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AMMONIA SYNTHESIS CATALYST AND 
AMMONIA SYNTHESIS METHOD 

TECHNICAL FIELD 

The present invention relates to an ammonia synthesis 
catalyst to be used for synthesizing ammonia by reacting 
hydrogen and nitrogen using a gas containing hydrogen and 
nitrogen as raw materials, and an ammonia synthesis method 
using the catalyst. 

BACKGROUND ART 

Ammonia synthesis is one of the fundamental processes 
in the chemical industries, and the Haber-Bosch method 
using iron oxide as a catalyst and potassium hydroxide as a 
promoter is widely used. This method has not largely 
changed in about 100 years. In ammonia synthesis by the 
Haber-Bosch method, the synthesis is performed by reacting 
nitrogen gas and hydrogen gas on a catalyst under high-
temperature and high-pressure conditions at 3000 C. to 500° 
C. and 20 to 40 MPa. The reaction for synthesizing ammonia 
using a gas containing hydrogen and nitrogen as raw mate-
rials is represented by N2+3H2 2NH3, however, this reac-
tion is an exothermic reaction, and therefore, in order to shift 
the equilibrium to the right, a lower temperature is better. 
However, the number of molecules is decreased by the 
reaction, and therefore, in order to shift the equilibrium to 
the right, a higher pressure is better. 

However, a nitrogen molecule has a very strong triple 
bond between nitrogen atoms, and therefore has extremely 
poor reactivity and the reaction between nitrogen and hydro-
gen is extremely slow. Therefore, it was extremely important 
to develop a catalyst capable of activating a nitrogen mol-
ecule by breaking the triple bond of the nitrogen molecule. 
Haber et al. used an iron ore as a catalyst. This iron ore 
contains iron oxide as a main component and also contains 
alumina and potassium oxide. In the Haber-Bosch method, 
iron oxide is packed in a reactor as a catalyst, however, what 
actually reacts is metallic iron generated by reduction with 
hydrogen. Alumina works as a support without being 
reduced and prevents iron particles from sintering, and 
potassium oxide donates electrons to iron particles as a base 
to enhance the catalytic ability. Due to these actions, it is 
called "doubly promoted iron catalyst". However, even if 
this iron catalyst is used, the reaction rate is not sufficient at 
a low temperature of 400° C. or lower. 

In a conventional industrial technique, hydrogen is pro-
duced by reforming natural gas or the like and is reacted 
with nitrogen in the air under the conditions above in the 
same plant, whereby ammonia is synthesized. As the catalyst 
for ammonia synthesis, conventionally, Fe/Fe3O4 is mainly 
used, however, recently, an Fe/C or Ru/C catalyst in which 
active carbon is used as a support is also used. 

It is known that when Ru is formed on a support as metal 
catalyst particles for ammonia synthesis and used, the reac-
tion proceeds at a low pressure, and it has attracted attention 
as a second generation ammonia synthesis catalyst. How-
ever, Ru as a single substance has very small catalytic 
ability, and in order to make it exhibit an ability to break the 
triple bond of a nitrogen molecule to convert the molecule 
to adsorbed nitrogen atoms on the Ru metal catalyst particle, 
it is preferred to simultaneously use a material having high 
electron-donating properties, and therefore, it is necessary to 
use a support composed ofa basic material in place of Fe3O4

or active carbon, or to use a promoter compound such as an
alkali metal, an alkali metal compound, or an alkaline earth 
metal compound. 

As a catalyst for ammonia synthesis, there are a catalyst, 
5 which contains, as a transition metal having an ammonia 

synthesis activity at a low temperature of 300° C. or lower, 
one element selected from Mo, W, Re, Fe, Co, Ru, and Os, 
or at least one combination of Fe and Ru, Ru and Re, and Fe 
and Mo; K or Na; and alumina, thoria, zirconia, or silica, in 

10 which the transition metal and the alkali metal are substan-
tially in a metal state (PTL 1), a catalyst capable of synthe-
sizing ammonia even at a low temperature such as 200° C., 
in which any of transition metals of Groups 8 and 9 such as 
Fe, Ru, Os and Co, and an alkali metal are supported on 

15 active carbon or porous carbon (PTL 2), a catalyst, in which 
an alkali metal salt is used in place of an alkali metal, and 
graphite-containing carbon having a specific surface area is 
used as a catalyst support (PTL 3), a catalyst for producing 
ammonia, in which metallic ruthenium or a chlorine-free 

20 ruthenium compound and a rare earth element compound, 
are supported on a hardly reducible oxide such as alumina or 
magnesia (PTL 4), an ammonia synthesis catalyst, which is 
composed of Ru, Ni, and Ce, in which at least part of the 
cerium atoms are in a trivalent state (PTL 5), and the like. 

