Examples.

FIG. 11 is a graph showing ammonia synthesis activity
measured by changing a reaction pressure for the Co/BaM-
g0, catalyst in Examples.

FIG. 12 is a graph showing ammonia synthesis activity
measured using each Co/BaMgO, catalyst prepared by
changing pretreatment conditions for the Co/BaMgO, cata-
lyst in Examples.

FIG. 13 is a graph showing ammonia synthesis activity
measured using each Co/BaMgO, catalyst prepared by
changing a Co precursor for the Co/BaMgO, catalyst in
Examples.

FIG. 14 is an XRD pattern measured using each Co/BaM-
g0, catalyst prepared by changing a Co precursor for the
Co/BaMgO, catalyst in Examples.

FIG. 15 is a graph showing ammonia synthesis activity
measured by changing SV for the Co/BaMgO, catalyst in
Examples.

FIG. 16 is a graph showing ammonia synthesis activity
measured by changing SV for the Co/BaMgO, catalyst in
Examples.
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FIG. 17 is a graph showing ammonia synthesis activity
measured by setting a reaction temperature to low tempera-
tures for the Co/BaMgO, catalyst in Examples.

FIG. 18 is a graph showing ammonia synthesis activity
measured by setting a reaction temperature to low tempera-
tures for the Co/BaMgO, catalyst in Examples.

FIG. 19 is a graph showing ammonia synthesis activity of
Ru/BaMgO, in Examples.

FIG. 20 is a graph showing ammonia synthesis activity of
a catalyst Fe/Ba, ,, Mg, 50, _reduced at 700° C. (catalyst
prepared by performing reduction at 700° C. after Co is
supported thereon) in Examples.

FIG. 21 is a graph showing ammonia synthesis activity
measured using each Fe/BaMgO, catalyst prepared by
changing pretreatment conditions for the Co/BaMgO . cata-
lyst in Examples.

FIG. 22 is a graph showing ammonia synthesis activity
measured using a Co—Fe catalyst on the Co/BaMgO,
catalyst in Examples.

FIG. 23 shows the results of measuring H2-TPR of the
Co/BaMgOx catalyst in Example 1.

FIG. 24 shows the results of measuring H2-TPR of the
Co/MgOx catalyst in Comparative Example 2.

FIG. 25 is images showing, by TEM, element mapping for
the Co/BaMgOx catalyst in Example 1. Each image repre-
sents (1) HAADF-STEM image, (2) elemental mapping of
Ba, (3) elemental mapping of Mg, (4) elemental mapping of
Co, or (5) an image obtained by superimposing Ba, Co, and
Mg elemental maps.

FIG. 26 is a graph showing ammonia synthesis activity
measured using each catalyst in which Ba of a Co/BaMgOx
catalyst in Examples was replaced by another Group 2
element.

FIG. 27 is graphs showing ammonia synthesis activity
measured using each catalyst prepared using a Group 1
element in place of a Group 2 element.

FIG. 28 is a graph showing ammonia synthesis activity of
each catalyst using a carrier prepared by adding both a
Group 2 element and a Group 1 element.

FIG. 29 is a graph showing ammonia synthesis activity of
each catalyst using a carrier prepared by adding both a
Group 2 element and a Group 1 element.

FIG. 30 is a graph showing ammonia synthesis activity of
each catalyst using a carrier prepared by adding both a
Group 2 element and a Group 1 element.

FIG. 31 is a graph showing ammonia synthesis activity of
each catalyst using a carrier prepared by adding both a
Group 2 element and a Group 1 element.

FIG. 32 is a graph showing ammonia synthesis activity of
each catalyst using a carrier prepared by adding each tran-
sition metal element.

FIG. 33 is a graph showing ammonia synthesis activity of
each catalyst using a carrier prepared by adding each tran-
sition metal element.

FIG. 34 is images showing, by TEM, element mapping for
the Co/BaMgOx catalyst in Example 17. Each image rep-
resents (1) HAADF-STEM image, (2) elemental mapping of
Ba, (3) elemental mapping of Mg, (4) elemental mapping of
Co, or (5) an image obtained by superimposing Ba, Co, and
Mg elemental maps.

FIG. 35 is diagrams for explaining the features of the
structure of each metal-carrier material in Example 1 or 17.

FIG. 36 is normalized XANES spectra of catalysts or
reference samples.
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DESCRIPTION OF THE INVENTION

<Composite Oxide>

A composite oxide of the invention is a composite oxide
comprising an oxide of a metal element [ and an oxide of
a metal element N, the composite oxide having character-
istics (a) to (d) below, the composite oxide represented by a
composition of general formula (1):

LaNis M

where the metal element L is an oxide of an element
selected from any one of the following (i) to (iii):

(i) a Group 1 element,

(ii) a Group 2 element, or

(iii) a Group 1 element and a Group 2 element.

Note that as used herein, the “metal element L” includes
not only one kind of element (Group 1 element or Group 2
element) but also two kinds of elements (Group 1 and Group
2 elements).

The Group 1 element as the metal element L is a metal
called an alkali metal, and examples thereof include Li, Na,
K, Rb, or Cs. In addition, the Group 2 element is a metal
called an alkaline earth metal, and examples thereof include
Be, Mg, Ca, Sr, Ba, or Ra. As the metal element L, a Group
1 element and a Group 2 element may be used at the same
time. These elements are selected in consideration of basic-
ity. Further, a partial negative charge described later may be
used for calculation. When a Group 1 metal and a Group 2
metal are used, the ratio is preferably in the range 0f 0.1:1.9
to0 1.9:0.1, more preferably in the range 0£0.8:1.2 to 1.2:0.8,
and particularly preferably 1:1. From the viewpoint of high
ammonia synthesis activity of the below-described metal-
carrier material, the metal element L is preferably a Group
2 element alone or a composite oxide of a Group 1 element
and a Group 2 element.

As the metal element N, an oxide of a Group 1 or Group
2 element other than the metal element L is used. The
amount of the metal element L used is smaller than that of
the metal element N. The proportion of the metal element N
based on the total amount of metal elements for the metal
element L is usually 0.001 or more and 0.300 or less and
preferably 0.01 or more and 0.100 or less. The ratio of the
metal element L affects the morphology during production
of'the catalyst and also affects the catalytic activity. An oxide
of the metal element L and an oxide of the metal element N
form no solid solution, and the metal element L is observed
on the metal element N. This state may be herein described
such that the metal element L or an oxide of the metal
element L. is deposited on the metal element N or an oxide
of the metal element N.

In the composite oxide used in the invention, a metal
element A is selected from the metal element L, and a metal
element B is selected from the metal element L. When this
composite oxide is a binary composite oxide, the general
formula (1) is represented by the following general formula

2

ABr, @

(a) The metal element A represents a Group 2 element that
is an alkaline earth metal and a strongly basic element
having a value of partial negative charge (-9,,) of
oxygen in an oxide state of 0.56 or more and 0.70 or
less.

(b) The metal element B represents a Group 2 element that
is an alkaline earth metal other than the metal element
A and a weakly basic element having a value of partial
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negative charge (-8,z) of oxygen in an oxide state of
0.35 or more and 0.55 or less.

(c) The proportion of the metal element A added to the
total is 0.001 or more and 0.300 or less, and the
morphology in the case of this range favorably affects
the catalytic activity.

(d) An oxide of the metal element A and an oxide of the
metal element B form no solid solution, and the state
where oxide particles of the metal element A are
observed on surfaces of oxide particles of the metal
element B is herein expressed as “deposited” state.

The composite oxide represented by the composition of

general formula (1) can be alternatively expressed as for-
mula (3). Specifically, a composite oxide used in the inven-
tion is a composite oxide comprising an oxide of a metal
element [L and an oxide of a metal element N, the composite
oxide represented by a composition of general formula (3):

L.N,O, 3)

the composite oxide having the following characteristics (a)
to (d):

(a) the metal element L being an oxide of any element(s)
selected from

(1) a Group 1 element,

(i1) a Group 2 element, or

(ii1) a Group 1 element and a Group 2 element,

(b) the metal element N comprising a Group 1 or Group
2 element other than the metal element L,

(c) n of 0.001 or more and 0.300 or less,

(d) the oxide of the metal element L and the oxide of the
metal element N forming no solid solution, and oxide
particles of the metal element L being deposited on
surfaces of oxide particles of the metal element N, and

(e) x representing the number of oxygen atoms required to
keep the composite oxide electrically neutral.

The composite oxide of the invention is a binary com-
posite oxide consisting of a metal element A and a metal
element B represented, when the above general formula (2)
is alternatively expressed, by a composition of general
formula (4):

A,BL0, *)
wherein A, B, n, and x are as described in the above general
formula (2).
<Basicity>

An oxide of the metal element L and an oxide of the metal
element N in a composite oxide used in the invention form
no solid solution. The metal element L is preferably a metal
element that is a strongly basic element having a value of
partial negative charge (-3,,,) of oxygen in an oxide state of
0.56 or more and 0.70 or less, and the metal element N is
preferably a metal element that is a weakly basic element
having a value of partial negative charge (-8,5) of oxygen
in an oxide state of 0.35 or more and 0.55 or less.

In the case where the metal element A is selected from the
metal element L and the metal element B is selected from the
metal element N to form a binary composite oxide,

(a) the metal element A represents a Group 2 element that
is a strongly basic element having a value of partial
negative charge (-d,,) of oxygen in an oxide state of
0.56 or more and 0.70 or less,

(b) the metal element B represents a Group 2 element that
is a weakly basic element having a value of partial
negative charge (-8,z) of oxygen in an oxide state of
0.35 or more and 0.55 or less,

(c) n is 0.001 or more and 0.300 or less,
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(d) an oxide of the metal element A and an oxide of the
metal element B form no solid solution, and oxide
particles of the metal element A are deposited on
surfaces of oxide particles of the metal element B, and

(e) x is the number of oxygen atoms required to keep the
composite oxide electrically neutral.

The metal element A is a strongly basic element having a
value of partial negative charge (-8,) of oxygen in an oxide
state of 0.56 or more and 0.70 or less. The value of -3, is
more preferably 0.60 or more and most preferably 0.65 or
more. Specifically, the metal element A may be selected
from barium (Ba), strontium (Sr), or calcium (Ca).

The metal element B is a weakly basic element having a
value of partial negative charge (-9,,) of oxygen in an oxide
state of 0.35 or more and 0.55 or less. The value of -0, is
more preferably 0.40 or more. Also, the value of -3, is
more preferably 0.50 or less and most preferably 0.45 or
less. Specifically, the metal element B may be selected from
Mg (magnesium) or Be (beryllium).

The difference between -9, and -3 5 is preferably from
0.10 to 0.40, more preferably from 0.15 to 0.35, and most
preferably from 0.20 to 0.30.

In the invention, the metal element A contained in the
composite oxide is a strongly basic element exhibiting high
basicity in an oxide state. This makes it possible to increase
the activity of the ammonia synthesis catalyst. The mecha-
nism will be overviewed below.

The metal element A is a strongly basic metal element.
Electrons are generated from the base point of the composite
oxide (carrier) made of such an element, and these electrons
are back-donated to nitrogen molecules via transition metal
particles as a catalyst supported on the composite oxide,
thereby weakening the nitrogen triple bond. The present
inventors consider that this stage is a rate-limiting step of the
ammonia synthesis reaction, and the energy caused by the
cleavage of the triple bond of each nitrogen molecule is
lowered by the above-mentioned series of electron transfer,
and the ammonia synthesis activity of the metal-carrier
material (catalyst) is improved.

The basicity (Lewis basicity) of the metal oxide is related
to the high electron donating capacity. That is, it is consid-
ered that a substance having a higher electron donating
capacity exhibits stronger basicity. Since oxygen basically
acts as an electron donor in the oxide, the amount of charge
of oxygen in the oxide, that is, the partial negative charge of
oxygen is useful as an indicator for basicity. In fact, in a
non-patent literature (Sanderson “Inorganic Chemistry (first
half)”, Hirokawa Shoten (1975), page 276, Table 12.7), it is
shown that the value of partial negative charge of oxygen
correlates well with the acid basicity exhibited by some
oxide.

Here, for the partial negative charge (-9,,) of oxygen in an
oxide made of an individual metal element(s), values listed
in Table 12.7 of a non-patent literature (Sanderson, “Inor-
ganic Chemistry (first half)”, Hirokawa Shoten (1975), p.
276) can be used. Values not listed can be calculated by
calculating the partial negative charge of oxygen as
described above. Each value of partial negative charge (-3,,)
of oxygen in an oxide containing a Group 2 element is
shown in the following table.
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TABLE 1
BeO MgO CaO SrO BaO
Partial 0.35 0.42 0.57 0.62 0.67
negative
charge of
oxygen
Basicity VW w S S S
(very (weak (strong  (strong  (strong
weak base) base) base) base) base)
Acidity VW 0 0 0 0
(very (without (without (without (without
weak acid) acidity)  acidity) acidity)  acidity)

Meanwhile, for the method of calculating the partial
negative charge of oxygen based on the whole composite
oxide, a non-patent literature (Sanderson, “Inorganic Chem-
istry (first half)”, Hirokawa Shoten (1975), page 122, Table
6.7, page 126 to 128) was used as a reference. First, the
composition ratio between each element in the composite
oxide is determined. For example, La in “Ce, sLa, O, ;57
has 0.5. This value is set to ni (i is a corresponding element).
The electronegativity of each element is represented by yi.
Then, the geometric mean of the electronegativity of all the
atoms constituting the composite oxide is determined by
(IT(i™))"(1/Zni). Next, to obtain a value of interest from a
change in the electronegativity of oxygen, the difference
(5.21) between the geometric mean and the electronegativity
of oxygen is subtracted. Finally, the change in the electro-
negativity of oxygen is divided by a change in electronega-
tivity (-4.75) when one atom of oxygen acquires one
electron. The above calculation makes it possible to calcu-
late the partial negative charge of oxygen as exhibited by the
composite oxide.

