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(54) AMMONIA DECOMPOSITION CATALYST STRUCTURE AND FUEL CELL

(57) An object of the present invention is to provide
a structured catalyst for ammonia decomposition capa-
ble of favorably maintaining catalytic activity by suppress-
ing aggregation of catalyst particles and efficiently per-
forming a decomposition reaction from ammonia to hy-
drogen, and a fuel cell using the same. The structured
catalyst for ammonia decomposition used for decompos-
ing ammonia to generate hydrogen includes a support
having a porous structure constituted of a zeolite-type
compound and at least one catalytic substance present
inside the support. The support includes channels con-
necting with each other, and the catalytic substance is
metal nanoparticles and present at least in the channels
of the support.
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Description

Technical Field

[0001] The present invention relates to a structured catalyst for ammonia decomposition and a fuel cell.

Background Art

[0002] In recent years, the use of hydrogen as a clean energy source has attracted attention from the viewpoint of
environmental protection, and for example, a method for recovering hydrogen from ammonia generated from organic
waste, or a fuel cell vehicle using hydrogen as fuel has been actively developed. Although hydrogen is preferred as
clean energy, a large volume is required for storage, and thus, particularly when used as a source material for a fuel
cell for automatic use, a method for supplying hydrogen to a fuel cell has been a challenge. As a solution to this problem,
a method for storing hydrogen in the state of liquid ammonia and producing hydrogen by catalytic decomposition of
vaporized ammonia has recently been attracting attention.
[0003] Normally, the decomposition reaction of ammonia (2NH3 → 3H2 + N2) is an endothermic reaction involving
volume expansion, and therefore, it is advantageous that the reaction occurs at a lower reaction pressure and a higher
reaction temperature in terms of reaction equilibrium. It is preferable to use a catalyst because thermal decomposition
of ammonia requires an elevated temperature of 800°C or higher and desirably 1000°C or higher. Catalytic decomposition
using a catalyst allows decomposition reactions at a lower reaction temperature from 300 to 700°C.
[0004] In addition, particularly when liquid ammonia is used as a source material in a fuel cell for automobiles, it is
desirable to reduce residual ammonia and thus generate high-purity hydrogen. Therefore, ammonia decomposition
catalysts (hydrogen generating catalyst) that can efficiently decompose and convert ammonia at a relatively low tem-
perature into hydrogen are required.
[0005] Typically, in such an ammonia decomposition catalyst, heat-resistant ceramics having a melting point of ap-
proximately 2000°C or higher, such as alumina, zirconia, magnesia, and titania have been used as a support. However,
when using these materials, there is a problem in that in a decomposition reaction under an elevated temperature
environment of 800°C or higher, the support and the supported metal easily aggregate (hereinafter also referred to
"thermal aggregation"), and thus the catalytic activity deteriorates. In addition, in the case of a high concentration of
ammonia raw material, there is a problem in that the NH3 conversion ratio is low in a degradation reaction at a relatively
low temperature.
[0006] Patent Document 1 proposes an ammonia decomposition catalyst which has a base material composed of a
specific mayenite-type compound as a support and is capable of improving NH3 conversion ratio (more than doubled)
as compared to a typical case where alumina is used as a support. However, with such a method, the NH3 conversion
ratio is improved, but since the catalytically active metal particulates directly attach to the surface of the base material,
aggregation of the catalytically active metal particulates cannot be sufficiently suppressed, and thus the prevention of
deterioration in catalytic activity and the improvement of durability (prolonged life time) have not been realized.

Citation List

Patent Literature

[0007] Patent Document 1: WO 2014/045780

Summary of Invention

Technical Problem

[0008] An object of the present invention is to provide a structured catalyst for ammonia decomposition capable of
favorably maintaining catalytic activity by suppressing aggregation of catalyst particles and efficiently performing a
decomposition reaction from ammonia to hydrogen, and a fuel cell using the same.

Solution to Problem

[0009] As a result of diligent research to achieve the object described above, the present inventors have found that a
structured catalyst for ammonia decomposition used for decomposing ammonia to generate hydrogen can be obtained,
and thus completed the present invention based on such finding. The structured catalyst for ammonia decomposition
includes a support having a porous structure constituted of a zeolite-type compound, and at least one catalytic substance
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present inside the support. The support includes channels connecting with each other, and the catalytic substance is
metal nanoparticle and present at least in the channels of the support, and thus, the structured catalyst for ammonia
decomposition is capable of favorably maintaining catalytic activity by suppressing aggregation of catalyst particles and
efficiently performing a decomposition reaction from ammonia to hydrogen.
[0010] In other words, the main configurations of the present invention are as follows.