25 An electride-based catalyst composed of RuICaO—A120 3
incorporates an electron in a crystal structure of a CaO-
A120 3 compound, and can also incorporate a hydrogen atom 
from surrounding glass during a reaction. It has been 
reported that from these two characteristics, it has a high 

30 catalytic activity for ammonia synthesis (NPL 1), and a 
patent application was made for an invention relating to an
ammonia synthesis method in which nitrogen and hydrogen 
as raw materials are reacted on a catalyst under conditions 
of a reaction temperature from 100° C. to 600° C. or lower 

35 and a reaction pressure of 10 kPa to 30 MPa (PTL 6). 
It has been attempted to apply perovskite composite 

oxides to various applications such as exhaust gas purifica-
tion catalysts, superconductive oxides, piezoelectric bodies, 
sensors, and fuel cell electrolytes. It has been reported that 

40 a Ru catalyst supported on a BaCeO3 nanocrystal among the 
perovskite composite oxides has an excellent catalytic activ-
ity at a low temperature of 623 K or lower as an ammonia 
synthesis catalyst as compared with RuIy-A120 3, RuIMgO, 
and Ru/CeO2 catalysts (NPL 2). In addition, an ammonia 

45 synthesis catalyst composed of Ru/BaZrO3 (NPL 3, PTL 7, 
and PTL 8) and an ammonia synthesis catalyst composed of 
a titanium-containing perovskite oxide such as Ru/BaTiO3, 
Ru/SrTiO3, or Ru/CaTiO3 have also been reported (NPL 4 
and NPL 5), and a patent application has been made (PTL 9). 

50 Titanium-containing oxides having a perovskite crystal 
structure or a layered perovskite crystal structure repre-
sented by MTiO3 (wherein M represents Ca, Ba, Mg, Sr, or 
Pb), titanium-containing oxides in which some of the Ti 
atoms are substituted with at least one of Hf and Zr (col-

55 lectively referred to as "titanium-containing perovskite 
oxides") have an extremely high relative dielectric constant, 
and therefore have been actively studied for a long time as 
devices such as capacitor materials and dielectric films and 
also in terms of applications to substrate materials of other 

60 perovskite transition metal oxides and nonlinear resistors. 
The present inventors have reported the synthesis of 

titanium oxyhydrides (titanate oxyhydrides) based on the 
formula: ATi(O,H)3 (wherein A represents Ca2 , Sr2 , or 
Ba2 ) (NPL 6 to NPL 8, and PTL 10). This oxyhydride is a 

65 compound in which hydrogen is made to coexist as hydride 
(H- ) with an oxide ion (02_), and is prepared by a method 
for reducing a precursor ATiO3 into a topochemical with a 
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metal hydride such as CaH2, LiH, or NaH. This oxyhydride 
is characterized by having hydride ion-electron mixed con-
ductivity, and hydrogen storage and release properties. 
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SUMMARY OF INVENTION 

Technical Problem 

A reaction for synthesizing ammonia using a gas contain-
ing hydrogen and nitrogen as raw materials is represented by 
N2+3H2 2NH3, however, there are three points to be a 
bottleneck for shifting the equilibrium to the right. A first 
point is that it is difficult to break the triple bond between 
nitrogen atoms of a N2 molecule; a second point is that a 
catalytic activity is decreased due to hydrogen poisoning 
which is a phenomenon in which the surfaces of catalyst 
metal particles are covered with hydrogen atoms dissocia-
tively adsorbed under high pressure; and a third point is that 
in the case where alumina or active carbon which does not 
exhibit electron-donating properties is used as a support, a 
large amount of a promoter is needed. 

Heretofore, in order to overcome problems as described 
above so as to be able to synthesize ammonia even at a lower 
pressure and a lower temperature, combinations of various 
supports and catalyst metals have been attempted, however, 
almost all combinations of known catalyst metals and sup-
ports were examined. The current situation is that it is 
extremely difficult to search for a novel catalyst having an 
activity greatly surpassing the activity which can be 
achieved by the combination of known catalyst metals and 
supports. 

Solution to Problem 

The present inventor found that when a catalyst is formed 
by using the titanium-containing perovskite oxyhydride, 
having hydride (H- ) incorporated therein, the synthesis of 
which was achieved by the present inventors before, as a 

4 
support, and supporting a metal exhibiting a catalytic activ-
ity such as Ru or Fe thereon, by the specific action of hydride 
(H- ), the ammonia synthesis activity is dramatically 
improved, and is stable also in the reaction for a long time 

5 without using an alkali metal, an alkaline earth metal, and a 
compound thereof, which are unstable, as promoter com-
pounds, and thus, the catalyst becomes an ammonia synthe-
sis catalyst having a significantly higher activity than the 
conventionally known catalyst having the highest activity, 

10 and highly efficient ammonia synthesis at a low pressure of 
less than 20 MPa can be realized. 

Further, it was found that when the Ti-containing per-
ovskite oxyhydride is heated to a low temperature of 400 to 
600° C. in an ammonia gas or N2/H2 mixed gas stream, 

15 nitride ions are introduced through a process of H/N 
exchange between hydride (hereinafter, sometimes also 
referred to as "H") and nitrogen (hereinafter, sometimes also 
referred to as "N"), whereby BaTi(O,H,N)3 is formed. 

The present invention is based on the above finding and 
20 is directed to an ammonia synthesis catalyst comprising: a 

powder of a perovskite oxyhydride having hydride (H- ) 
incorporated therein as a support; and a metal or a metal 
compound exhibiting a catalytic activity for ammonia syn-
thesis, supported on the support. 

25 The perovskite oxyhydride is represented by ATiO3XHX
(wherein A represents Ca, Sr, or Ba, and 0.l*x*0.6). 

The perovskite oxyhydride may further contain nitrogen. 
The composition in the case of containing nitrogen can be 
represented by the formula: ATi(O3ZHXNY) (wherein A rep-

30 resents Ca, Sr, or Ba, and 0.l*x*0.6, 0<y*0.3, z*x+y, and 
z-x-y represents the amount of oxygen defects). 