In short, when the composition ratio between each ele-
ment contained in the composite oxide is ni (i=each element
in the composite oxide containing at least A, B, and O) and
the electronegativity of each element is i (i=each element
in the composite oxide containing at least A, B, and O), the
value of partial negative charge of oxygen in the composite
oxide is represented by the following formula (A).

((TT(™)) (1/3ni)-5.21)/-4.75 formula (A).

If the partial negative charge of oxygen in the composite
oxide is determined, (a) the partial negative charge of
oxygen in an oxide state among elements forming the
composite may be determined; or (b) when the composition
ratio between each element contained in the composite oxide
is ni (i=each element in the composite oxide containing A,
B, and O) and the Sanderson electronegativity of each
element is yi (i=each element in the composite oxide con-
taining A, B, and O), the partial negative charge of oxygen
may be calculated by the following formula (A):

((TT(™)) (1/3ni)-5.21)/-4.75 formula (A).

When the composite oxide forms a homogenous compos-
ite oxide, the protocol (b) is preferably performed. On the
other hand, when the composite oxide forms a heteroge-
neous composite oxide, it is preferable to use the protocol
(a). In that case, the result of an element having the largest
absolute value for the partial negative charge of oxygen
among individual elements is used. In the composite oxide
of the invention, an oxide of the metal element A and an
oxide of the metal element B are phase-separated without
forming any solid solution. Thus, the value of partial nega-
tive charge of oxygen in the composite oxide is preferably
calculated by the protocol (a) described above.

The value of partial negative charge of oxygen in the
composite oxide is preferably 0.35 or more and more
preferably 0.40 or more. When the value of partial negative
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charge of oxygen in the composite oxide is 0.35 or more, the
ammonia synthesis activity tends to increase.
<Removal of Carbonate and/or Hydroxide>

The metal elements L (alkali metal) and N (alkaline earth
metal) have strong basicity even if they form an oxide, and
easily react with carbon dioxide and/or water in the atmo-
sphere to form a metal carbonate and/or a hydroxide. How-
ever, the metal carbonate and/or the hydroxide cause the
composite oxide to have decreased basicity and are thus
responsible for a decrease in the ammonia synthesis activity
of the catalyst. For example, Ba becomes BaCO, or
Ba(OH), in the atmosphere, and this lowers the ammonia
synthesis activity. Thus, the amount of metal carbonate
and/or hydroxide contained in the ammonia synthesis cata-
lyst is preferably as small as possible. In order to reduce the
amount of the metal carbonate and/or hydroxide, it is
preferable to perform reduction treatment under a heating
condition as described later, whereby the metal carbonate
and/or hydroxide contained in the catalyst are decomposed,
and the decrease in basicity can be prevented. The amount
of the carbonate contained in the metal-carrier material is
not particularly limited as long as the ammonia synthesis
activity is not inhibited, and is, for example, 10 mol % or
less, preferably 1 mol % or less, more preferably 0.1 mol %
or less, and still more preferably 0.01 mol % or less based
on the metal element A.

Examples of the method for quantifying the amount of
carbonate present as a metal carbonate include a method in
which hydrocarbon such as methane generated by hydroge-
nation of carbonate species by heating a catalyst under
hydrogen circulation is detected and calculated using, for
instance, a mass spectrometer, a hydrogen flame ionization
detector (FID), or a thermal conductivity detector (TCD).

It is also possible to use infrared absorption spectroscopy,
which is highly sensitive to metal carbonates. The amount of
carbonate contained in the catalyst can be quantified by
irradiating the catalyst with infrared light and measuring the
absorption intensity of the peak of each wavelength char-
acteristically absorbed by the carbonate. For example, the
positions of peaks that can be used for the quantification of
Ba carbonate are, for instance, at or near 3000 cm™*, 2450
cm™!, 1750 cm™, 1480 cm™*, and/or 1060 cm™.

The following table shows each melting point of, for
instance, an oxide of Ba or Sr, which oxide has a large value
of partial negative charge of oxygen, among Group 2
elements, or Cs or K, which is an alkali metal.

TABLE 2
Partial
negative
charge
Melting point Oxide
Element Oxide Hydroxide Carbonate (-0p)
Ba 1923° C. 408° C. (Ba(OH),) 811° C. 0.67
(BaO) 78° C. (Ba (OH), - (BaC03)
8 H,0)
Cs 490° C. 272.3° C. 610° C. 0.96
(Cs50) (CsOH) (Cs,CO03,
decomposition)
Sr 2430° C. 710° C. 1497° C. 0.62
(S10) (Sr(OH),) (SrC0s)
K >490° C. 360° C. 891° C. 0.89
(K50, (KOH) (K,C03)

decomposition)

50

55

60

65

14

From the measurement results of H2-TPR described later,
it is considered that the following reaction has occurred.

BaCO4+4H,—>BaO+CH,+2H,0 )

The oxide of Ba has a high melting point, but as described
above, the oxide has undergone a hydroxide having a low
melting point during heat treatment in a hydrogen atmo-
sphere. Thus, fluidity is obtained by melting the hydroxide.
At this time, both Ba and the metal element B exist as
strongly basic compounds. Accordingly, the Ba compounds
flow on the metal particles as a result of mutual repulsion or
interfacial tension or for some other reasons. Then, a state in
which Ba hydroxide is distributed like particles is generated
on the surfaces of the metal particles. After the reaction, it
becomes an oxide with its fluidity lost and its volume
reduced. Therefore, high activity is considered to be
expressed by immobilization while this state having voids
remains. As used herein, a state where the metal surface
further has particles is referred to as a “distributed” or
“deposited” state.

As described above, the element has strong original
basicity, and it is easy to lower the carbonate that inhibits the
basicity. This can increase the ammonia synthesis activity.
From this point, Ba is particularly preferable as the metal
element A.

The oxide of the metal element B is a main component of
the composite oxide, and exhibits weak basicity (also
including very weak basicity; the same applies to the fol-
lowing description) in the invention. In Ba,La, ,O,, which
is a binary composite oxide described in the prior art
documents, each value of partial negative charge in the
oxide of Ba and La, which are two metal elements, is high
(Ba is 0.67 and La is 0.56.), whereas in the invention, the
value of partial negative charge in the oxide of the metal
element B is as low as 0.35 or more and 0.55 or less.
<Deposition>

In the invention, the oxide of the metal element L. and the
oxide of the metal element N are phase-separated without
forming any solid solution, and the oxide of the metal
element L is deposited on surfaces of oxide particles of the
metal element N and further deposited on surfaces of metal
particles on which the oxide of the metal element L is
supported. Thus, even if the oxide of the metal element N
has weak basicity while the oxide of the metal element L has
strong basicity, the ammonia synthesis activity is increased
by the oxide of the metal element L. Because of this, even
if the oxide of the metal element N has lower basicity than
conventional ones, high ammonia synthesis activity is
exhibited.

The oxide of the metal element N preferably has a larger
specific surface area (SSA). This is because when the
specific surface area of the oxide of the metal element N,
which is the main component of the composite oxide, is
large, fine nanoparticles such as Co can be firmly immobi-
lized, and the number of active sites of these nanoparticles
increases, and the ammonia synthesis activity becomes
higher. Thus, from the viewpoint of the size of the specific
surface area, Mg (magnesium) is particularly preferable as
the metal element N. The metal element N is a main
component of the composite oxide. The oxide of the metal
element N plays a large role as a carrier when the metal
element N is used in a transition metal-carrier material to
form a catalyst.

From the above viewpoint, the composite oxide of for-
mula (1) or formula (2) is preferably Ba,Mg, O, (where
0.001=n=<0.300).
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Here, for Ba,Mg, ,O,, the composition ratio of Ba (that
is, the value of n) is preferably within the range of
0.01=n<0.10. As shown in Examples described later, when
the range of 0.01 n 0.10 is satisfied, the ammonia synthesis
activity (yield, product amount) tends to increase.
<Metal-Carrier Material>

The metal-carrier material in the invention has particles of
a transition metal, except for a Group 4 metal, supported on
the composite oxide of the invention. From the viewpoint of
high catalytic activity, the transition metal is preferably at
least one element selected from the group consisting of Ru,
Fe, Co, Ni, Rh, Pd, Os, Ir, and Pt, and more preferably Ru,
Co, or a mixture of Fe and Co. Among them, Co is
particularly preferable from the viewpoint of high ammonia
synthesis activity when combined with the composite oxide
of the invention. The amount ratio between the transition
metal and the composite oxide can be determined in con-
sideration of the catalytic activity and the cost of the
transition metal. For example, the percentage of the transi-
tion metal based on the whole metal-carrier material is
preferably from 0.1 to 50 wt % and more preferably from 5.0
to 30 wt %.

The transition metal M in the invention and any of an
oxide of the metal element L or an oxide of the metal
element N form no solid solution. In particular, it is pref-
erable that a structure in which oxide particles of the metal
element [. are deposited on and cover particles of the
transition metal M is further deposited on surfaces of oxide
particles of the metal element N as a main component.
Specifically, it is preferable to have what is called a core/
shell relationship in which the transition metal M is used as
a core and the metal element N is used as a shell. The
transition metal M is preferably entirely covered with the
oxide particles of the metal element L, and supported on the
oxide particles of the metal element N as a carrier via the
oxide of the metal element L. Such a structure seems to be
present because the oxide of the metal L having fluidity
covers the transition metal M while the metal L is supported
on the metal N, the transition metal M is supported, and the
high temperature reduction treatment is then performed. If
the amount of the metal L is too large relative to the amount
of the metal element N as a carrier or too large relative to the
amount of the transition metal, the layer becomes too thick,
so that neither nitrogen nor hydrogen can reach the transition
metal surface as an active point. This is not preferable.
Further, when calcination is performed at a high temperature
exceeding 700° C. or for a long time, the oxide particles of
the metal L. aggregate. This is also not preferable because
neither nitrogen nor hydrogen can reach the transition metal
surface as an active point.

An oxide of the metal element L and an oxide of the metal
element N in a mixed state forms a composite oxide of the
invention. Particularly preferred is a layered structure in
which oxide particles of the metal element L are deposited
on surfaces of oxide particles of the metal element N as a
main component. Note that it is most preferable that both are
in what is called a core/shell relationship. Further, the metal
element [ may be absent inside the catalyst carrier, and the
metal element L is preferably present on the carrier surface.
In particular, an oxide of the metal element A and an oxide
of the metal element B in a mixed state forms a composite
oxide of the invention. Particularly preferred is a layered
structure in which oxide particles of the metal element A are
deposited on surfaces of oxide particles of the metal element
B as a main component. Note that it is most preferable that
both are in what is called a core/shell relationship. Further,
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the metal element A may be absent inside the catalyst carrier,
and the metal element A is preferably present on the carrier
surface.

The oxide of the metal element L. and the oxide of the
metal element N form no solid solution and are in a mixed
state (phase-separated). Thus, when the metal-carrier mate-
rial (catalyst) described later is formed, the transition metal
particles are in direct contact with the oxide of the metal
element L. on the surface of the composite oxide. Since the
oxide of the metal element L. (e.g., Ba) is strongly basic, it
is presumed that the transition metal particles come into
direct contact with these oxides to increase the number of
active sites exhibiting high activity, thereby increasing the
ammonia synthesis activity. Meanwhile, in the case of Co,
the basicity of the cation is important, and the ammonia
synthesis activity is higher when the oxide of the metal
element A such as Ba has a larger partial negative charge of
oxygen.

The particle diameter ratio A/M between the oxide par-
ticles of the metal element A and the metal particles M is
usually 20% or less, preferably 10% or less, and more
preferably 5% or less. In order to change the particle size,
the ratio of the metal element A to the transition metal M is
adjusted. When the particle diameter ratio is too large or too
small, it tends to be difficult to obtain the expected catalytic
activity.

In addition, the ratio between the value (D,,) of Co
dispersibility calculated by the H, pulse chemical adsorption
method and the value (D,,) of Co dispersibility estimated
from the average particle diameter of the Co particles as
calculated from a TEM image is preferably 0<D, /D p,,<1.
The Co dispersibility represents the ratio of the number of
Co atoms exposed on the surface of the metal-carrier mate-
rial to the number of all Co atoms contained in the metal-
carrier material. The Co dispersibility may be determined
from the hydrogen adsorption amount of the metal-carrier
material having Co supported thereon.

Specifically, assuming that one Co atom adsorbs one H
atom, the Co dispersibility is defined as the ratio (H/Co) of
the number of hydrogen atoms H corresponding to the
number of Co atoms exposed on the surface of the metal-
carrier material to the total number of atoms Co supported
on the metal-carrier material. As used herein, the Co dis-
persibility based on the hydrogen adsorption amount is
expressed as D,,. By comparing between metal-carrier
materials carrying the same amount (the same number of
atoms) of Co, it can be considered that the higher the Co
dispersibility, the larger the number of catalytically active
points.