[1] A structured catalyst for ammonia decomposition used for decomposing ammonia to generate hydrogen, including
a support having a porous structure constituted of a zeolite-type compound, and at least one catalytic substance
present inside the support, wherein the support includes channels connecting with each other, and the catalytic
substance is metal nanoparticles and present at least in the channels of the support.
[2] The structured catalyst for ammonia decomposition according to [1], wherein the channels include an enlarged
pore portion, and the catalytic substance is present at least in the enlarged pore portion.
[3] The structured catalyst for ammonia decomposition according to [2], wherein the enlarged pore portion causes
a plurality of pores constituting any one of the one-dimensional pore, the two-dimensional pore, and the three-
dimensional pore to connect with each other.
[4] The structured catalyst for ammonia decomposition according to any one of [1] to [3], wherein the metal nano-
particle is constituted of at least one of ruthenium, iron, cerium, aluminum, nickel, copper, or zinc.
[5] The structured catalyst for ammonia decomposition according to any one of [1] to [4], wherein a mean particle
size of the metal nanoparticles is greater than an average inner diameter of the channels and is less than or equal
to an inner diameter of the enlarged pore portion.
[6] The structured catalyst for ammonia decomposition according to any one of [1] to [5], wherein a metal element
(M) of the metal nanoparticles is contained in an amount from 0.5 to 2.5 mass% based on the structured catalyst.
[7] The structured catalyst for ammonia decomposition according to any one of [1] to [6], wherein the mean particle
size of the metal nanoparticles is from 0.08 nm to 30 nm.
[8] The structured catalyst for ammonia decomposition according to [7], wherein the mean particle size of the metal
nanoparticles is from 0.5 nm to 11.0 nm.
[9] The structured catalyst for ammonia decomposition according to any one of [1] to [8], wherein a ratio of the mean
particle size of the metal nanoparticles to the average inner diameter of the channels is from 0.05 to 300.
[10] The structured catalyst for ammonia decomposition according to [9], wherein the ratio of the mean particle size
of the metal nanoparticles to the average inner diameter of the channels is from 0.1 to 30.
[11] The structured catalyst for ammonia decomposition according to [10], wherein the ratio of the mean particle
size of the metal nanoparticles to the average inner diameter of the channels is from 1.4 to 3.6.
[12] The structured catalyst for ammonia decomposition according to any one of [1] to [11], wherein the channels
include any one of a one-dimensional pore, a two-dimensional pore, and a three-dimensional pore defined by a
framework of the zeolite-type compound and an enlarged pore portion having a diameter different from that of any
of the one-dimensional pore, the two-dimensional pore, and the three-dimensional pore, the average inner diameter
of the channels is from 0.1 nm to 1.5 nm, and the inner diameter of the enlarged pore portion is from 0.5 nm to 50 nm.
[13] The structured catalyst for ammonia decomposition according to any one of [1] to [12], further including at least
one other catalytic substance held on an outer surface of the support.
[14] The structured catalyst for ammonia decomposition according to [13], wherein a content of the at least one
catalytic substance present inside the support is greater than a content of the at least one other catalytic substance
held on the outer surface of the support.
[15] The structured catalyst for ammonia decomposition according to any one of [1] to [14], wherein the zeolite-type
compound is a silicate compound.
[16] A fuel cell including the structured catalyst for ammonia decomposition described in any one of [1] to [15].
[17] A method for manufacturing a structured catalyst for ammonia decomposition , including the steps of:

calcinating a precursor material (B) obtained by impregnating, with a metal containing solution, a precursor
material (A) for obtaining a support having a porous structure constituted of a zeolite-type compound; and
hydrothermally treating a precursor material (C) obtained by calcinating the precursor material (B).