The metal exhibiting a catalytic activity is supported on 
the surface of the powder in the form of metal nanoparticles. 
Further, the metal compound exhibiting a catalytic activity 

35 is mixed with the powder and supported thereon. 
The preferable metal exhibiting a catalytic activity or the 

metal of the metal compound exhibiting a catalytic activity 
is Ru and the supported amount in terms of Ru metal with 
respect to the support is from preferably 0.1 to 5 wt %. 

40 A method for producing a catalyst of the present inven-
tion, comprises: a first step of preparing a powder of a 
perovskite oxyhydride having hydride (H- ) incorporated 
therein by keeping a powder of a perovskite titanium-
containing oxide as a starting material together with a 

45 powder of an alkali metal hydride or an alkaline earth metal 
hydride selected from LiH, CaH2, SrH2, and BaH2 in a 
temperature range of 300° C. or higher and lower than the 
melting point of the hydride in a vacuum or in an inert gas 
atmosphere, thereby substituting some of the oxide ions in 

50 the oxide with hydride ions; a second step of preparing a 
catalyst precursor by dispersing the perovskite oxyhydride 
powder obtained in the first step in a solvent solution of a 
compound of a metal having an ammonia synthesis activity, 
followed by evaporating the solvent; and a third step of 

55 preparing a catalyst having a metal compound exhibiting a 
catalytic activity supported on the powder by drying the 
catalyst precursor obtained in the second step. 

The method for producing a catalyst of the present 
invention may include up to the third step, however, it is 

60 preferred that the method further includes, after the third 
step, a fourth step of preparing a catalyst having metal 
nanoparticles supported on the surface of the powder by 
heating and reducing the metal compound in a reducing 
atmosphere or thermally decomposing the metal compound 

65 in a vacuum. 
The above production method may have, after the first 

step and before the second step, a step of incorporating 
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nitrogen in the perovskite oxyhydride by treating the powder 
of the perovskite oxyhydride in the presence of a nitrogen 
supply source substance. 

The above production method may have, after the third 
step or the fourth step, a step of incorporating nitrogen in the 
perovskite oxyhydride by treating the catalyst in the pres-
ence of a nitrogen supply source substance. 

The ammonia synthesis method of the present invention is 
a method for synthesizing ammonia by reacting hydrogen 
and nitrogen using a gas containing hydrogen and nitrogen 
as raw materials, wherein the above-mentioned catalyst is 
packed in a catalytic packed bed in a synthesis reactor, and 
nitrogen and hydrogen as the raw materials are reacted on 
the catalyst under conditions of a reaction temperature of 
3000 C. to 450° C. and a reaction pressure of 10 kPa or more 
and less than 20 MPa. 

Advantageous Effects of Invention 

The catalyst of the present invention has a catalytic 
activity capable of achieving an NH3 synthesis rate several 
times higher than the NH3 synthesis rate (under the test 
conditions of 1 wt % Ru, 5.0 MPa, and 400° C.) of 
Ru-Cs/MgO or Ru/BaTiO3 that has been reported as a 
catalyst having a high activity to be substituted for conven-
tional catalysts such as Fe/Fe3O4, Fe/C, and RU/C for 
synthesizing ammonia by reacting hydrogen and nitrogen 
using a gas containing hydrogen and nitrogen as raw mate-
rials, and therefore enables the reaction at a low pressure 
with a small catalyst amount and even at a low temperature, 
and thus, also facilitates the control of the reaction. In 
addition, it is not necessary to add a promoter compound 
such as an alkali metal, an alkali metal compound, or an 
alkaline earth metal compound unlike a conventional sup-
port of alumina or the like, and thus, the production is 
simple. 

BRIEF DESCRIPTION OF DRAWINGS 

FIG. 1 shows comparison of the catalytic activities of a 
Ru/BaTiO25H05 catalyst of Example 1, a Ru/BaTiO24D06
catalyst of Example 2, and catalysts of conventional 
examples. The upper horizontal bar of each catalyst shows 
an NH3 synthesis concentration (vol %), and the lower 
horizontal bar of each catalyst shows an NH3 synthesis rate 
(nmolg'h'). 

FIG. 2 shows comparison of the catalytic activities of a 
Co/BaTiO25H05 catalyst of Example 3, a Fe/BaTiO25H05
catalyst of Example 4, and catalysts of conventional 
examples. 

FIG. 3 shows comparison (literature data) of the catalytic 
activities of an electride-based catalyst composed of 
Ru/CaO—A120 3 and previously reported representative 
catalysts. 

FIG. 4 is a schematic view of the crystal structure of a 
Ti-containing perovskite oxyhydride. 

FIG. SA and FIG. SB show photographs substituted for 
drawings showing TEM images of Ru-supported catalysts 
obtained in Example 1 and Comparative Example 1. 

FIG. 6 is a schematic diagram of a device used for 
evaluation of ammonia synthesis in Example 1. 

FIG. 7 is a graph showing the results of evaluation of 
ammonia production in Example 1. 

DESCRIPTION OF EMBODIMENTS 

The ammonia synthesis catalyst of the present invention 
is constituted by a support composed of a powder of a 

6 
perovskite oxyhydride having hydride (H- ) incorporated 
therein and a metal or a metal compound exhibiting a 
catalytic activity for ammonia synthesis supported on the 
support. 