In addition, assuming that the form of Co particles is a
cube, it has been known that the value of the dispersibility
of Co can be geometrically determined using the average
particle diameter (d; unit: nm) of Co as determined by TEM
observation (see the document “Dictionary of Catalysts™).
The calculation method can be expressed by general formula
(8). The average particle size of Co can be calculated by
randomly extracting 100 to 150 Co particles from a TEM
image, measuring the particle sizes of the Co particles, and
averaging the particle sizes. As used herein, the value of the
Co dispersibility obtained based on general formula (4) is
expressed as D, .

Dyyn=0.732/d @®).

Hence, the fact that D, /Dy, is less than 1 means that
part of the Co particles, mainly at or near the interface
between the particles and the composite oxide (carrier), or
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the particle surface is coated with the oxide of the metal
element B, and the adsorption of H atoms onto the Co
particle surface is prevented.

The turnover frequency of catalyst (TOF) represents the
number of reactions that have proceeded per unit time at one
active point on the catalyst surface. The present application
specifies the number of ammonia molecules generated dur-
ing one second per atom of the surface Co as an active point.

The average particle diameter of Co supported on the
composite oxide is preferably 100 nm or less, more prefer-
ably 50 nm or less, and still more preferably 20 nm or less.
It is advantageous that the smaller the particle diameter of
Co, the larger the number of active points in the case of
being used as an ammonia synthesis catalyst. The lower
limit of the average particle diameter of Co is not particu-
larly limited, but is, for example, 0.5 nm or more or 1 nm or
more.

The metal-carrier material in the invention is fine particles
containing supported metal cobalt having an average particle
diameter of 100 nm or less. This allows for a very high
ammonia synthesis rate under mild ammonia synthesis con-
ditions (at 300 to 500° C. and at 0.1 to 20 MPa).

Note that as used herein, in order to simplify the expres-
sion, a metal-carrier material represented by
“Bag o1 Mg 560, oo having Co supported thereon™ is repre-
sented by “Co/Ba, ,, Mg, 550,”, and a metal-carrier material
subjected to reduction treatment is represented by “Co/
Ba, 5, Mg, 550,”. The same expression will be used for other
carrier materials. Here, x means that 1.00, which is the molar
ratio of oxygen at the time of calcination, was reduced to x
along with the reduction. Note that when simply herein
described as ABOy, it means that the amount ratio between
A and B is not specified, and does not mean A; ,,B, o0,

Here, x in general formula (2) as representing the ratio of
oxygen 0 in the composite oxide is the number of oxygen
atoms required to keep the composite oxide electrically
neutral. The x generally falls within the range of 0.5<x=<2,
and particularly falls within the range of 0.9<x=<1, depending
on the types of elements A and B.

<Effect of Reduction Temperature on Ammonia Synthesis
Activity>

The catalyst in the invention is activated by hydrogen
reduction pretreatment at a high temperature. This is because
Co is reduced. At this time, a characteristic structure in
which the oxide of the metal element A is deposited on
surfaces of the Co particles is developed. In general, when
the reduction pretreatment is performed at a high tempera-
ture, the specific surface area decreases and the metal
particle diameter increases as the carrier is sintered. This can
cause a decrease in the catalytic activity.

FIGS. 4 and 5 are graphs showing the ammonia synthesis
activity of each catalyst produced at different reduction
temperatures in Examples (Co/BaMgO,) described later.
From the graphs, it is found that the ammonia synthesis
activity increases as the reduction temperature becomes
higher, the rate of ammonia synthesis is the highest when the
reduction is performed at 700° C. or 800° C., and the rate of
ammonia production slightly decreases when the reduction
is performed at 900° C. as compared with the case at 800°
C.

FIG. 6 shows an XRD pattern of Co/BaMgO, in
Examples described later. As can be seen from this figure, a
peak attributed to BaCO; was observed before reduction. It
is found that when the reduction temperature is increased to
700° C. or higher, the peak of BaCO; disappears, so that
BaCO; is decomposed. It is also found that the peak of Co
increases as the reduction temperature becomes higher.
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As shown in FIG. 12, it was found that the catalyst
reduced at 500° C. for 72 h exhibited performance compa-
rable to that of the catalyst reduced at 700° C. for 1 h. This
shows that the highly active catalyst in the invention can be
obtained by reduction for a long time at a low temperature
or for a short time at a high temperature.

As the reduction temperature becomes higher, the TOF
(turnover frequency of catalyst) tends to increase.

That is, the ammonia production rate decreases when the
reduction temperature becomes higher than 800° C. This
seems to be because the specific surface area decreases due
to the sintering-mediated enlargement of the carrier par-
ticles, so that the sintering of Co proceeds; and the surfaces
of'the Co particles are excessively covered with the oxide of
the metal element A, so that the number of active sites
decreases.

A metal-carrier material having Co supported as a catalyst
may be used to produce ammonia by reacting nitrogen with
hydrogen. The method for synthesizing ammonia itself is not
particularly limited, but for example, ammonia can be
produced by supplying a raw material gas composed of
hydrogen gas and nitrogen gas into a reactor loaded with the
catalyst. The reaction temperature is preferably from 300 to
550° C., more preferably from 300 to 500° C., and still more
preferably from 300 to 450° C.

When ammonia is synthesized using the catalyst in the
invention, the reaction pressure is preferably from 0.1 to 20
MPa, which is a low pressure, more preferably from 0.1 to
15 MPa, and still more preferably from 0.1 to 10 MPa. As
shown in FIGS. 10 and 11, it is found that the activity of the
catalyst having Co supported is higher even under a high
pressure reaction condition than the activity of the catalyst
having Ru supported. This is because Co is less susceptible
to hydrogen poisoning than Ru, and the activity is thus less
likely to decrease even under a high pressure. That is,
regarding Ru, the interaction between Ru and the hydrogen
atom adsorbed on the surface under a high pressure becomes
strong, so that the desorption of the hydrogen atom hardly
occurs, the active point on the Ru surface is blocked, and the
ammonia synthesis reaction started by the adsorption of
nitrogen molecules onto the active point is unlikely to occur.
Since Co has a weaker interaction with hydrogen than Ru,
such a phenomenon is less likely to occur, and the ammonia
synthesis activity is less likely to decrease even at a high
pressure. In the ammonia synthesis reaction, the ammonia
yield generally tends to increase as the pressure increases
due to thermodynamic equilibrium. Therefore, by using the
ammonia synthesis catalyst according to the invention, a
higher yield should be obtained under a high pressure
condition of, for example, about 10 MPa. In addition, since
Co has a crustal abundance 10,000 times or more than Ru,
Co is more versatile than Ru and the cost can also be
reduced.

When a metal-carrier material having Co supported is
used as a catalyst, it is preferable that the composite oxide
serving as a carrier contains Ba from the viewpoint of
catalytic activity. This combination exploits sufficient
ammonia synthesis activity even in the case of using Co,
which is less expensive than Ru. Even when the reaction
pressure is high, the catalyst is less susceptible to hydrogen
poisoning than the Ru catalyst. Thus, the reaction pressure
is most preferably from 1 to 10 MPa.

<Method of Producing Composite Oxide/Metal-Carrier
Material>

Next, a method of producing a composite oxide or a
metal-carrier material according to the invention will be



US 12,691,436 B2

19

described. The composite oxide of the invention may be
produced by the following method comprising:

(a) an impregnation step of impregnating a metal element
L-containing [ precursor with a metal element N-con-
taining N precursor;

(b) a composite oxide calcination step of calcinating the
resulting mixture at a temperature of 500° C. or higher
to obtain a carrier containing a composite oxide.

The metal-carrier material in the invention can be pro-
duced from the composite oxide obtained in the above (a)
and (b) by the following method further comprising:

(c) a supporting step of impregnating the composite oxide
with a metal particles M-containing compound precur-
sor to obtain an impregnated carrier;

(d) a carrier material calcination step of calcinating the
impregnated carrier at a temperature of 400° C. or
higher.

Hereinafter, step (a) will be described. Step (a) corre-
sponds to the method of producing a composite oxide of the
invention. In this step, the composite oxide is produced by
mixing and impregnating a metal element [.-containing L.
precursor and a metal element N-containing N precursor to
obtain a mixture (composite oxide precursor).

The composite oxide precursor may be prepared by
various methods such as a precipitation method or a com-
plex polymerization method. For example, it is possible to
use a neutralization precipitation method for obtaining a
hydroxide by reacting a precipitating agent (e.g., ammonia,
sodium hydroxide, cesium hydroxide) with a nitrate, chlo-
ride, acetate, carbonate, or sulfate of A and/or B.

The precursor of the composite oxide may also be
obtained by separately preparing and mixing those contain-
ing at least one element selected from the metal element L
or the metal element N. In this way, a metal element
L-containing compound and a metal element N-containing
compound are mixed to obtain a mixture.

Next, step (b) will be described. This step is a step of
calcinating the mixture obtained in step (a). In this step, the
generated mixture (composite oxide precursor) is changed
into a composite oxide having a high specific surface area by
calcination.

The calcination is preferably performed at a low tempera-
ture of about 200 to 400° C. for about 1 to 10 h, at an
intermediate temperature of about 400 to 600° C. for about
1 to 10 h, or at a high temperature of about 600 to 700° C.
for about 1 to 10 h. The calcination temperature in the final
step is most preferably 700° C. This calcination may be
performed at any oxygen concentration as long as the
atmosphere is in the air or contains oxygen, such as a mixed
gas containing oxygen and inert gas.

Hereinafter, step (c¢) will be described. In step (c), the
composite oxide obtained in step (b) is stirred together with
a solvent in which a source for transition metal particles such
as cobalt, iron, or nickel has been dissolved; in this way, the
source for transition metal particles is impregnated with the
composite oxide; the solvent is then removed by heating,
followed by decomposition of the source for transition metal
particles; and this results in a pre-reduction carrier material
in which the transition metal particles in a fine particle form
are supported on the composite oxide carrier.

As a source (cobalt source) for transition metal Co
particles, various compounds containing Co may be used,
and examples thereof include an organometallic compound
such as cobalt (II) acetylacetonato. Among them, cobalt (IT)
acetylacetonato is particularly preferable from the viewpoint
of high ammonia synthesis activity. It is also possible to use
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other cobalt sources capable of supporting cobalt on the
composite oxide, such as cobalt nitrate, cobalt chloride, or
cobalt nitrosyl nitrate.

When an organometallic compound such as cobalt (II)
acetylacetonato is used as the cobalt source, it is advanta-
geous to use an organic solvent as the solvent. Examples of
the organic solvent include tetrahydrofuran (THF), metha-
nol, ethanol, hexane, or toluene. These solvents may be used
without particular pretreatment as long as they are common
commercial products, but it is more preferable to use those
having been subjected to, for instance, purification or dehy-
dration. The solid content concentrations of the composite
oxide and the cobalt source based on 1 L of the solvent are
generally preferably about 1 to 30 g/l and about 0.1 to 3 g/L.
and more preferably about 10 to 30 g/L. and about 0.1 t0 0.3
g/L, respectively. The stirring may be performed at room
temperature, and the stirring time is preferably from 1 to 24
h and more preferably from 6 to 12 h. The solvent may be
removed by various types of heating, and for example, it is
preferable to remove the solvent under reduced pressure
and/or in a low-temperature atmosphere by using, for
instance, an evaporator. The cobalt source is decomposed by
heating in an inert atmosphere such as a helium, argon or
nitrogen atmosphere. The decomposition may be imple-
mented in a hydrogen-containing atmosphere. The heating is
performed at a temperature of about 200 to 600° C. for about
1 to 12 h. A more preferable heating temperature is about
300 to 500° C., and a more preferable heating time is about
3t06h.

As the ruthenium source, various compounds containing
Ru may be used. Preferably, an organometallic compound
such as triruthenium dodecacarbonyl or ruthenium acetylac-
etonato may be used. It is also possible to use other
ruthenium sources capable of supporting ruthenium on the
composite oxide, such as ruthenium chloride or ruthenium
nitrosyl nitrate.

Hereinafter, step (d) will be described. Next, the thus-
obtained pre-reduction carrier material (impregnated carrier)
is subjected to reduction treatment. The reduction treatment
is performed, for example, for the purpose of reduction of
transition metal particles or reduction for destruction of a
carbonate described later. The reduction temperature is 400°
C. to 800° C. and preferably 600 to 700° C. When the
reduction temperature is a high temperature exceeding 500°
C., the reduction time is usually 10 min to 40 h, and
preferably about 30 min to 5 h. When the reduction tem-
perature is low, the reduction time is from 48 hto 120 h and
preferably from 60 h to 100 h. The reduction treatment is
performed in the presence of a reducing gas such as hydro-
gen gas.

In the case of containing strongly basic Ba, it is known
that BaO reacts with, for instance, carbon dioxide in the air
to easily form barium carbonate (Ba(CO;)) or barium
hydroxide (Ba(OH),)). When a carbonate or a hydroxide is
formed in this way, the partial negative charge of oxygen in
BaO is significantly lowered, and high basicity cannot be
obtained. Therefore, in order to exhibit high ammonia syn-
thesis activity, it is necessary to break down the carbonate
and/or the hydroxide by some suitable treatment. For
example, as a method of breaking down Ba carbonate into
BaO, heat treatment (reduction treatment) under circulation
of hydrogen gas is effective. This reaction is represented by
the following formula:

BaCO4+4H,—>BaO+CH,+2H,0 )

When the catalyst is heated in a hydrogen atmosphere,
hydrogen is dissociated on the surface of the supported



US 12,691,436 B2

21

metal species, and hydrogen species having strong reducing
power are generated. The hydrogen species cause Ba car-
bonate to break down and change into BaO.