[18] The method for manufacturing a structured catalyst for ammonia decomposition according to [17], wherein from
50 to 500 mass% of a non-ionic surfactant is added to the precursor material (A) before the calcinating.
[19] The method for manufacturing a structured catalyst for ammonia decomposition according to [17] or [18], wherein
the precursor material (A) is impregnated with the metal containing solution by adding the metal containing solution
to the precursor material (A) in multiple portions before the calcinating.
[20] The method for manufacturing a structured catalyst for ammonia decomposition according to any one of [17]
to [19], wherein in impregnating the precursor material (A) with the metal containing solution before the calcinating,
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an added amount of the metal containing solution added to the precursor material (A), in terms of a ratio of silicon
(Si) constituting the precursor material (A) to a metal element (M) contained in the metal containing solution added
to the precursor material (A) (a ratio of number of atoms Si/M), is adjusted to from 10 to 1000.
[21] The structured catalyst for ammonia decomposition according to [17], wherein in the hydrothermally treating,
the precursor material (C) and a structure directing agent are mixed.
[22] The structured catalyst for ammonia decomposition according to [17], wherein the hydrothermally treating is
performed under a basic condition.

Advantageous Effects of Invention

[0011] According to the present invention, a structured catalyst for ammonia decomposition capable of favorably
maintaining catalytic activity by suppressing aggregation of catalyst particles and efficiently performing a decomposition
reaction from ammonia to hydrogen, and a fuel cell using the same can be provided.

Brief Description of Drawings

[0012]

FIG. 1 is a diagram schematically illustrating a structured catalyst for ammonia decomposition according to an
embodiment of the present invention in a way that the inner structure thereof can be seen. FIG. 1A is a perspective
view (partially illustrated in cross-section), and FIG. 1B is a partially enlarged cross-sectional view.
FIG. 2 is a partially enlarged cross-sectional view for explaining an example of a function of the structured catalyst
for ammonia decomposition of FIG. 1. FIG. 2A is a diagram explaining a sieve function, and FIG. 2B is a diagram
explaining catalytic ability.
FIG. 3 is a flowchart illustrating an example of a method for manufacturing the structured catalyst for ammonia
decomposition of FIG. 1.
FIG. 4 is a schematic view illustrating a variation of the structured catalyst for ammonia decomposition of FIG. 1.

Description of Embodiments

[0013] Hereinafter, embodiments of the present invention will be described in detail with reference to drawings.