5 <Composition and Structure of Titanium-Containing Per-
ovskite Oxyhydride> 

A titanium-containing perovskite oxyhydride in which 
some of the oxide ions contained in a titanium-containing 
perovskite oxide are substituted with hydride ions (H- ). A 

10 Ti-containing perovskite oxide can incorporate hydride ions 
(H- ) in a low concentration to a high concentration under 
specific heat treatment conditions, and can be represented by 
the formula: ATiO3XHX (wherein A represents Ca, Sr, or Ba, 
and 0.1*x*0.6). When the value of x is less than 0.1, the 

15 effect of improving the catalytic activity by hydride ions is 
not sufficient, and when it exceeds 0.6, the crystallinity 
deteriorates and impurities emerge, and therefore, such 
values are not desirable. As the content of hydrogen repre-
sented by x increases within this range, the catalytic activity 

20 for ammonia synthesis increases. A more preferred range of 
the value of x is from 0.3 to 0.6. 

The Ti-containing perovskite oxyhydride maintains a per-
ovskite structure composed of octahedra which share verti-
ces as shown in FIG. 4. A Ti atom is present at the center of 

25 the octahedron, and an oxide anion and a hydride anion are 
present at the vertices of the octahedron. Examples of the 
oxyhydride of the Ti-containing perovskite oxide include 
ATi(O,H)3 (whereinArepresents Ca, Sr, or Ba), SrTi(O,H)3, 
and Sr3Ti2(O,H)7 and Sr2Ti(O,H)4 which are layered per-

30 ovskites. 
The catalyst of the present invention can be produced by 

the following steps. 
<First Step: Preparation of Ti-Containing Perovskite Oxy-
hydride> 

35 The titanium-containing perovskite oxyhydride can be 
prepared as a powder of a perovskite oxyhydride by keeping 
a powder of a perovskite titanium-containing oxide as a 
starting material together with a powder of an alkali metal 
hydride or an alkaline earth metal hydride selected from 

40 lithium hydride (LiH), calcium hydride (CaH2), strontium 
hydride (SrH2), and barium hydride (BaH2) in a temperature 
range of 300° C. or higher and lower than the melting point 
of the hydride, desirably 300° C. or higher and 600° C. or 
lower in a vacuum or in an inert gas atmosphere, followed 

45 by cooling to room temperature thereby substituting some of 
the oxide ions in the oxide with hydride ions. The tempera-
ture-increasing rate to the temperature at which the powders 
are kept and the temperature-decreasing rate to room tem-
perature are not limited. The time required for keeping the 

50 powders may be about one hour or more and up to about 1 
week though depending on the temperature. 

The Ti-containing perovskite oxide as the starting mate-
rial can be represented by the general formula: ATiO3
(wherein A represents Ca, Sr, or Ba). The Ti-containing 

55 perovskite oxide as the starting material, particularly the 
production method or form thereof is not limited. A per-
ovskite oxide is produced by various methods such as a solid 
state reaction, an oxalic acid method, a citric acid method, 
a hydrothermal method, and a sol-gel method, however, as 

60 the catalyst, a catalyst having a larger specific surface area 
is desirable, and a catalyst having a specific surface area of 
30 m2/g or more and a particle size distribution of about 5 
to 500 nm is desirable. 

The obtained Ti-containing perovskite oxide containing 
65 hydride ions has both hydride ion conductivity and elec-

tronic conductivity, and also has reactivity with outside 
hydrogen gas at a low temperature of about 450° C. or lower, 
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and therefore, when the contained hydrogen is reacted and 
substituted with deuterium, ATiO3XDX (wherein A=Ca, Sr, 
or Ba, 0.1*x*0.6, and D represents deuterium) can be 
formed, which can also be used as a support. When hydro-
gen is substituted with deuterium, the composition has a 
high hydride concentration. 

Further, the method may include, after the first step, a step 
of incorporating nitrogen in the perovskite oxyhydride by 
treating the obtained Ti-containing perovskite oxyhydride in 
the presence of a nitrogen supply source substance such as 
ammonia gas, nitrogen gas, or a nitrogen compound. For 
example, when the Ti-containing perovskite oxyhydride is 
heated to a low temperature of 400 to 6000 C. in an ammonia 
gas or N2/H2 mixed gas stream, BaTi(O,N,H)3, which is a 
nitride, is formed through a H/N exchange process. In this 
manner, when a material obtained by introducing nitride 
ions into the Ti-containing perovskite oxyhydride in 
advance is used as a support, stabilization of ATiO3XHX
during an ammonia synthesis reaction is brought about. The 
Ti-containing perovskite oxyhydride having nitride ions 
introduced therein is represented by the formula: 
ATi(O3ZHXNY) (wherein 0.1*x*0.6, 0<y*0.3, z*x+y, and 
z—x—y represents the amount of oxygen defects). 