Examples of the method of breaking down Ba carbonate
include retaining the catalyst under hydrogen circulation at
a temperature of 550° C. or higher for about 1 h. Preferable
conditions are at about 600° C. to 800° C.

In addition, it is also possible to break down Ba carbonate
by keeping the catalyst under hydrogen circulation at a low
temperature for a long time. Preferable conditions are at
500° C. for about 48 h, at 450° C. for about 72 h, or at 400°
C. for 120 h or longer.

Such a method may be used to break down Ba carbonate.
In order to exploit the basicity of Ba, it is desirable to
decrease the proportion of Ba present as a carbonate as much
as possible. The proportion of Ba present as a carbonate in
the catalyst is preferably 10 mol % or less, more preferably
1 mol % or less, still more preferably 0.1 mol % or less, and
particularly preferably 0.01 mol % or less based on the total
amount of Ba contained in the catalyst.

The calcination temperature in step (d) is most preferably
700 to 800° C. If the calcination temperature in this step is
too high, excessive sintering of the carrier and the active
metal proceeds during the reduction treatment. As the par-
ticle diameter increases, the number of active points
decreases and the catalyst performance thus decreases.

On the other hand, if the calcination temperature in this
step is too high, the specific surface area of the carrier
becomes smaller. As a result, the dispersion state of the
active metal is poor and the particle diameter is increased.
This causes a decrease in the number of active points,
thereby lowering the catalyst performance.

Regarding the relationship between the calcination tem-
perature and the reduction temperature, as described above,
from the viewpoint of ammonia synthesis activity, it is
preferable to fire the carrier at a temperature substantially
equal to or higher than the reduction treatment temperature.

FIG. 35 illustrates the above circumstances. FIG. 35
illustrates the difference due to the difference in the method
of producing the metal-carrier material Co/BaMgOx.
Although the inventors have disclosed Ba/Ru/MgO in a
prior work (see Examples 80 and 81 in WO 2019/059190),
the production method at this time is implemented herein as
follows. Specifically, Co is supported on MgQ to form a
compound (1) of FIG. 35; barium is further supported to
form a compound (2); and reduction is then performed at a
high temperature of, for example, 700° C. to produce a
structure (2). That is, a transition metal Co is deposited on
MgO as a carrier, and barium oxide is deposited thereon, but
Co and MgO are in direct contact with each other in view of
the cross section (3).

On the other hand, a metal-carrier material is produced by
the method of the invention as follows. Specifically, since
BaO is supported on MgO and Co is then supported, (4) is
obtained and thereafter, when (4) is reduced at, for example,
700° C., (5) is generated. This is because the Ba compound
supported during the high-temperature reduction treatment
obtains fluidity and migrates so as to cover Co. Thus, when
the cross section (6) is observed, MgO and Co are not in
direct contact with each other, and Co is disposed over MgO
via the Ba compound. Since barium oxide covers Co at an
appropriate density, nitrogen and hydrogen can reach Co,
which is an active point.

The thus-obtained metal-carrier material in the invention
is better in handleability and stability during reaction than
conventional metal-carrier materials that have been used as
ammonia synthesis catalysts.
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Note that if Ba, for example, is contained in a composite
oxide and the catalyst is in an oxide state at the time of
production, the composite oxide, when exposed to the air,
easily absorbs CO, to form a carbonate. For this reason, it is
preferable to handle the composite oxide so as not to be
exposed to CO, until use of the catalyst after Ba carbonate
is decomposed by the above-described reduction treatment.
For example, it is preferable to store the catalyst by sealing
it in a container filled with, for instance, inert gas. However,
even if part of the carrier becomes a carbonate, it is possible
to decompose and lower the carbonate by hydrogenation to
restore the ammonia synthesis activity.

It is unavoidable to periodically replace the metal-carrier
material that is charged into a synthesis reactor and used as
a catalyst. It is also planned to be used for a long period of
time. This necessitates a metal-carrier material that is easy to
handle and has excellent stability. The metal-carrier material
in the invention is advantageous in this point Examples

Next, the invention will be further described with refer-
ence to Examples. Of course, the invention is not limited to
these Examples.
<To Measure Ammonia Synthesis Activity>

The ammonia synthesis activity of each metal-carrier
material was measured in a fixed bed flow type reactor. The
metal-carrier material pretreated by a procedure described in
Examples and Comparative Examples was allowed to cool
to 300° C. while Ar was circulated. While the temperature of
the metal-carrier material layer was maintained at 300° C.,
the pressure was increased to 1.0 MPa or 3.0 MPa by using
a back pressure valve at the outlet of a reaction tube while
Ar was supplied. The charge of Ar was stopped, and H, and
N, were circulated at 90 mL min~" and 30 mL min~' (space
velocity 72 L h™* g™!), respectively, while the pressure was
maintained, and transferred to the reaction atmosphere.
Here, 200 mL of 1 to 100 mM (1, 5, 10, 25, or 100 mM)
sulfuric acid aqueous solution according to the level of NH;
synthesis activity was added to a three-necked flask con-
nected with an electric conductivity meter. A mixed gas
containing hydrogen (purity: 99.995%, manufactured by
FUKUOKA OXYGEN CO., LTD.), nitrogen (purity:
99.995%, manufactured by FUKUOKA OXYGEN CO.,
LTD.), and NH; flowing out from the outlet of the reaction
tube was bubbled into the sulfuric acid aqueous solution.
When impurities such as moisture and oxygen were
removed, a gas purifier (gas purification filter MC50-904F,
manufactured by SAES Inc.) was used to adjust the purity to
99.99999999 or higher. At this time, the amount of ammonia
that was produced and contained in the outlet gas was
quantified by measuring a change in electric conductivity as
caused by the reaction of NH; with sulfuric acid. Next, the
temperature of the metal-carrier material was raised to 350°
C., 400° C., or 450° C. When the temperature of the
metal-carrier material layer was stabilized at 350° C., 400°
C., or 450° C., the metal-carrier material layer was left for
10 min. The amount of ammonia produced was then quan-
tified by the same procedure as described above.
<Powder X-Ray Diffraction>

The powder X-ray diffraction pattern of each metal-
carrier material (catalyst) was measured with a Smartlab
X-ray diffractometer (Rigaku).
<To Measure Specific Surface Area (SSA)>

The specific surface area of each metal-carrier material
was determined from the nitrogen adsorption amount at 77
K by a BET method using a BEL-sorp mini (BEL Japan,
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Inc.). Before the measurement, vacuum heating at 300° C.
was performed for 2 h as pretreatment.

1. To Compare Between
Co/Ba, ;Mg 4cO, Reduced at 700° C. and
Co/Ba, sLa, 45O, Reduced at 700° C.

Example 1

<Co/Ba, 5, Mg, -0, _Reduced at 700° C.>
<To Prepare Composite Oxide>

The Ba, 5, Mg, 550, composite oxide was synthesized as
follows. Ba(OH), (Wako Pure Chemical Industries, Ltd.)
was dissolved in purified water to prepare a Ba(OH),
aqueous solution. In this way, 200 mL of a precursor solution
containing 0.000625 mol of Ba was prepared. To this was
added 2.5 g of MgO (Ube Materials Co., Ltd.), and stirring
was continued at room temperature for 1 h while stirring
with a magnetic stirrer at 320 rpm. The suspension was
evaporated to dryness by using a rotary evaporator, and the
resulting powder was then dried overnight using an oven set
at 80° C. The dried powder was pulverized in a mortar, and
the obtained powder was heated at 700° C. for 5 h in an air
atmosphere by wusing an electric furnace to give
Bag o1 Mg 990,
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and classified with a sieve to prepare each pellet. The size of
the pellet was adjusted to 250 to 500 um in diameter. A
catalyst reaction tube made of Inconel (trademark) having a
diameter of 7 mm was filled with 100 mg of the pellet, and
the proximal and distal ends of the catalyst layer were
immobilized with quartz wool. This reaction tube was
placed in a fixed bed flow type reaction apparatus for
ammonia synthesis activity measurement. Then, 60 mlL
min~' of H, was made to pass through the reaction tube filled
with the pellet, and heated at 700° C. for 1 h to give
Co/Ba, 5, Mg, 4,0, _reduced at 700° C.

Comparative Example 1

<Co/Ba, osLl.a, 450, reduced at 700° C.>

Co/Ba, 4sLa, 560, _reduced at 700° C. of Example 101 of
WO 2019/216304 was used as a comparative example. The
procedure described in this literature was used to produce
Co/Bag osLa, o0, reduced at 700° C.

By using the metal-carrier material of Example 1 or
Comparative Example 1, ammonia was synthesized at vari-
ous temperatures (300° C., 350° C., 400° C., or 450° C.) and
at a reaction pressure of 1 MPa, and the ammonia synthesis
activity was measured by the procedure described above.
The table below shows the results.

TABLE 3
Ammonia
Firing Reduction Reaction ~ Ammonia production
Metal-carrier temperature  temperature temperature yield rate (mmol
material °C) °C) °C) (%) g th™h
Example 1 Co/Bag g;Mg.000, 700 700 300 0.656 10.542
350 1.531 24.597
400 2.731 43.88
450 3.505 56.314
Comparative Co/Bag gsLag 950, 700 700 300 0.437 7.028
Example 1 350 1.201 19.29
400 2.203 35.401
450 3.129 50.28

<To Support Co>

Co was supported on the carrier Ba, 5, Mg, O, by an
impregnation method. A tetrahydrofuran (THF) (Wako Pure
Chemical Industries, [.td.) solution in which cobalt (II)
acetylacetonato (Wako Pure Chemical Industries, [.td.) as a
Co precursor had been dissolved was prepared in a 200-mL.
recovery flask. Next, 1 g of the carrier was added thereto,
and the mixture was stirred at room temperature for 18 h or
longer. Note that the amounts of the cobalt (1) acetylaceto-
nato and the carrier to be used were suitably adjusted so that
the amount of Co contained in the catalyst after heating
under an argon atmosphere described below was 20 wt %.
The stirred suspension was evaporated to dryness under
reduced pressure at 35° C. and 0.3 atm by using a rotary
evaporator, and then dried at 80° C. for 18 h in an oven. The
resulting powder was heated at 500° C. for 5 h in a flow of
argon at 80 mL min~! by using a tubular electric furnace to
remove an acetylacetonato ligand in the precursor. The
above procedure was used to produce a Co/Ba, 4, Mg, 550,
metal-carrier material.
<Hydrogen Reduction Pretreatment>

The Co/Ba, ,;Mg, 5,0, obtained above was subjected to
hydrogen reduction pretreatment (also simply referred to as
“pretreatment”) by the following procedure. The powdered
metal-carrier material was pressed at 20 MPa for 5 min to
prepare a disk, and this disk was then pulverized in a mortar

45

50

55

60

65

In addition, FIG. 1 also shows the results. In this graph,
the ordinate on the right side represents the ammonia
synthesis rate, the ordinate on the left side represents the
ammonia yield, and the abscissa represents the reaction
temperature. From this graph, it is found that at any reaction
temperature, the metal-carrier material of Example 1 has a
higher ammonia synthesis rate and a higher yield than the
metal-carrier material of Comparative Example 1. It is also
found that the higher the reaction temperature for ammonia
synthesis, the higher the ammonia synthesis activity (syn-
thesis rate, yield).

2. Study on Amount of Ba Added (Examples 1 to
6, Comparative Example 2)

Each metal-carrier material was produced by variously
changing the ratio of the number of Ba moles to the total
number of Ba and Mg moles (0 mol % (Comparative
Example 2), 0.5 mol % (Example 2), 1 mol % (Example 1),
2 mol % (Example 3), 3 mol % (Example 4), 5 mol %
(Example 5), 10 mol % (Example 6)) in Example 1.