Configuration of Structured Catalyst

[0014] FIG. 1 is a diagram schematically illustrating a configuration of a structured catalyst for ammonia decomposition
(hereinafter, simply referred to as "structured catalyst"), according to an embodiment of the present invention, used for
decomposing ammonia to generate hydrogen. FIG. 1A is a perspective view (partially illustrated in cross-section), and
FIG. 1B is a partially enlarged cross-sectional view. Note that the structured catalyst of FIG. 1 is represented as an
example, and the shape, dimension, and the like of each of the configurations according to the present invention are
not limited to those illustrated in FIG. 1.
[0015] As illustrated in FIG. 1A, a structured catalyst 1 includes a support 10 having a porous structure constituted of
a zeolite-type compound, and at least one catalytic substance 20 present inside the support 10.
[0016] In the structured catalyst 1, a plurality of catalytic substances 20, 20, ... are embedded in the porous structure
of the support 10. The catalytic substance 20 is preferably a substance having catalytic ability (catalytic activity) for an
ammonia decomposition reaction when decomposing ammonia to generate hydrogen. Such catalytic substance 20 is
metal nanoparticle. The metal nanoparticle will be described in detail below.
[0017] The support 10 has a porous structure, and as illustrated in FIG. 1B, suitably has channels 11 connecting with
each other by a plurality of pores 11a, 11a, ... being formed. Here, the catalytic substance 20 is present at least in the
channels 11 of the support 10, and is preferably held at least in the channels 11 of the skeletal body 10.
[0018] With such a configuration, movement of the catalytic substances 20 within the support 10 is restricted, and it
is possible to effectively prevent aggregation of the catalytic substances 20. As a result, the decrease in effective surface
area of the catalytic substance 20 can be effectively suppressed, and the catalytic activity of the catalytic substance 20
is sustained for a long period of time. In other words, with the structured catalyst 1, the deterioration in catalytic activity
due to aggregation of the catalytic substances 20 can be suppressed, and the life time of the structured catalyst 1 can
be extended. In addition, due to the long life time of the structured catalyst 1, the replacement frequency of the structured
catalyst 1 can be reduced, and the amount of waste of the used structured catalyst 1 can be significantly reduced, which
allows saving resources.
[0019] Typically, when the structured catalyst is used in fluid, the structured catalyst may receive external force from
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the fluid. In this case, there is a problem in that in a case where the catalytic substance is only present in a attached
state to the outer surface of the support 10, the catalytic substance is easily separated from the outer surface of the
support 10 due to the influence of external force from the fluid. In contrast, in the structured catalyst 1, the catalytic
substances 20 are present at least in the channels 11 of the support 10, and therefore, even if external force is applied
from the fluid, the catalytic substances 20 are less likely to be separated from the support 10. That is, when the structured
catalyst 1 is in the fluid, the fluid flows into the channels 11 through the pore 11a of the support 10, thus the speed of
the fluid flowing through the channels 11 is considered to be slower than the speed of the fluid flowing on the outer
surface of the support 10 due to the flow path resistance (frictional force). Due to the influence of such flow path resistance,
the pressure applied by the fluid to the catalytic substance 20 present in the channels 11 becomes lower than the
pressure applied by the fluid to the catalytic substance outside of the support 10. As a result, separation of the catalytic
substances 20 present inside the support 11 can be effectively suppressed, and the catalytic activity of the catalytic
substance 20 can be stably maintained over a long period of time. Note that the flow path resistance as described above
is thought to become larger when the channels 11 of the support 10 has a plurality of bends and branches, and the
interior of the support 10 becomes a more complex three-dimensional structure.
[0020] Furthermore, the channels 11 preferably includes: any one of a one-dimensional pore, a two-dimensional pore,
and a three-dimensional pore defined by the framework of the zeolite-type compound; and an enlarged pore portion 12
having a diameter different from that of any of the one-dimensional pore, the two-dimensional pore, and the three-
dimensional pore. In this case, the catalytic substance 20 is preferably present at least in the enlarged pore portion 12,
and more preferably, is embedded at least in the enlarged pore portion 12. Here, the "one-dimensional pore" refers to
a tunnel-type or cage-type pore forming a one-dimensional channel, or a plurality of tunnel-type or cage-type pores (a
plurality of one-dimensional channels) forming a plurality of one-dimensional channels. Also, the "two-dimensional pore"
refers to a two-dimensional channel in which a plurality of one-dimensional channels are coupled two-dimensionally,
and the "three-dimensional pore" refers to a three-dimensional channel in which a plurality of one-dimensional channels
are coupled three-dimensionally.
[0021] As a result, the movement of the catalytic substance 20 within the support 10 is further restricted, and it is
possible to further effectively prevent the separation of the catalytic substance 20 and aggregation of the catalytic
substances 20, 20. Embedding refers to a state in which the catalytic substance 20 is encapsulated in the support 10.
At this time, the catalytic substance 20 and the support 10 are not necessarily in direct contact with each other, but the
catalytic substance 20 may be indirectly held by the support 10 with other substances (e.g., a surfactant, etc.) interposed
between the catalytic substance 20 and the support 10.
[0022] Although FIG. 1B illustrates a case in which the catalytic substance 20 is embedded in the enlarged pore portion
12, the catalytic substance 20 is not limited to this configuration only, and may be held in the channels 11 with a portion
thereof protruding outward of the enlarged pore portion 12. Furthermore, the catalytic substance 20 may be partially
embedded or may be held by, for example, fixing in a portion of the channels 11 other than the enlarged pore portion