It is presumed that also in the case where the Ti-contain-
ing perovskite oxyhydride is used as a catalyst under ammo-
nia synthesis conditions, BaTi(O,N,H)3 is formed in the 
same manner so as to contribute to the stabilization of the 
catalyst. 
<Second Step: Preparation of Catalyst Precursor> 

The supporting of a metal on a perovskite oxyhydride 
support is performed by an impregnation method. As the 
metal compound to be used as the starting material, a 
compound such as a chloride is used. In particular, it is 
preferred to use a carbonyl compound or complex which can 
maintain the specific properties of the perovskite oxyhydride 
and is easily decomposed. For example, in the case where 
Ru is used as the metal exhibiting a catalytic activity, 
examples of a ruthenium compound include ruthenium 
chloride, ruthenium carbonyl, ruthenium acetylacetonate, 
ruthenium potassium cyanate, potassium ruthenate, ruthe-
nium oxide, and ruthenium nitrate. Any of these metal 
compounds is dissolved in a polar organic solvent such as 
acetone or tetrahydrofuran or water, whereby a solvent 
solution is formed. The perovskite oxyhydride powder is 
dispersed in this solvent solution, followed by evaporating 
the solvent, whereby a catalyst precursor is prepared. 
<Third Step: Supporting of Metal Compound> 

Further, the catalyst precursor obtained in the second step 
is dried, whereby a catalyst having a metal compound 
exhibiting a catalytic activity supported on the powder is 
prepared. Before the catalyst is used in an ammonia syn-
thesis reaction, a hydrogen reduction treatment is generally 
performed, and therefore, a step of reducing the metal 
compound in the subsequent step may be omitted. 
<Fourth Step: Supporting of Metal Particles> 

After the third step, further, the metal compound is heated 
and reduced in a reducing atmosphere or thermally decom-
posed in a vacuum, whereby metal nanoparticles are sup-
ported on the surface of the powder. In the case where metal 
nanoparticles are formed on the surface of the powder by 
hydrogen reduction of the metal compound, the hydrogen 
reduction temperature is from 100° C. to 700° C., preferably 
from 300° C. to 600° C., and the hydrogen reduction time is 
generally preferably from 1 to 5 hours. 

The supported amount of the metal exhibiting a catalytic 
activity or the metal of the metal compound exhibiting a 
catalytic activity in terms of the metal with respect to the 

8 
support is from 0.1 to 20 wt %. When the supported amount 
is less than 0.1 wt %, the catalytic activity is low, and when 
the supported amount exceeds 20 wt %, even if the sup-
ported amount is increased, improvement of the ammonia 

5 synthesis activity is not observed. The most preferred metal 
as the metal exhibiting a catalytic activity is ruthenium, 
however, since ruthenium is an expensive metal, in the case 
of ruthenium, the supported amount is preferably from 0.1 to 
5 wt %. 

10 The method may include, after the third step or the fourth 
step, a step of incorporating nitrogen in the perovskite 
oxyhydride by treating the catalyst in the presence of a 
nitrogen supply source substance. Also in this case, in the 
same manner as in the case of introducing nitride ions into 

15 the perovskite oxyhydride in advance after the first step and 
before the second step, the Ti-containing perovskite oxyhy-
dride may be heated to a low temperature of 400 to 600° C. 
in an ammonia gas or N2/H2 mixed gas stream. 

Incidentally, it is also possible to perform the hydride 
20 formation after supporting metal particles exhibiting a cata-

lytic activity on the perovskite oxide in advance, however, 
in such a case, the metal particles are likely to be sintered to 
decrease the catalytic activity, and therefore, it is necessary 
to suppress sintering as much as possible. 

25 <Synthesis of Ammonia> 
The ammonia synthesis method of the present invention is 

a method in which in order to react hydrogen and nitrogen 
using a gas containing hydrogen and nitrogen as raw mate-
rials, the catalyst powder is packed in a catalytic packed bed 

30 in a synthesis reactor, and the raw material gas is reacted on 
the catalyst powder bed, whereby ammonia is synthesized. 
A representative form of the reaction is a method in which 
a mixed gas of nitrogen and hydrogen is directly reacted 
under heated and pressurized conditions, and ammonia 

35 produced by the reaction of N2+3H2-2NH3 is cooled or 
absorbed in water in the same manner as the conventional 
Haber-Bosch method. Nitrogen gas and hydrogen gas are 
supplied so as to come in contact with the catalyst powder 
bed placed in the reactor. It is preferred that before supplying 

40 nitrogen gas and hydrogen gas, the surface of the catalyst is 
subjected to a reduction treatment with hydrogen gas or a 
mixed gas of hydrogen and nitrogen so that the oxide and the 
like attached to the surface of the supported catalyst are 
removed. 

45 It is preferred that the ammonia synthesis reaction is 
performed in an atmosphere which is as water-free as 
possible, that is, in a dry nitrogen and hydrogen atmosphere 
which is an atmosphere at a water vapor partial pressure of 
about 0.1 kPa or less. 

50 Subsequently, by heating the catalyst in a mixed gas 
atmosphere of nitrogen and hydrogen as the raw materials, 
ammonia is synthesized. It is preferred to perform the 
synthesis under conditions that the molar ratio of nitrogen to 
hydrogen is about 1/10 to 1/1. The reaction temperature is 

55 set to room temperature or higher and lower than 500° C. 
The reaction temperature is more preferably from about 300 
to 350° C. A lower reaction temperature is favorable for the 
equilibrium to produce ammonia, and the above-mentioned 
range is preferred for obtaining a sufficient ammonia pro-

60 duction rate and also making the equilibrium favorable to 
produce ammonia. 