By using the metal-carrier material of each of Examples
1 to 6 or Comparative Example 2, ammonia was synthesized
at various temperatures (300° C., 350° C., 400° C., or 450°
C.) and at a reaction pressure of 1 MPa, and the ammonia
synthesis activity was measured by the procedure described
above. The table below shows the results.
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TABLE 4
Ammonia
Metal- Reduction Reaction  Ammonia production
carrier temperature  temperature yield rate
material °C) °C) (%) (mmol g~th~1)
Example 2 Co/Bag 00sMg0.0050x 700 300 0.437 7.028
350 1.158 18.603
400 2.388 38.368
450 — —
Example 1 Co/Bago; MgogeO, 700 300 0.656 10.542
350 1.531 24.597
400 2.731 43.88
450 3.505 56.314
Example 3 Co/Bag ¢oMgg 050, 700 300 0.54 8.681
350 1.293 20.774
400 2.151 34.553
450 3.129 50.28
Example 4 Co/Bag3 Mgog70, 700 300 0.489 7.855
350 1.132 18.19
400 2.019 32.433
450 2.879 46.258
Example 5 Co/Bag 0sMgo.050; 700 300 0.244 3.927
350 0.72 11.575
400 1438 23.106
450 2.253 36.202
Example 6  Co/Bag Mg 40, 700 300 0.27 4.341
350 0.759 12.195
400 1478 23.742
450 2.253 36.202
Comparative Co/MgO,, 700 300 0.006 0.101
Example 2 350 0.02 0.318
400 0.069 1.106
450 0.205 3.301
In addition, FIGS. 2 and 3 also show the results. These
graphs have indicated that the ammonia synthesis activity
was improved as the amount of Ba added was increased;
when the amount added was 1 mol %, the ammonia syn- 3
thesis activity was maximized; and when the amount added
was further increased, the ammonia synthesis activity gradu-
ally decreased. In addition, FIG. 3 has demonstrated that the
Ba amount, at which the ammonia synthesis activity is high,
is in the range of 0.5 to 3 mol %.
40
3. Study on Reduction Temperature (Examples 7 to
11)
While the amount of Co supported was set to 20 wt % in
Example 1, each metal-carrier material was produced by 45
variously changing the reduction temperature (500° C. (Ex-
ample 7), 650° C. (Example 8), 700° C. (Example 9), 800°
C. (Example 10), 900° C. (Example 11)).
By using the metal-carrier material of each of Examples
7 to 11, ammonia was synthesized at various temperatures 50
(300° C., 350° C., 400° C., or 450° C.) and at a reaction
pressure of 1 MPa, and the ammonia synthesis activity was
measured by the procedure described above. The table
below shows the results.
TABLE 5
Ammonia
Metal- Reduction Reaction  Ammonia production
carrier temperature  temperature yield rate
material °C) °C) (%) (mmol g~th~1)
Example 7 20 wt % Co/Bag,0;Mgo.000, 500 300 0.027 0.436
350 0.142 2.274
400 0.45 7.235

450 1.119 17.983

26
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TABLE 5-continued
Ammonia
Metal- Reduction Reaction  Ammonia production
carrier temperature  temperature yield rate
material °C) °C) (%) (mmol g~th~1)
Example 8 20 wt % Co/Bag,0;Mgg 050, 650 300 0.502 8.061
350 1.325 21.29
400 2.467 39.64
450 3.38 54.302
Example 9 20 wt % Co/Bag,o;Mgg 050, 700 300 0.656 10.542
350 1.531 24.597
400 2.731 43.88
450 3.505 56.314
Example 10 20 wt % Co/Bag,0;Mgg 050, 800 300 0.746 11.989
350 1.662 26.709
400 2.879 46.258
450 3.38 54.302
Example 11 20 wt % Co/Bag,0;Mgg 050, 900 300 0.695 11.162
350 1.557 25.014
400 2.503 40.224
450 3.129 50.28
In addition, FIGS. 4 and 5 also show the results. These TABLE 6

graphs have indicated that when the reduction temperature
was 500° C., the ammonia synthesis activity was relatively
low, but when the reduction temperature was 650° C. or
higher, the ammonia synthesis activity was high.

FIG. 6 shows the XRD pattern of each metal-carrier
material in Example 7 (reduction temperature 500° C.),
Example 9 (reduction temperature 700° C.), or Example 10
(reduction temperature 800° C.). In the chart, the “fresh”
denotes a sample before reduction treatment. This chart has
indicated that BaCO; was decomposed by the reduction
treatment, and when the reduction temperature was
increased to about 700° C., no peak of BaCO; was observed,
so that BaCO; was found to be decomposed. It is also found
that when the reduction temperature was increased to 800°
C., a peak of metal Co, which peak had not been observed
until then, was detected. This seems to be because the peak
of metal Co that was not observed due to highly dispersed
Co particles was aggregated with the Co particles somewhat
dispersed by the high-temperature reduction treatment.

The following table shows various parameters of each
metal-carrier material in Example 7 (reduction temperature
500° C.), Example 9 (reduction temperature 700° C.),
Example 10 (reduction temperature 800° C.), or Compara-
tive Example 2 (no Ba, reduction temperature 700° C.) at a
reaction temperature of 350° C. From this table, it is found
that the specific surface area (SSA) decreases as the reduc-
tion temperature increases, but the ammonia synthesis activ-
ity is improved.
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Study on Co/BaMgOx catalyst reduction temperature
Parameters at each reduction temperature (350° C.)

NH,/mmol TOF
Catalyst g lht SSA/m?g ! Dispaics sH
500° C. red. 2.3 61.9 — —
700° C. red. 24.6 42.0 — —
800° C. red. 26.7 33.9 — —
In absence of Ba 1.1 47.6 — —
700° C. red.

4. Study on Amount of Co Supported (Example 12,
Example 1, Example 15)

Each metal-carrier material was produced by variously
changing the amount of Co supported (5 wt % (Example 12),
10 wt % (Example 13), 20 wt % (Example 1), or 30 wt %
(Example 15)) in Example 1

By using the metal-carrier material of Example 12, 1, or
15, ammonia was synthesized at various temperatures (300°
C., 350° C., 400° C., or 450° C.) and at a reaction pressure
of' 1 MPa, and the ammonia synthesis activity was measured
by the procedure described above. The table below shows
the results.

TABLE 7
Ammonia
Metal- Reduction Reaction ~ Ammonia production
carrier temperature  temperature yield rate
material °C) °C) %) (mmol g~th™Y)
Example 12 5 wt % Co/Bag g, Mg 950, 700 300 0.296 4.754
350 0.785 12.609
400 1.504 24.166
450 2.153 34.593
Example 13 10 wt % Co/Bag o;Mg0 050, 700 300 0.373 5.994
350 0.991 15916
400 1.887 30.313
450 2.754 44.246
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TABLE 7-continued
Ammonia
Metal- Reduction Reaction  Ammonia production
carrier temperature  temperature yield rate
material °C) °C) (%) (mmol g~th~1)
Example 1 20 wt % Co/Bag 0, Mg0 950, 700 300 0.656 10.542
350 1.531 24.597
400 2.731 43.88
450 3.505 56.314
Example 15 30 wt % Co/Bag o, Mg0 050, 700 300 0.605 9.715
350 1.467 23.564
400 2.731 43.88
450 3.38 54.302
15

In addition, FIGS. 7 and 8 also show the results. These
graphs have demonstrated that the ammonia synthesis activ-
ity increases as the amount of Co supported increases, and

the ammonia synthesis activity is almost maximized at 20 wt
%.

Comparative Example 1, 4, or 5

As comparative examples, Co/Ba, osL.a, 45O, (Compara-
tive Example 1), Ru/CeO_ (Comparative Example 4), and
Cs*/Ru/MgO,. (Comparative Example 5) were prepared.

Ru/CeO,, (Comparative Example 4) was prepared by the
following procedure. Ru was supported on CeO, by an
impregnation method. A tetrahydrofuran (THF) (Wako Pure
Chemical Industries, Ltd.) solution in which Ru;(CO),,
(FURUYA METAL Co., L.td.) as a Ru precursor had been
dissolved was prepared in a 200-mL recovery flask. Next, 5
g of CeO, (DAIICHI KIGENSO KAGAKU KOGYO CO.,
LTD.) was added thereto, and the mixture was stirred at
room temperature for 18 h or longer. Note that the amounts
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pressure at 35° C. and 0.3 atm by using a rotary evaporator,
and then dried at 80° C. for 18 h in an oven. The resulting
powder was heated at 500° C. for 5 h in a flow of argon at
80 mL min~" by using a tubular electric furnace to remove
a carbonyl ligand in the precursor. The above operation was
conducted to give Ru/CeO,. The reduction treatment was
performed at 400° C.

Cs*/Ru/MgO, (Comparative Example 5) was prepared by
the procedure described in a Non Patent Literature (F.
Rosowski, A. Hornung, O. Hinrichsen, D. Herein, M.
Muhler and G. Ertl, Appl. Catal., A, 1997, 151, 443-460.).
Note that the amount of Ru supported was 5 wt %, and
Cs/Ru was 1/1 (mol/mol). The reduction treatment was
performed at 500° C.

By using the metal-carrier material of each of Compara-
tive Examples 3 to 5, ammonia was synthesized at various
temperatures (300° C., 350° C., 400° C., or 450° C.) and at
a reaction pressure (0.1 MPa, 1.0 MPa, or 3.0 MPa), and the
ammonia synthesis activity was measured by the procedure
described above. The table below shows the results.

TABLE 8
Reduction Reaction Reaction Ammonia Ammonia
temperature temperature  pressure yield production rate
Metal-carrier material “C) (°C) (MPa) (%) (mmol g~h™)
Example 1 Co/Bag 6;Mg0 090, 700 350 0.1 0.347 5.581
1.0 1.331 24.597
3.0 3.014 48.422
Comparative Co/Bag gsLag o050, 700 350 0.1 0.296 4.754
Example 1 1.0 1.201 19.29
3.0 2.223 35.718
Comparative Ru/CeO, 400 350 0.1 0.343 5.516
Example 4 1.0 0.669 10.748
3.0 0.853 13.703
Comparative Cs*/RuwMgO,, 500 350 0.1 0.41 6.595
Example 5 1.0 0.678 10.814
3.0 0.708 11.37
Example 1 Co/Bag 6;Mg0 090, 700 400 0.1 0.502 8.061
1.0 2.731 43.88
3.0 5.4 86.757
Comparative Co/Bag gsLag o050, 700 400 0.1 0.463 7.441
Example 1 1.0 2.203 35.401
3.0 4.521 72.634
Comparative Ru/CeO, 400 400 0.1 0.634 10.183
Example 4 1.0 1.728 27.769
3.0 2.559 41.109
Comparative Cs*/RuMgO,, 500 400 0.1 0.834 13.401
Example 5 1.0 3.012 48.052
3.0 3.565 57.283

of the Ru,(CO),, and the carrier to be used were suitably

In addition, the results are shown in FIG. 10 (reaction

adjusted so that the amount of Ru contained in the catalyst 5 temperature 350° C.) and FIG. 11 (reaction temperature 400°

after heating under an argon atmosphere was 5 wt %. The
stirred suspension was evaporated to dryness under reduced

C.). The results of Example 3 (Co/Ba, 5, Mg, 550,) are also
shown in the figures. The graphs indicate that the metal-
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carrier material of the Example has higher ammonia syn-
thesis activity than each metal-carrier material of Compara-
tive Example 1, 4, or 5.

6. Effect of Pretreatment Conditions (Reduction
Conditions) (Example 1, Example 17, or
Comparative Example 6)

A metal-carrier material was prepared by changing the
temperature and time of the hydrogen reduction pretreat-
ment to 500° C. and 72 h in Example 1 (Example 17). As a

32

Comparative Example, 5 wt % Ruw/MgO (Comparative
Example 6) was prepared by the same procedure as in
Comparative Example 4 except that MgO (Ube Material
Industries, Ltd.) was used as the carrier.

By using the metal-carrier material of each of Example 1
or 17 or Comparative Example 6, ammonia was synthesized
at various temperatures (300° C., 350° C., 400° C., or 450°
C.) and at a reaction pressure of 1 MPa, and the ammonia
synthesis activity was measured by the procedure described
above. The table below shows the results.

TABLE 9
Reduction  Reduction  Reaction = Ammonia Ammonia
temperature time temperature yield production rate
Metal-carrier material “C) (h) “C) %) (mmol g~h™)
Example 1 Co/Bag 0;Mgo.090; 700 1 300 0.656 10.542
350 1.531 24.597
400 2.731 43.88
450 3.505 56.314
Example 17 Co/Bag 0;Mgo.090; 500 72 300 0.581 9.34
350 1.678 26.957
400 3.014 48422
450 3.642 58.51
Comparative 5 wt % Ru/MgO 500- 1 300 0.01 0.154
Example 6 350 0.049 0.788
400 0.239 3.829
450 0.908 14.551
In addition, FIG. 12 also shows the results. This graph has
30 demonstrated that the ammonia synthesis activity can be
improved by long-time reduction even when the reduction
conditions are at a low pressure.
7. Effect of Co Precursor (Example 1, Example 18)
35 . . .
A metal-carrier material (Example 18) was prepared in the
same manner as in Example 1, except that Co(NO,), 6H,0
(Wako Pure Chemical Industries, [td.) was used in place of
Co (II) acetylacetonato (Co(acac)) as a Co precursor, puri-
40 fled water was used in place of THF, and the atmosphere
during calcination was the air in Example 1.
By using the metal-carrier material of Example 1 or 18,
ammonia was synthesized at various temperatures (300° C.,
350° C., 400° C., or 450° C.) and at a reaction pressure of
45 1 MPa, and the ammonia synthesis activity was measured by
the procedure described above. The table below shows the
results.
TABLE 10
Reduction Reaction ~ Ammonia Ammonia
Co temperature  temperature yield production rate
Metal-carrier material —precursor (°C) “C) (%) (mmol g~h™!)
Example 1  Co/Bag 01 Mgg.000, Co (acac) 700 300 0.656 10.542
350 1.531 24.597
400 2.731 43.88
450 3.505 56.314
Example 18  Co/Bag 1 Mgg.000, Co nitrate 700 300 0.334 5374
350 0.849 13.642
400 1.834 29.465
450 2.665 42.82
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In addition, FIG. 13 also shows the results. This graph has
demonstrated that the ammonia synthesis activity in the case
of'the Co precursor is improved more in the case of Co(acac)
than in the case of Co nitrate.

FIG. 14 shows the XRD of each metal-carrier material in
Example 1 (Co(acac)) or Example 17 (Co nitrate). As can be
seen from this chart, any peak derived from metal Co was
not observed in the metal-carrier material using Co(acac) as
a precursor, but a peak derived from metal Co was observed
in the metal-carrier material using nitrate as a precursor.
From this, it is presumed that Co is more highly dispersed
in the metal-carrier material using Co(acac) as a precursor
than in the metal-carrier material using Co nitrate as a
precursor, and as a result, the ammonia synthesis activity is
improved.

8. Study on SV (Example 1)

A metal-carrier material (Example 18) was prepare while
Co(NO;),-6H,0 (Wako Pure Chemical Industries, [.td.) was
used in place of Co (II) acetylacetonato (Co(acac)) as a Co
precursor in Example 1.