12 (e.g., in an inner wall portion of the channels 11).
[0023] In addition, the enlarged pore portion 12 preferably causes the plurality of pores 11a, 11a constituting any one
of the one-dimensional pore, the two-dimensional pore, and the three-dimensional pore to connect with each other. As
a result, a separate channel different from the one-dimensional pore, the two-dimensional pore, or the three-dimensional
pore is provided in the interior of the support 10, and thus the function of the catalytic substance 20 can be further exhibited.
[0024] In addition, the channels 11 are formed three-dimensionally by including a branch portion or a merging portion
in the interior of the support 10, and the enlarged pore portion 12 is preferably provided in the branch portion or the
merging portion of the channels 11.
[0025] The average inner diameter DF of the channels 11 formed in the support 10 is calculated from the average
value of the minor diameter and the major diameter of the pores 11a constituting any of the one-dimensional pore, the
two-dimensional pore, and the three-dimensional pore, and for example, is from 0.1 nm to 1.5 nm, and preferably from
0.5 nm to 0.8 nm.
[0026] The inner diameter DE of the enlarged pore portion 12 is, for example, from 0.5 nm to 50 nm, preferably from
1.1 nm to 40 nm, and more preferably from 1.1 nm to 3.3 nm. The inner diameter DE of the enlarged pore portion 12
depends on, for example, a fine pore diameter of the precursor material (A) described below and the mean particle size
Dc of the catalytic substance 20 to be embedded. The inner diameter DE of the enlarged pore portion 12 is sized so that
the catalytic substance 20 can be embedded.
[0027] The support 10 is constituted of a zeolite-type compound. Examples of zeolite-type compounds include zeolite
analog compounds such as zeolites (aluminosilicates), cation exchanged zeolites, silicate compounds such as silicalite,
aluminoborate salts, aluminoarsenate salts, and germanate salts, and phosphate-based zeolite analogous substances
such as molybdenum phosphate. Among these, the zeolite-type compound is preferably a silicate compound.
[0028] The framework of the zeolite-type compound is selected from FAU type (Y type or X type), MTW type, MFI
type (ZSM-5), FER type (ferrierite), LTA type (A type), MWW type (MCM-22), MOR type (mordenite), LTL type (L type),
BEA type (beta type) and the like, and preferably is MFI type, and more preferably ZSM-5. A plurality of pores having a
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pore diameter corresponding to each framework are formed in the zeolite-type compound, and the maximum pore
diameter of MFI type is 0.636 nm (6.36 Å) and the average pore diameter is 0.560 nm (5.60 Å), for example.
[0029] The catalytic substance 20 will be described in detail below.
[0030] The catalytic substance 20 is metal nanoparticles. There are cases where the metal nanoparticles 20 are
primary particles and where the metal nanoparticles 20 are secondary particles formed by aggregation of primary particles,
but the mean particle size Dc of the metal nanoparticles 20 is preferably larger than the average inner diameter DF of
the channels 11 and is less than or equal to the inner diameter DE of the enlarged pore portion 12 (DF < DC ≤ DE). Such
metal nanoparticles 20 are suitably embedded in the enlarged pore portion 12 within the channels 11, and the movement
of the metal nanoparticles 20 within the support 10 is restricted. Thus, even when the metal nanoparticles 20 receives
external force from the fluid, the movement of the metal nanoparticles 20 within the support 10 is restricted, and it is
possible to effectively prevent the metal nanoparticles 20, 20, ... embedded in each of the enlarged pore portions 12,
12, ... arranged dispersively in the channels 11 of the support 10 from coming into contact with each other.
[0031] In addition, the mean particle size DC of the metal nanoparticles 20 is preferably from 0.08 nm to 30 nm, more
preferably 0.08 nm or larger and less than 25 nm, even more preferably from 0.5 nm to 11.0 nm, and particularly preferably
from 0.8 nm to 2.7 nm for both primary particles and secondary particles. Furthermore, the ratio (DC/DF) of the mean
particle size DC of the metal nanoparticles 20 to the average inner diameter DF of the channel 11 is preferably from 0.05
to 300, more preferably from 0.1 to 30, even more preferably from 1.1 to 30, and particularly preferably from 1.4 to 3.6.
[0032] In addition, the metal element (M) of metal nanoparticle of the catalytic substance 20 is preferably contained
in an amount from 0.5 to 2.5 mass% based on the structured catalyst 1, and more preferably from 0.5 to 1.5 mass%
based on the structured catalyst 1. For example, when the metal element (M) is Ni, the content of Ni element (mass%)
is expressed as (mass of Ni element)/(mass of all elements of structured catalyst 1) 3 100.
[0033] The metal nanoparticle may be constituted of a metal that is not oxidized, and may be constituted of a single
metal or a mixture of two or more types of metals, for example. Note that in the present specification, the "metal" (as a
material) constituting the metal nanoparticles includes an elemental metal containing one type of metal element (M) and
a metal alloy containing two or more types of metal elements (M), and the term is a generic term for a metal containing
one or more types of metal elements.
[0034] Examples of such metals include platinum (Pt), palladium (Pd), ruthenium (Ru), nickel (Ni), cobalt (Co), mo-
lybdenum (Mo), tungsten (W), iron (Fe), chromium (Cr), cerium (Ce), copper (Cu), magnesium (Mg), aluminum (Al), and
zinc (Zn). It is preferable to mainly contain any one or more types of metals described above. In particular, the metal
nanoparticles are preferably nanoparticles composed of ruthenium, iron, cerium, aluminum, nickel, copper, and zinc.
[0035] Furthermore, the ratio of silicon (Si) constituting the support 10 to the metal element (M) constituting the metal
nanoparticles 20 (the ratio of number of atoms Si/M) is preferably from 10 to 1000, and more preferably from 50 to 200.
If the ratio is greater than 1000, the action as the catalytic substance may not be sufficiently achieved, for example, low
activity. On the other hand, if the ratio is smaller than 10, the proportion of metal nanoparticles 20 becomes too large,
and the strength of the support 10 tends to deteriorate. The metal nanoparticles 20 referred herein are nanoparticles
which are held or supported in the interior of the support 10, and do not include metal nanoparticles attached to the outer
surface of the support 10.