The reaction pressure of the mixed gas of nitrogen and 
hydrogen when the synthesis reaction is performed is not 
particularly limited, but is preferably from 10 kPa to 20 

65 MPa, more preferably from 10 kPa to 5 MPa. In consider-
ation of practical use, it is preferred that reaction can be 
applicable in atmospheric pressure to a pressurized condi-
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tion. Therefore, from a practical viewpoint, the reaction 
pressure is more preferably from about 100 kPa to 1.5 MPa. 

For the reaction device, any of a batch-type reaction 
container, a closed circulation-type reaction device, and a 
flow-type reaction device may be used, however, from a 
practical viewpoint, a flow-type reaction device is most 
preferred. 
<Function of Catalyst of the Present Invention> 

The function of the catalyst of the present invention will 
be described below, however, this is an assumption and does 
not limit the scope of the present invention. The reason why 
the catalyst of the present invention exhibits excellent prop-
erties is considered to be the hydride ions in the support have 
a specific function which affects the nitrogen molecules and 
the hydrogen molecules of the raw materials. That is, a 
heterogeneous catalyst is generally constituted by support-
ing metal catalyst particles on a carbon or metal oxide 
support. In an oxidation reaction by a catalyst, a metal oxide 
directly participates in the reaction in some cases, however, 
in various hydrogenation reactions, the metal oxide itself is 
inactive as a support, and has played a relatively indirect role 
such as merely supporting metal particles. 

However, it is presumed that the Ti-containing perovskite 
oxyhydride directly dissociates a gas molecule such as a 
hydrogen molecule at around 300 to 450° C. and preferen-
tially adsorbs the dissociated molecule on the support, and 
also participates in a reaction of directly dissociating a 
nitrogen molecule by a conversion reaction between a 
hydride ion and a nitrogen molecule. It is considered that by 
doing this, poisoning due to accumulation of hydrogen on 
the metal particles is prevented. This is completely different 
from the conventional catalyst support, and is considered to 
be due to an unknown attribution of the perovskite oxyhy-
dride having hydride (H- ) incorporated therein under the 
ammonia synthesis conditions. 

Hereinafter, the present invention will be described in 
more detail based on Examples. 

Example 1 

1. Synthesis of Oxyhydride 

10 
amount of ruthenium in the obtained Ru/BaTiO25H05 pow-
der was 1.0 wt % in terms of Ru. 

3. Form of Ru-Supported Catalyst 

In FIG. 5, TEM images of the catalysts obtained in 
Example 1 (FIG. SA) and Comparative Example 1 (FIG. SB) 
are shown. From the TEM images, it is found that the 
particle diameter of the support of Example 1 is from about 

10 100 to 200 nm, and the particle diameter of Ru is around 5 
mm. 

Example 2 

15 1. Synthesis of Oxyhydride 

A BaTiO24D06 powder having a high hydride concentra-
tion was synthesized under the same conditions as those in 

20 
Example 1 except that a CaD2 (D represents deuterium) 
powder was used in place of the CaH2 powder in Example 
1. The CaD2 powder was prepared as follows. A chunks of 
Ca was reacted with D2 at 600° C. for 30 minutes, and the 
resulting material was crushed in a nitrogen atmosphere, and 

25 the crushed material was reacted with D2 again. This pro-
cedure was repeated 3 times, whereby a pure powder was 
prepared. 

30 

2. Supporting of Ru 

Ru was supported on this powder in the same manner as 
in Example 1. 

Example 3 
35 

40 

0.3 g of a commercially available BaTiO3 powder having 45 

a particle diameter distributed in a range from 100 nm to 200 
nm was mixed with 3 equivalents of a CaH2 powder in a 
glove box, and the resulting mixed powder was pressed into 
a tablet using a hand press. Thereafter, the tablet was 
vacuum-sealed in a glass tube having an internal volume of 50 

about 15 cm3, and a hydrogenation reaction was performed 
by keeping the tablet therein at 500 to 600° C. for 168 hours 
(one week), whereby a BaTiO25H05 powder in which some 
of the oxide ions were substituted with hydride ions was 
synthesized. 55 

2. Supporting of Ru 

The synthesized BaTiO25H05 powder was mixed in a 
THF solution of Ru3(CO)12 and stirred for 3 hours. There- 60 

after, the solvent was evaporated at 40° C. in a reduced 
pressure state, whereby a catalyst precursor was prepared. 
Subsequently, this precursor was dried, and then vacuum-
sealed again in the glass tube, followed by heating to 390° 
C. for 3 hours to thermally decompose a carbonyl com- 65 

pound, whereby a Ru/BaTiO2 5H05 powder having Ru metal 
particles supported thereon was obtained. The supported 

1. Synthesis of Oxyhydride 

A BaTiO25H05 powder was synthesized under the same 
conditions as those in Example 1. 

2. Supporting of Co 

The synthesized BaTiO25H05 powder was mixed in a 
THF solution of Co(acetylacetonate)3 and stirred for 3 
hours. Thereafter, the solvent was evaporated at 40° C. in a 
reduced pressure state, whereby a catalyst precursor was 
prepared. This catalyst precursor was packed in a catalytic 
packed bed of an ammonia synthesis evaluation device, and 
then reduced for 2 hours in a hydrogen gas stream, whereby 
a Co/BaTiO25H05 catalyst was formed and used. 

Example 4 

1. Synthesis of Oxyhydride 

A BaTiO25H05 powder was synthesized under the same 
conditions as those in Example 1. 