By using the metal-carrier material of Example 1, ammo-
nia was synthesized at a reaction pressure of 1 MPa and at
various temperatures (300° C., 350° C., 400° C., or 450° C.)
and various SV (18 L/h™'g™*, 36 L/h™'g™, or 72 L/h~'g™),
and the ammonia synthesis activity was measured by the
procedure described above. The table below shows the
results.
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(KANTO KAGAKU) was dissolved in purified water to
prepare an aqueous Ce(NO,); solution. Ba(NO,), 6H,O
(Wako Pure Chemical Industries, [.td.) was dissolved in
purified water to prepare an aqueous Ba(NO,), solution. The
aqueous La(NO;); solution, the aqueous Ce(NO;); solution,
and the aqueous Ba(NO;), solution were mixed to prepare
250 mL of carrier precursor solution containing La, Ce, and
Ba in the total of 0.0625 mol. Next, 250 mL of 28% aqueous
NH; solution (Wako Pure Chemical Industries, Ltd.) was
added to a 1000-mL beaker, and the carrier precursor
solution was added at once while stirring with a magnetic
stirrer at 320 rpm. The mixture was then stirred for 1 h.
Thereafter, the mixture was allowed to stand for 12 h, and a
precipitate (1) was separated by suction filtration. The
separated filtrate was collected in a 2-L. beaker. Then, 350
ml of ion-exchanged water was added to the separated
precipitate (1), the mixture was stirred for 30 min to wash
the precipitate, and the precipitate (1) was separated by
suction filtration. This washing operation was performed
three times. All the ion-exchanged water used for washing
was recovered, and the filtrate and the washing liquid were
added to the 2-L beaker and mixed. The mixed solution was
left for 12 h to generate a white precipitate (2), and the
generated precipitate (2) was collected by suction filtration.
The precipitate (1) and the precipitate (2) were mixed and
dried at 80° C. for 15 h in an oven. The dried precipitates
were pulverized in a mortar, and the obtained powder was
heated at 700° C. for 5 h in an air atmosphere by using an
electric furnace to give Ba, ,La, 45Ceq 450,

TABLE 11
Reduction Reaction Ammonia Ammonia
temperature  temperature N yield production rate
Metal-carrier material °C) °C) (L/h~tg™h (%) (mmol g~h™!)
Example 1 Co/Bag g1 Mg4.060, 700 300 18 1.544 6.201
350 3.114 12.507
400 4.539 18.23
450 4.116 16.534
300 36 1.055 8.475
350 2.136 17.156
400 3.509 28.193
450 3.505 28.157
300 72 0.656 10.542
350 1.531 24.597
400 2.731 43.88
450 3.505 56.314

In addition, FIGS. 15 and 16 also show the results. These
graphs have demonstrated that as the value of SV becomes
larger, the ammonia synthesis rate increases (FIG. 15), but
the ammonia yield decreases (FIG. 16).

9. Study on Carrier Characteristics (Example 1,
Comparative Example 7, Comparative Example 1)

5 wt % Ru/Bag ,La, ,sCej 4sO,: Comparative
Example 7

Here, 5 wt % Ru/Ba, La,,sCe, 45O, (Comparative
Example 7) was produced while Ba, ,La, ,5Ce, ,5 was used
in place of CeO, and the Ru content was suitably adjusted
in Comparative Example 1. Note that the carrier was syn-
thesized by the procedure described in Example 6 of WO
2019/216304 while using a reverse homogeneous precipi-
tation method as follows. La(NO;); ;H,O (Wako Pure
Chemical Industries, [.td.) was dissolved in purified water to
prepare an aqueous La(NO,); solution. Ce(NO,);-6H,O
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By using the metal-carrier material of Example 1, Com-
parative Example 1, or Comparative Example 7, ammonia
was synthesized at a reaction pressure of 1 MPa and a
reaction temperature of 350° C., and the ammonia synthesis
activity was measured by the procedure described above.
The table below shows the results.

TABLE 12
Study on Co/BaMgOx catalyst reduction temperature
(700° C., 1 h, red.) (1.0 MPa)

NHy/mmol TOF
Catalyst g th! SSA/m?g™!  Dispgc, s™h
5 wt %/Ru/BaLaCeOx 523 21 0.118 0.248
20 wt % Co/BaLaOx 19.3 25 0.0124  0.0127
20 wt % Co/BaMgOx 24.6 42 — —
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From this table, it is presumed that 20 wt %
Co/Ba, ,; Mg, 5,0, of Example 1 has a large specific surface
area (SSA), which contributes to improvement in the ammo-
nia synthesis activity.

10. Activity at Low Temperatures (Example 1,
Comparative Example 9, Comparative Example 10)

As a Comparative Example, Ru/Ba, La,,sCe,,sO,
(700° C., 1 h, red) (Comparative Example 9) was produced
by the procedure described in Example 6 of WO 2019/
216304. In addition, Ru/La, sCe, sO, (650° C., 1 h, red)
(Comparative Example 10) was produced by the procedure
described in Example 1 of Patent Literature 6 (WO 2019/
216304 A).

By using the metal-carrier material of Example 1, ammo-

nia was synthesized at various temperatures (150° C., 200°
C., or 250° C.) and at various pressures (0.1 MPa, 1.0 MPa,
or 3.0 MPa), and the ammonia synthesis activity was mea-
sured by the procedure described above. In addition, by
using the metal-carrier material of Comparative Example 9
or 10, ammonia was synthesized at various temperatures
(150° C.,200° C., 0or250° C.) (and at a pressure of 1.0 MPa),
and the ammonia synthesis activity was measured by the

procedure described above. The table below shows the
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11. Study on Ru-Supported Catalyst (Example 21,
Comparative Examples 11 to 14)

Example 21

<Ru/Ba, 5, Mg, 4,0, Reduced at 700° C.>

The same operation as in Example 1 was repeated except
that Co (II) acetylacetonato was changed to Ru;(CO),,
(FURUYA METAL Co., Ltd.) as a Ru precursor in Example
1 to give Ru/Ba, ,sMg, 45O, _reduced at 700° C.

11. Study on Fe-Supported Catalyst (Example 22,
Comparative Example 15, Comparative Example
16)

Example 22

<Fe/Ba, o; Mg, 550, Reduced at 700° C.>

The same operation as in Example 1 was repeated except
that Co (1) acetylacetonato was changed to iron (III) acety-
lacetonato (DOJINDO LABORATORIES) as a Fe precursor
in Example 1 to give Fe/Ba, 5, Mg, ;,O,_reduced at 700° C.

Comparative Example 15, Comparative Example
16
As a Comparative Example, 20 wt % Fe/Ba,, ,La, ,sCeO,
(reduced at 700° C. for 1 h) (Comparative Example 15) was
produced by the same procedure as in Comparative Example
9 except that Ru was replaced with Fe and the amount of Ba
was changed. In addition, 5 wt % Ru/MgO (Comparative
Example 16) was produced by the same procedure as in

results. Comparative Example 6.
TABLE 13
Reduction Reaction Reaction ~Ammonia Ammonia
temperature  temperature = pressure yield production rate
Metal-carrier material °C) °C) (MPa) (%) (mmol g~h!)

Example 1 Co/Bag o,Mgg000, 700 150 0.1 0.003 0.05

200 0.004 0.067

250 0.057 0.922

150 1.0 0.003 0.05

200 0.039 0.62

250 0.193 3.1

150 3.0 0.003 0.05

200 0.06 0.972

250 0.332 5.329
Comparative Ru/Bag Lag 45Ceq 450, 700 150 1.0 0.003 0.05
Example 9 200 0.013 0.201

250 0.15 2.413
Comparative Ru/Lag 5Ceq 5O, 700 150 1.0 0.003 0.05
Example 10 200 0.016 0.251

250 0.15 2.413

60

In addition, FIGS. 17 and 18 also show the results. FIG.
17 has demonstrated that the Co-supported catalyst exhibits
higher activity than the Ru-supported catalyst under low
temperature conditions. In addition, FIG. 18 has revealed
that the ammonia synthesis activity can be improved with an
increase in pressure even under low temperature conditions.

65

By using the metal-carrier material of each of Example 22
or Comparative Example 15 or 16, ammonia was synthe-
sized at various temperatures (300° C., 350° C., 400° C., or
450° C.) and at a reaction pressure of 1 MPa, and the
ammonia synthesis activity was measured by the procedure
described above. The table below shows the results.
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TABLE 14
Reduction Reaction Reaction Ammonia Ammonia
temperature  temperature = pressure yield production rate
Metal-carrier material °C) °C) (MPa) (%) (mmol g~h™!)
Example 22 20 wt % 700 300 1.0 0.34 5.463
Fe/Bag oMo 000, 350 0.673 10.811
400 1.095 17.594
450 1.662 26.709
Comparative 20 wt % 700 300 1.0 0.17 2.732
Example 15 Fe/Bag Lag4sCeo.450, 350 0.369 5.924
400 0.605 9.715
450 0.876 14.078
Comparative 5 wt % Ru/MgO, 700 300 1.0 0.01 0.154
Example 16 350 0.049 0.788
400 0.239 3.829
450 0.908 14.551
In addition, FIG. 20 also shows the results. This graph
shows that the Fe-supported metal-carrier material has
higher ammonia synthesis activity than 5 wt % Ru/MgO or 20
20 wt % Fe/Ba, ,La, ,sCeO, (reduced at 700° C. for 1 h).
12. Study on Pretreatment Conditions:
Fe-Supported Catalyst (Example 23, Example 24,
Comparative Example 16) 25
Each metal-carrier material was produced by variously
changing pretreatment conditions (H,+N,, reduced at 500°
C. for 72 h (Example 23); H, only, reduced at 700° C. for 1
h (Example 24)) in Example 22. 30
By using the metal-carrier material of each of Example 23
or 24 or Comparative Example 16, ammonia was synthe-
sized at various temperatures (300° C., 350° C., 400° C., or
450° C.) and at a reaction pressure of 1 MPa, and the
ammonia synthesis activity was measured by the procedure
described above. The table below shows the results.
TABLE 15
Reduction  Reduction Reaction  Ammonia Ammonia
temperature time Reducing  temperature yield production rate
Metal-carrier material °C) (h) gas °C) (%) (mmol g~7h~Y)
Example 23 Fe/Bag o;Mg0.000, 500 72 I+ N, 300 0.347 5.581
350 0.733 11.782
400 1.293 20.774
450 2.003 32.179
Example 24 Fe/Bag o;Mg0.000, 700 1 o, 300 0.34 5.463
350 0.673 10.811
400 1.095 17.594
450 1.662 26.709
Comparative 5 wt % Ru/MgO — — — 300 0.01 5.463
Example 16 350 0.049 10.811
400 0.239 17.594
450 0.908 26.709

In addition, FIG. 21 also shows the results. This graph has

revealed that the ammonia synthesis activity can be greatly 55

improved depending on the pretreatment conditions.
13. Study on Co—Fe Catalyst (Examples 25 to 27)

A metal-carrier material (Example 25) was produced by

adjusting the blending ratio by adding the Fe precursor of ©°

Example 22 to the Co precursor in Example 7 (20 wt %
CO/Bao.qugo.9sox)~ ) )

By using the metal-carrier material of Example 7, 22, or
25, ammonia was synthesized at various temperatures (300°

C.,350° C.,400° C., or 450° C.), and the ammonia synthesis 65

activity was measured by the procedure described above.
The table below shows the results.
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TABLE 16
Reduction Reaction Reaction Ammonia Ammonia
temperature  temperature = pressure yield production rate
Metal-carrier material °C) °C) (MPa) (%) (mmol g~h™!)
Example 7 20 wt % 700 1 300 0.656 10.542
Co/Bag 0;Mg0 650, 350 1.531 24.597
400 2.731 43.88
450 3.505 56.314
Example 22 20 wt % 700 1 300 0.34 5.463
Fe/Bag 01 Mg4.000, 350 0.673 10.811
400 1.095 17.594
450 1.662 26.709
Example 25 10 wt % Fe + 10 wt % — — 300 0.296 4.754
Co/Bag 05Mgo 050, 350 0.682 10.955
400 1.28 20.562
450 1.913 30.737

In addition, FIG. 22 also shows the results. This graph has
demonstrated that the ammonia synthesis activity of Co
alone is higher than that of Fe alone or the Fe—Co blended
catalyst.

14. H2-TPR Measurement Results (Example 1,
Comparative Example 2)

For Example 1 (Co/Ba, ,sMg, 450, _reduced at 700° C.)
and Comparative Example 2 (Co/MgO,), H2-TPR (H-Tem-
perature Programmed Reduction) measurement was per-
formed. In the H2-TPR, the temperature of a solid is
continuously increased at a constant rate under a flow of
hydrogen gas (H2) diluted with an inert gas (e.g., argon) and
the consumption rate of hydrogen gas and the production
rate of a reaction product are measured while a mass
spectrometer is used as a detector. FIGS. 23 and 24 show the
results.

From FIG. 23, it is found that Co/BaMgO,. of Example 1
absorbs hydrogen having a molecular weight of 2 at a
temperature slightly higher than 500° C. and releases meth-
ane having a molecular weight of 16. In addition, it is found
that water having a molecular weight of 18 is released at
slightly higher than 600° C. On the other hand, it is found
from FIG. 24 that Co/MgO, of Comparative Example 2 has
no such absorption and release. The data indicates that in
Example 1, a reduction reaction of the following formula (5)
occurs with respect to Ba.

BaCO,+4H,—Ba0O+CH,+21L,0 )

This result suggests that although BaCO; and Ba(OH),
are generated on the surface of the Co/BaMgO, catalyst, H,
and BaCOj react with each other by the heat treatment under
the hydrogen flow to decompose into Ba(OH), and CH,, at
slightly higher than 500° C., and Ba(OH), is decomposed
into BaO and H,O at slightly higher than 600° C. That is, it
is considered that BaCO; and Ba(OH), generated on the
surface become BaO after the heat treatment is carried out
under the hydrogen flow, so that the catalytic activity is
improved.

FIG. 25 is an electron micrograph of the catalyst in
Example 1. Panel (1) is a HAADF-STEM image. The
following can be speculated from the element mapping
images (2) to (5). In the image (1), the portion shining white
most is Co, and the portion shining light gray next is the
portion where magnesium oxide is present. As can be seen
from the image (5), barium oxide particles are uniformly
distributed on Co/MgO in the form of particles smaller than
Co particles. The particle diameters of the barium oxide
particles are at most about 10% of the particle diameters of
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the Co particles. The catalyst can be produced as follows.
Barium hydroxide is supported on a magnesium oxide
carrier, and cobalt is further supported thereon. Accordingly,
particles of barium oxide migrate onto the cobalt particles
under the catalyst production conditions. The barium com-
pound has already been uniformly distributed on the surface
of the magnesium oxide before cobalt is supported. There-
fore, it is considered that Ba is also present at or near the
interface between the magnesium oxide and the cobalt. The
superimposed image (5) shows that Ba exists as a nano-
order core (Co particles)/shell (barium oxide) structure so as
to cover the Co periphery. Note that in this catalyst, electrons
are strongly donated to surface cobalt atoms located close to
barium oxide, and high ammonia synthesis activity is thus
exhibited. This supports the above speculation.

FIG. 34 is an electron micrograph of the catalyst in
Example 17. Panel (1) is a HAADF-STEM image. The
following can be speculated from the element mapping
images (2) to (5) when compared to those of FIG. 25. During
the reduction at 500° C. for 72 h (FIG. 34), the reduction
temperature is lower than that during the reduction at 700°
C. for 1 h (FIG. 25), so that a nano-order core (Co particles)/
shell (barium oxide) structure is observed. However, the
particle diameter of barium oxide is small, and the mobility
of'barium oxide onto cobalt particles is somewhat low. Here,
it is considered that the carbonate and hydroxide of barium
are decomposed more than in the case of the reduction at
500° C. for 1 h (Example 7) by the amount caused by the
reduction treatment performed over a long period of time.
On the other hand, since the reduction temperature is low,
the cobalt particle diameter is small. In addition, the degree
of reduction of cobalt is higher than that in the case of
reduction at 500° C. for 1 h (Example 7) by the amount
caused by the reduction treatment performed over a long
period of time. The number of surface cobalt atoms in a
metal state contributing to ammonia synthesis thus
increases. Therefore, the catalyst of Example 17 shows
ammonia synthesis activity comparable to that of the cata-
lyst of Example 1.

As in Examples 33 and 34 described later, in the case of
the double addition of Group 1+Group 2 elements, the
ammonia synthesis activity was much higher than that of
Example 17. This is because the group 1 element, which is
a more strongly basic element than the oxide of the group 2
element, was incorporated into the shell structure of barium
oxide, and electrons are very strongly donated to surface
cobalt atoms at or near the shell.

15. Ammonia Synthesis Activity of Catalyst in Which Ba
Was Changed to Another Group 2 Element (Sr, Ca) (Ex-
amples 26 to 27) Here, 20 wt % Co/St, o, Mg, 550, (Ex-
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ample 26) and 20 wt % Co/Ca, o, Mg, 5,0, (Example 27)
were each prepared by using Sr(OH), and Ca(OH),, respec-
tively, in place of Ba(OH), as a raw material in Example 1.
By using each metal-carrier material, ammonia was synthe-
sized at various temperatures (300° C., 350° C., 400° C., or
450° C.), and the ammonia synthesis activity was measured
by the procedure described above. As ammonia synthesis
conditions, the reaction pressure was set to 1.0 MPa, the
reaction gas was provided at H,/N,=90/30 cc/min (total flow
rate was 120 cc/min), and the catalyst amount was set to 0.1
g (SV=72 L h7'g™). The table below shows the results.
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added using KOH, the effect of improving the ammonia
activity was somewhat observed, but the ammonia synthesis
activity was not significantly higher than that in the case of
the Group 2 element.

17. Group 1 Element+Group 2 Element Double
Addition (Examples 32 to 34)

Composite oxides were produced using CsOH, RbOH, or
KOH in place of the raw material Ba(OH), in Example 1,
and were each subjected to pretreatment under reduction

TABLE 17
Reduction Reduction  Reaction =~ Ammonia Ammonia

temperature time temperature yield production rate

Metal-carrier material °C) (h) °C) (%) (mmol g~h!)
Example 26 20 wt % 700 1.0 300 0.09 1.4
Co/S14,01M80.960, 350 0.28 4.5
400 0.87 14.0
450 1.63 26.1
Example 27 20 wt % 700 1.0 300 0.05 0.7
Co/Cag0;Mg0 650, 350 0.17 2.7
400 0.45 7.2
450 0.96 15.5

In addition, FIG. 26 also shows the results. This graph has
indicated that the Group 2 elements (Sr, Ca) other than Ba
caused higher activity than MgO alone, and the effect of the
addition on improving the ammonia synthesis activity was
observed.

16. Group 1 Element Added in Place of Group 2
Element (Examples 28 to 31)

Composite oxides were produced at various reduction
temperatures using KNO;, KOH, LiNO;, or LiOH in place
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conditions at 700° C. for 1 h to produce 20 wt %
Co/Cs, o,Bag o, Mg, 450, _reduced at 700° C. for 1 h (Ex-
ample 32), 20 wt % Co/Rb, ,,Ba, ,; Mg, o0, _reduced at
700° C. for 1 h (Example 33), %
Co/K, o Bag o1 Mg, 450, _reduced at 700° C. for 1 h (Ex-

or 20 wt

ample 34), respectively. By using each metal-carrier mate-
rial, ammonia was synthesized at various temperatures (300°
C.,350° C., 400° C., or 450° C.), and the ammonia synthesis

of the raw material Ba(OH), in Example 1, including 20 wt 40 .. .
o (OH), pie £ o activity was measured by the procedure described above.
% ColKyg3Mgp 4,0, (Example 28), 20 wt %
Co/Ky 0sMgy -0,  (Example 29), 20 wt % The table below shows the results.
TABLE 18
Reduction Reduction  Reaction = Ammonia Ammonia
temperature time temperature yield production rate
Metal-carrier material “C) (h) “C) %) (mmol g~h™!)
Example 32 20 wt % 700 1.0 300 0.57 9.1
Co/Csg ¢1Bag 01 Mg 050, reduced 350 1.46 239
at 700° C. for 1 h 400 2.43 39.0
450 3.03 48.7
Example 33 20 wt % 700 1.0 300 0.62 9.9
Co/Rbg oBag o1 Mgy 050,_reduced 350 1.59 255
at 700° C. for 1 h 400 2.67 422
450 3.28 52.6
Example 34 20 wt % 700 1.0 300 0.67 10.7
Co/Kg 01Bag 01 Mg 950,__reduced 350 1.57 25.2
at 700° C. for 1 h 400 2.63 422
450 3.26 52.6
. 60 .. .
Co/Lig gsMg, 5,0, (Example 30), or 20 wt % In addition, FIG. 28 also shows the results. This graph has

Co/Liy osMg, 5,0, (Example 31), respectively. By using
each metal-carrier material, ammonia was synthesized at
various temperatures (300° C., 350° C., 400° C., or 450° C.),
and the ammonia synthesis activity was measured by the
procedure described above. FIG. 27 shows the results. These
graphs have revealed that in the system in which K was
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demonstrated that the case where the group 1 element was
added in an amount of 1 mol % and the pretreatment
conditions were fixed at 700° C. for 1 h had somewhat lower
activity than the case (only Ba) without adding any of the
Group 1 elements, and had ammonia synthesis activity
comparable to that of the case with only Ba. However, since
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the ammonia synthesis activity was the highest in the case of
only Ba, the improvement in the ammonia synthesis activity
by adding (double adding) each Group 1 element was not
observed.
5
18. Group 1 Element+Group 2 Element Double
Addition (Study 1 on Reduction Conditions)
(Examples 35 to 36)
The amount of KOH as a raw material was increased and 19
the reduction conditions were changed in Example 30 to
produce 20 wt % Co/K, o3Ba, o; Mg, 460, _reduced at 500°
C. for 72 h (Example 35) or 20 wt %
Co/K, o3Bag g1 Mgy 550, _reduced at 700° C. for 1 h (Ex-
ample 36). By using each metal-carrier material, ammonia 15
was synthesized at various temperatures (300° C., 350° C.,
400° C., or 450° C.), and the ammonia synthesis activity was
measured by the procedure described above. The table
below shows the results.
TABLE 19
Reduction  Reduction — Reaction  Ammonia Ammonia
temperature time temperature yield production rate
Metal-carrier material °C) (h) °C) (%) (mmol g~7h~Y)
Example 35 20 wt % 500 72.0 300 0.40 6.3
Co/Kg.03Bag.01M80.060,__reduced 350 1.12 18.0
at 500° C. for 72 h 400 2.18 35.1
450 2.91 46.8
Example 36 20 wt % 700 1.0 300 0.49 7.9
Co/Kg.03Bag.01M80.060,__reduced 350 1.29 20.8
at 700° C. for 1 h 400 2.18 35.1
450 2.79 4.8
In addition, FIG. 29 also shows the results. This graph
shows that in the case of 3 mol % K+1 mol % Ba, the effect
of improving the ammonia synthesis activity was not 4
observed even when the reduction was performed at a low
temperature for a long time.
19. Group 1 Element+Group 2 Element Double
Addition (Study 2 on Reduction Conditions) 45
(Example 37)
The amount of the raw material KOH was not changed but
the reduction conditions were changed in Example 30 to
produce 20 wt % Co/K, o,Ba, ;Mg 050,_reduced at 500° 4,
C. for 72 h (Example 37). By using each metal-carrier
material, ammonia was synthesized at various temperatures
(300° C., 350° C., 400° C., or 450° C.), and the ammonia
synthesis activity was measured by the procedure described
above. The table below shows the results.
TABLE 20
Reduction  Reduction — Reaction  Ammonia Ammonia
temperature time temperature yield production rate
Metal-carrier material (°C) (h) (°C) (%) (mmol g7h™!)
Example 37 20 wt % 500 72.0 300 0.68 11.0
Co/Kg,01Bay ;Mg 930,__reduced 350 2.00 322
at 500° C. for 72 h 400 3.13 50.3
450 3.51 563
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In addition, FIG. 30 also shows the results. This graph has
revealed that in the case of 1 mol % K+1 mol % Ba, the
activity was improved when the reduction was performed at
a low temperature for a long time. Note that in the graph, the
activity at the reaction temperature around 450° C. is 5
affected by equilibrium, and it is presumed that all the cases
have substantially the same degree of ammonia synthesis
activity.

20. Group 1 Element+Group 2 Element Double 10
Addition (Study 3 on Reduction Conditions)
(Example 38)

The reduction conditions were changed in Example 29 to
produce 20 wt % Co/Rb, o, Ba, 5, Mg, 550, _reduced at 500° 15
C. for 72 h (Example 38). By using each metal-carrier
material, ammonia was synthesized at various temperatures
(300° C., 350° C., 400° C., or 450° C.), and the ammonia
synthesis activity was measured by the procedure described
above. The table below shows the results.

TABLE 21
Reduction  Reduction — Reaction  Ammonia Ammonia

temperature time temperature yield production rate

Metal-carrier material °C) (h) °C) (%) (mmol g~7h~Y)
Example 38 20 wt % 500 72.0 300 0.80 12.8
Co/Rbg 4,Bag o1 Mg 050,_reduced 350 1.91 30.7
at 500° C. for 72 h 400 3.13 30.3
450 3.51 36.3

In addition, FIG. 31 also shows the results. This graph has
revealed that in the case of 1 mol % Rb+1 mol % Ba, the
activity was improved when the reduction was performed at
a low temperature for a long time. Note that in the graph, the 35
activity at the reaction temperature around 450° C. is
affected by equilibrium, and it is presumed that all the cases
have substantially the same degree of ammonia synthesis

activity.
v 40
21. Ni in Place of Co (Study 1 on Reaction
Pressure) (Example 39)

The same operation as in Example 1 was repeated except +
that Co (II) acetylacetonato was changed to nickel (II)
acetylacetonato (Kishida Chemical Co., Ltd.) as an Ni
precursor in Example 1 to give Ni/Ba, o, Mg, 550,_reduced
at 700° C. for 1 h (Example 35). By using the metal-carrier <
material (Example 39) or each metal-carrier material of
Example 1 or 22, ammonia was synthesized at various
temperatures (300° C., 350° C., 400° C., or 450° C.) and at
1.0 MPa, and the ammonia synthesis activity was measured
by the procedure described above. The table below shows
the results.