2. Supporting of Fe 

The synthesized BaTiO25H05 powder was mixed in a 
THF solution of Fe(acetylacetonate)3 and stirred for 3 hours. 
Thereafter, the solvent was evaporated at 40° C. in a reduced 
pressure state, whereby a catalyst precursor was prepared. 
This catalyst precursor was packed in a catalytic packed bed 
of an ammonia synthesis evaluation device, and then 
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reduced for 2 hours in a hydrogen gas stream, whereby an 
Fe/BaTiO25H05 catalyst was formed and used. 

Comparative Example 1 

Ru was supported on the BaTiO3 powder, which was not 
subjected to the hydrogenation reaction, under the same 
conditions as those in Example 1, whereby a Ru/BaTiO3
catalyst was obtained. 

Comparative Example 2 

A Ru/MgO catalyst was obtained by supporting Ru under 
the same conditions as those in Example 1 except that a 
MgO powder was used in place of the BaTiO3 powder in 
Comparative Example 1. 

Comparative Example 3 

Ru/MgO obtained in Comparative Example 2 was 
impregnated with an ethanol solution of Cs2CO3, followed 
by thermal decomposition of Cs2CO3, whereby a Ru-Cs/ 
MgO (Ru/Cs=1) catalyst was obtained. The supported 
amount of Ru-Cs in the catalyst was 1.0 wt %. 

Example 5 

Ammonia Synthesis 

Ammonia synthesis was performed using a fixed-bed 
flow-type device as shown in FIG. 6. For a synthesis reactor, 
a vertical reaction tube 1 was used, and 0.1 g of the 
Ru/BaTiO25H05 catalyst (Ru: 1 wt %) 3 of Example 1 was 
packed in a catalytic packed bed on a glass wool 2 at the 
center thereof. A valve 4 was opened, and valves 5, 6, and 
7 were closed, and the temperature in the reaction tube 1 was 
set to 400° C., and then, this catalyst was reduced for 2 hours 
in a hydrogen gas stream. 

Thereafter, the temperature was once decreased to about 
150° C. or lower, and then increased again, and when the 
temperature reached about 200° C., the valves 4, 5, and 7 
were closed, and the valve 6 was opened to change the gas 
flow. Then, the flow rate was adjusted with a needle valve 8, 
and an Ar/N2/H2 mixed gas (Ar:N2:H2=10:22.5:67.5) was 
made to flow in the vertical reaction tube 1 (flow rate: 110 
mL/min), and in order to make the conditions closer to 
industrial conditions, the pressure in the vertical reaction 
tube 1 was increased to 5.0 MPa (50 atm) by pressurization 
using a back pressure regulator 9, and the temperature was 
gradually increased to 400° C. The produced ammonia was 
qualitatively confrmed using a mass spectrometer 10, and 
trapped in water after passing through an oil bubbler (flow 
meter) 11, and then, quantitatively determined using an 
ammonia selection electrode 12 and discharged to the air. 

In FIG. 7, the results of evaluation of ammonia production 
using the catalyst of Example 1 are shown. In FIG. 7, the 
horizontal axis represents a relative time (Relative Time), 
the left vertical axis represents an ion current (Ion current), 
and the right vertical axis represents a reaction temperature 
(Temperature), and a change in the temperature between 
200° C. and 400° C. is indicated by a dotted line. The NH3
production amount increased as the increase in the tempera-
ture, and thereafter, while maintaining the temperature to be 
constant at 400° C., the NH3 production rate did not 
decrease. 

12 
<Comparison of Catalytic Activity> 

Also for the catalysts of Examples 2, 3, and 4, and 
Comparative Examples 1 to 3, evaluation was performed in 
the same manner as the evaluation of ammonia synthesis for 
the catalyst of Example 1 (H2/N2=3, flow rate: 110 mL/min). 
In FIG. 1 and FIG. 2, the activities of various catalysts in the 
ammonia synthesis reaction were compared based on the 
NH3 synthesis rate (mmo1g'h'). In the graph of FIG. 1, the 
activity of Ru/BaTiO24D06 of Example 2 is higher than that 

10 
of the Ru/BaTiO25H05 catalyst of Example 1, which shows 
that as the hydride concentration in the support is higher, the 
activity is higher. The catalysts of Example 1 and Example 
2 both exhibited a significantly higher catalytic activity than 
that of the Ru/BaTiO3 catalyst of Comparative Example 1 in 
which Ru was supported on the BaTiO3 powder which was 

15 not subjected to the hydrogenation reaction. The Ru-Cs/ 
MgO catalyst of Comparative Example 3 has been reported 
as a catalyst having a high activity before, and it could be 
confirmed that the activities of the catalysts of the present 
invention are higher than this. In the graph of FIG. 2, the 

20 catalysts having Co or Fe supported thereon of Examples 3 
and 4 significantly improved the activity by using an oxy-
hydride support although the activity thereof was not as high
as that of the RuIBaTiO25H05 catalyst. 

In the graph of FIG. 3, the catalytic activity (literature 
25 data, M. Kitano et al., Nat. Chem., 4, 934-940, 2012) of 

previously reported representative catalysts such as Ru -Cs/ 
MgO and an Ru-loaded electride catalyst Ru/C12A7:e was 
compared based on the NH3 synthesis rate (mmo1g'h'). 
The literature data were obtained under a pressurization 

30 condition of 0.1 MPa at a flow rate of 60 mL/min, which 
were different from the evaluation conditions (pressurization 
condition: 5.0 MPa, and flow rate: 110 mL/min) for 
Examples 1, 2, 3, and 4, and Comparative Examples 1 and 
3, and therefore, the catalytic activities of the catalysts of 

35 Examples 1, 2, 3, and 4 cannot be simply compared with the 
catalytic activities of the Ru -Cs/MgO and Ru/C12A7:e 
catalysts, however, it is found that the catalytic activity of 
Ru-Cs/MgO of Comparative Example 3 is outstandingly 
high among the previously reported representative catalysts, 

40 and is the second largest after that of Ru/C12A7:e. 

INDUSTRIAL APPLICABILITY 

According to the catalyst of the present invention, a 
45 catalyst in which a catalytic activity has been significantly 

improved even if it is used at a low pressure in place of 
conventional high-pressure reaction conditions can be 
achieved by only adding a hydride formation step using a 
widely used Ti-containing perovskite oxide in place of a Ru 

50 catalyst using various supports, and therefore, ammonia can 
be highly efficiently synthesized using less energy in a 
method for industrially synthesizing ammonia using a gas 
containing hydrogen and nitrogen as raw materials. 

The invention claimed is: 
55 1. An ammonia synthesis catalyst, comprising: a powder 

of a perovskite oxyhydride having hydride (H- ) incorpo-
rated therein as a support; and a metal or a metal compound 
exhibiting a catalytic activity for ammonia synthesis, sup-
ported on the support. 

60 2. The ammonia synthesis catalyst according to claim 1, 
wherein the perovskite oxyhydride is represented by 
ATiO3XHX (wherein A represents Ca, Sr, or Ba, and 
0.1*x*0.6). 

3. The ammonia synthesis catalyst according to claim 1, 
65 wherein the perovskite oxyhydride further contains nitrogen. 

4. The ammonia synthesis catalyst according to claim 3, 
wherein the perovskite oxyhydride is represented by ATi 
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(O3 HN) (wherein A represents Ca, Sr, or Ba, and 
O.1*x*O.6, O<y*O.3, z*x+y, and z-x-y represents the 
amount of oxygen defects). 

5. The ammonia synthesis catalyst according to claim 1, 
wherein the metal exhibiting a catalytic activity is supported 
on the surface of the powder in the form of metal nanopar-
tides. 

6. The ammonia synthesis catalyst according to claim 1, 
wherein the metal compound exhibiting a catalytic activity 
is mixed with the powder and supported thereon. 

7. The ammonia synthesis catalyst according to claim 5, 
wherein the metal exhibiting a catalytic activity or the metal 
of the metal compound exhibiting a catalytic activity is Ru 
and the supported amount in terms of Ru metal with respect 
to the support is from 0.1 to 5 wt %. 

8. A method for producing an ammonia synthesis catalyst, 
comprising: 

a first step of preparing a powder of a perovskite oxyhy-
dride having hydride (H- ) incorporated therein by 
keeping a powder of a perovskite titanium-containing 
oxide as a starting material together with a powder of 
an alkali metal hydride or an alkaline earth metal 
hydride selected from LiH, CaH2, SrH2, and BaH2 in a 
temperature range of 300° C. or higher and lower than 
the melting point of the hydride in a vacuum or in an 
inert gas atmosphere, thereby substituting some of the 
oxide ions in the oxide with hydride ions; 

a second step of preparing a catalyst precursor by dis-
persing the perovskite oxyhydride powder obtained in 
the first step in a solvent solution of a compound of a 
metal having an ammonia synthesis activity, followed 
by evaporating the solvent; and 

14 
a third step of preparing a catalyst having a metal com-

pound exhibiting a catalytic activity supported on the 
powder by drying the catalyst precursor obtained in the 
second step. 

9. The method for producing an ammonia synthesis 
catalyst according to claim 8, wherein the method further 
comprises, after the third step, a fourth step of preparing a 
catalyst having metal nanoparticles supported on the surface 
of the powder by heating and reducing the metal compound 

10 
in a reducing atmosphere or thermally decomposing the 
metal compound in a vacuum. 

10. The method for producing an ammonia synthesis 
catalyst according to claim 8, wherein the method com-
prises, after the first step and before the second step, a step 

15 
of incorporating nitrogen in the perovskite oxyhydride by 
treating the powder of the perovskite oxyhydride in the 
presence of a nitrogen supply source substance. 

11. The method for producing an ammonia synthesis 
catalyst according to claim 8, wherein the method com-

20 
prises, after the third step or the fourth step, a step of 
incorporating nitrogen in the perovskite oxyhydride by 
treating the catalyst in the presence of a nitrogen supply 
source substance. 

12. An ammonia synthesis method, which is a method for 

25 
synthesizing ammonia by reacting hydrogen and nitrogen 
using a gas containing hydrogen and nitrogen as raw mate-
rials, wherein the catalyst according to claim 1 is packed in 
a catalytic packed bed in a synthesis reactor, and nitrogen 
and hydrogen as the raw materials are reacted on the catalyst 
under conditions of a reaction temperature of 300° C. to 

30 
450° C. and a reaction pressure of 10 kPa or more and less 
than 20 MPa. 

* * * * * 
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