TABLE 22
Reduction  Reduction  Reaction  Ammonia Ammonia
temperature time temperature yield production rate
Metal-carrier material °C) (h) °C) (%) (mmol g~h~Y)
Example 39  Ni/Bag ;Mg 900, __reduced 700 1.0 300 0.00 0.00
at 700° C. for 1 h 350 0.08 1.3
400 0.48 7.6

450 1.89 30.3
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In addition, FIG. 32 also shows the results. This graph has
revealed that the Ni-supported catalyst had higher ammonia
synthesis activity than the Fe-supported catalyst at 450° C.

22. Ni in Place of Co (Study 2 on Reaction
Pressure) (Example 40)

By using each metal-carrier material of Example 1, 22, or
40, ammonia was synthesized under conditions at 3.0 MPa,
and the ammonia synthesis activity was measured by the
procedure described above. The table below shows the
results.

10
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suitably adjusted so that the concentration of Co in the
analyte was optimized with respect to the absorbance of the
X-ray transmitted at the time of spectrum measurement.

The molded disc was sealed in triplicate in an oxygen-
blocking resin bag in a glove box. As a result, even when the
resin bag is taken out of the glove box into the atmosphere,
the spectrum can be measured without the catalyst being
affected by the reoxidation by oxygen.

The XANES spectrum of each prepared sample for mea-
surement was measured at BLO1B1 of the large synchrotron
radiation facility (SPirng-8). An ion chamber was used for a
detector, and a spectrum measured by a transmission method

TABLE 23
Reduction  Reduction  Reaction =~ Ammonia Ammonia

temperature time temperature yield production rate

Metal-carrier material °C) (h) °C) (%) (mmol g~h™Y)
Example 40  Ni/Bag ¢, Mgg 900,__reduced 700 3.0 300 0.00 0.1
at 700° C. for 3 h 350 0.03 0.4
400 0.33 5.4
450 2.01 323

In addition, FIG. 33 also shows the results. From this
graph, it was found that both the Ni-supported catalyst and
the Fe-supported catalyst exhibited relatively high activity
even at 3 MPa. However, the Ni-supported catalyst seems to
be slightly affected by poisoning.

23. Degree of Co Reduction

In order to compare the effect of the hydrogen reduction
treatment on the reduction state of Co in the catalyst, the
X-ray absorption near edge structure (XANES) spectrum of
the Co K absorption edge of Co/BaMgO, was measured.

For each catalyst before the reduction treatment or each
reference sample to be compared, each sample for XANES
spectrum measurement was prepared by the following pro-
cedure. The catalyst before the reduction treatment or the
reference sample were ground and mixed with boron nitride
powder in the air, and the mixed powder was pressed into a
disk shape having a diameter of 10 mm and then molded. At
this time, the ratio between each catalyst or the reference
sample and boron nitride and the thickness of the disk were
suitably adjusted so that the concentration of Co in the
analyte was optimized with respect to the absorbance of the
X-ray transmitted at the time of spectrum measurement.

For each catalyst after the reduction treatment, each
sample for XANES spectrum measurement was prepared by
the following procedure. The catalyst was charged in a
sample tube and connected to a fixed bed flow type reactor,
and the reduction treatment was performed by heating at a
predetermined temperature for 1 h while flowing hydrogen.
The catalyst after the reduction treatment was allowed to
cool to room temperature while inert gas (Ar) was supplied
to the sample tube. The sample tube of this reactor was
provided with cocks on the gas inlet and outlet sides. By
closing the cocks after the cooling, the catalyst was able to
be held without being brought into contact with the atmo-
sphere even when the cocks were removed from the reactor.
This sample tube was used to transfer the catalyst after the
reduction to a glove box filled with inert gas. The reduced
catalyst and the boron nitride powder were then ground and
mixed in the glove box. Thereafter, the mixed powdery
material was pressure-molded into a disk shape having a
diameter of 10 mm. At this time, the ratio between each
catalyst and boron nitride and the thickness of the disk were
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was analyzed using X-ray absorption spectrum analysis
software (Athena, Demeter 0.9.26).

FIG. 36 shows normalized XANES spectra of the cata-
lysts or reference samples. The spectral shapes were com-
pared between the unreduced catalyst and each reference
sample. The energy position and shape of the XANES
spectrum of the unreduced catalyst were in good agreement
with those of the oxide (II) (CoO) in both the case with Ba
and the case without Ba. This has suggested that Co existed
as CoO in the unreduced catalyst. In addition, the reduction
treatment caused the shape of the XANES spectrum to
become closer to that of the Co foil. This means that Co in
the catalyst was changed to a metal state by the reduction
treatment.

Then, linear combination fitting based on the spectra of
the metal Co foil and the Co oxide (II) of the reference
samples was performed on the normalized XANES spec-
trum of each catalyst after the reduction treatment, and the
ratio (degree of reduction) of metallic Co contained in the
catalyst was estimated. The results have demonstrated that
the Co/BaMgO, catalyst had

a degree of Co reduction of 71% after reduced at 500° C.

for 1 h, and

a degree of Co reduction of 93% after reduced at 700° C.

for 1 h (in the case of the catalyst of Example 1).

This has revealed that as the reduction treatment tempera-
ture increases, the percentage of Co oxide inactive in ammo-
nia synthesis decreases, whereas the percentage of metallic
Co active in ammonia synthesis increases.

The invention claimed is:

1. A metal-carrier material comprising a composite oxide
comprising an oxide of a metal element [ and an oxide of
a metal element N, the composite oxide represented by a
composition of general formula (1):

LNy, M

the composite oxide having the following characteristics
(a) to (d):

(a) the metal element L being an oxide of any element(s)
selected from the group consisting of Ba and Sr,

(b) the metal element N comprising a Group 1 or Group
2 element other than the metal element L,

(c) n of 0.001 or more and 0.300 or less, and
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(d) the oxide of the metal element L. and the oxide of the
metal element N forming no solid solution, and oxide
particles of the metal element [ being deposited on
surfaces of oxide particles of the metal element N,
the composite oxide having, supported thereon, particles
of at least one metal M selected from the group
consisting of Ru, Fe, Co, Ni, Rh, Pd, Os, Ir, and Pt,
wherein the metal particles M are supported on the oxide
of the metal element L and oxide of the metal element
L are deposited on surfaces of the metal particles M,
and wherein the metal particles M are not in direct contact
with the oxide of the metal element N.

2. A metal-carrier material comprising a composite oxide
comprising an oxide of a metal element [ and an oxide of
a metal element N, the composite oxide represented by a
composition of general formula (1):

LNy, M

the composite oxide having the following characteristics
(a) to (d):

(a) the metal element L. being an oxide of any element(s)
selected from the group consisting of:

(i) a Group 1 element,

(ii) a Group 2 element, or

(iii) a Group 1 element and a Group 2 element,

(b) the metal element N comprising a Group 1 or Group
2 element other than the metal element L,

(c) n of 0.001 or more and 0.300 or less, and

(d) the oxide of the metal element L. and the oxide of the
metal element N forming no solid solution, and oxide
particles of the metal element [ being deposited on
surfaces of oxide particles of the metal element N,

wherein the composite oxide has, supported thereon,
particles of cobalt.

3. An ammonia synthesis catalyst comprising the metal-

carrier material according to claim 1.

4. A method of producing the metal-carrier material
according to claim 1, comprising the steps of (a) to (d):

(a) impregnating a metal element N-containing N precur-
sor with a metal element L-containing L. precursor;

(b) calcinating the resulting mixture at a temperature of
500° C. or higher to obtain a carrier including a
composite oxide;

(c) impregnating the composite oxide with metal particles
M-containing compound precursor to obtain an
impregnated carrier; and

(d) calcinating the impregnated carrier at a temperature of
400° C. or higher.

5. The method of producing a metal-carrier material

according to claim 4, further comprising step (e):

(e) calcinating the resulting metal-carrier material
obtained in (d) at 500° C. or higher in a presence of
hydrogen.

6. A method of producing ammonia, comprising bringing
hydrogen and nitrogen into contact with a catalyst, the
catalyst being the ammonia synthesis catalyst according to
claim 3.

7. The metal carrier material according to claim 1,
wherein the metal element N represents a metal element that
is a weakly basic element having a value of partial negative
charge (-0,5) of oxygen in an oxide state of 0.35 or more
and 0.55 or less.

8. The metal carrier material according to claim 1,
wherein the composite oxide is a binary composite oxide
consisting of a metal element A contained in the metal
element L and a metal element B contained in the metal
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element N, wherein the general formula (1) is represented by
a composition of general formula (2):

ABL, @

the composite oxide having the following characteristics
(a) to (¢);

(a) the metal element B representing a Group 2 element
that is a weakly basic element having a value of partial
negative charge (-8,z) of oxygen in an oxide state of
0.35 or more and 0.55 or less,

(b) n of 0.001 or more and 0.300 or less, and

(c) an oxide of the metal element A and an oxide of the
metal element B forming no solid solution, and oxide
of the metal element A being deposited on surfaces of
oxide particles of the metal element B.

9. The metal carrier material according to claim 1,

wherein the general formula (1) is represented by a compo-
sition of general formula (3):

LaNp,Ox &)

the composite oxide having the following characteristics
(a) to (e):

(a) the metal element L being an oxide of any element(s)
selected from the group consisting of Ba and Sr,

(b) the metal element N comprising a Group 1 or Group
2 element other than the metal element L,

(c) n of 0.001 or more and 0.300 or less,

(d) the oxide of the metal element L and the oxide of the
metal element N forming no solid solution, and oxide
of the metal element L being deposited on surfaces of
oxide particles of the metal element N, and

(e) x is the number of oxygen atoms required to keep the
composite oxide electrically neutral.

10. The metal carrier material according to claim 9,
wherein the metal element N represents a metal element that
is a weakly basic element having a value of partial negative
charge (-0,5) of oxygen in an oxide state of 0.35 or more
and 0.55 or less.

11. The metal carrier material according to claim 9,
wherein the composite oxide is a binary composite oxide
consisting of a metal element A contained in the metal
element L and a metal element B contained in the metal
element N, wherein the general formula (3) is represented by
a composition of general formula (4):

ABLOx *)

the composite oxide having the following characteristics
(a) to (d);

(a) the metal element B representing a Group 2 element
that is a weakly basic element having a value of partial
negative charge (-8,z) of oxygen in an oxide state of
0.35 or more and 0.55 or less,

(b) n of 0.001 or more and 0.300 or less,

(c) an oxide of the metal element A and an oxide of the
metal element B forming no solid solution, and oxide
of the metal element A being deposited on surfaces of
oxide particles of the metal element B, and

(d) x is the number of oxygen atoms required to keep the
composite oxide electrically neutral.

12. The metal carrier material according to claim 1,
wherein the composite oxide is Ba,Mg, O, where
0.001=n=0.300.

13. The metal carrier material according to 12, wherein an
amount of carbonate contained in the composite oxide is 10
mol % or less based on Ba.

14. The metal carrier material according to claim 2,
wherein the metal element N represents a metal element that
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is a weakly basic element having a value of partial negative
charge (-0,5) of oxygen in an oxide state of 0.35 or more
and 0.55 or less.

15. The metal carrier material according to claim 2,
wherein the composite oxide is a binary composite oxide
consisting of a metal element A contained in the metal
element L and a metal element B contained in the metal
element N, wherein the general formula (1) is represented by
a composition of general formula (2):

ABr, @

the composite oxide having the following characteristics (a)
to (c);

(a) the metal element B representing a Group 2 element
that is a weakly basic element having a value of partial
negative charge (-8,5) of oxygen in an oxide state of
0.35 or more and 0.55 or less,

(b) n of 0.001 or more and 0.300 or less, and

(c) an oxide of the metal element A and an oxide of the
metal element B forming no solid solution, and oxide
particles of the metal element A being deposited on
surfaces of oxide particles of the metal element B.

16. The metal carrier material according to claim 2,

wherein the general formula (1) is represented by a compo-
sition of general formula (3):

LaN1nOs 3

the composite oxide having the following characteristics
(a) to (e):

(a) the metal element L. being an oxide of any element(s)
selected from the group consisting of Ba and Sr,

(b) the metal element N comprising a Group 1 or Group
2 element other than the metal element L,

(c) n of 0.001 or more and 0.300 or less,

(d) the oxide of the metal element L. and the oxide of the
metal element N forming no solid solution, and oxide
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of the metal element L being deposited on surfaces of
oxide particles of the metal element N, and

(e) x is the number of oxygen atoms required to keep the

composite oxide electrically neutral.

17. The metal carrier material according to claim 16,
wherein the composite oxide is a binary composite oxide
consisting of a metal element A contained in the metal
element L and a metal element B contained in the metal
element N, wherein the general formula (3) is represented by
a composition of general formula (4):

AB1,Ox *)

the composite oxide having the following characteristics
(a) to (d);

(a) the metal element B representing a Group 2 element
that is a weakly basic element having a value of partial
negative charge of oxygen in an oxide state of 0.35 or
more and 0.55 or less,

(b) n of 0.001 or more and 0.300 or less,

(c) an oxide of the metal element A and an oxide of the
metal element B forming no solid solution, and oxide
of the metal element A being deposited on surfaces of
oxide particles of the metal element B, and

(d) x is the number of oxygen atoms required to keep the
composite oxide electrically neutral.

18. The metal carrier material according to claim 2,
wherein the composite oxide is Ba,Mg, ,O,, where
0.001=n=0.300.

19. An ammonia synthesis catalyst comprising the metal-
carrier material according to claim 2.

20. A method of producing ammonia, comprising bring-
ing hydrogen and nitrogen into contact with a catalyst, the
catalyst being the ammonia synthesis catalyst according to
claim 19.
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