Function of Structured Catalyst

[0036] The structured catalyst 1 includes the support 10 having a porous structure and at least one catalytic substance
20 present inside the support, as described above. The structured catalyst 1 exhibits catalytic ability based on a function
of the catalytic substance 20 when the catalytic substance 20 present inside the support contacts the fluid. In particular,
the fluid in contact with an outer surface 10a of the structured catalyst 1 flows into the interior of the support 10 through
the pore 11a formed in the outer surface 10a and is guided into the channel 11, then travels through the channel 11,
and exits from the structured catalyst 1 through another pore 11a. In a pathway where the fluid travels through the
channel 11, the fluid comes into contact with the catalytic substance 20 present in the channel 11, and thus a catalytic
reaction by the catalytic substance 20 occurs. In addition, the structured catalyst 1 has molecular sieving ability due to
the support having a porous structure.
[0037] First, a case in which the fluid is gas containing ammonia is described as an example using FIG. 2A for the
molecular sieving ability of the structured catalyst 1. Note that "gas containing ammonia" refers to mixed gas containing
ammonia and gas other than ammonia.
[0038] As illustrated in FIG. 2A, a compound (e.g., ammonia) constituted of molecules having a size that is less than
or equal to the pore diameter of the pore 11a, in other words, less than or equal to the inner diameter of the channel 11,
can flow into the support 10. On the other hand, a component 15 constituted of molecules having a size exceeding the
pore diameter of the pore 11a cannot flow into the support 10. In this way, when the fluid contains a plurality of types of
compounds, the reaction of compounds that cannot flow into the support 10 can be restricted and the reaction of
compounds capable of flowing into the support 10 can be carried out. In the present embodiment, a decomposition
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reaction of ammonia proceeds. As a result, synthetic gas containing nitrogen and hydrogen is obtained as a reaction
product of the decomposition reaction of ammonia.
[0039] In the structured catalyst 1, as illustrated in FIG. 2B, the catalytic substance 20 is embedded in the enlarged
pore portion 12 of the channel 11. When the mean particle size DC of the catalytic substances 20 (metal nanoparticles)
is larger than the average inner diameter DF of the channels 11 and smaller than the inner diameter DE of the enlarged
pore portion 12 (DF < DC < DE), a small channel 13 is formed between the metal nanoparticles and the enlarged pore
portion 12. Thus, as indicated by arrows in FIG. 2B, the fluid entering the small channel 13 comes into contact with the
catalytic substance 20. Since the catalytic substances 20 are embedded in the respective enlarged pore portions 12,
the movement within the support 10 is restricted. Thus, aggregation of the catalytic substances 20 in the support 10 is
prevented. As a result, a large contact surface area between the catalytic substance 20 and the fluid can be stably
maintained.
[0040] In the present embodiment, use of the structured catalyst 1 enables to efficiently generate hydrogen by using
ammonia as a raw material. This catalytic reaction is carried out at an elevated temperature of, for example, 800°C or
higher, but the catalytic substance 20 is hardly affected by heating as the catalytic substance 20 is present inside the
support 10. As a result, the deterioration in catalytic activity is suppressed, and the life time of the structured catalyst 1
can be extended.

Method for Manufacturing Structured Catalyst

[0041] FIG. 3 is a flowchart illustrating an example of a method for manufacturing the structured catalyst 1 of FIG. 1.
An example of the method for manufacturing the structured catalyst will be described below.

Step S1: Preparation Step

[0042] As illustrated in FIG. 3, a precursor material (A) for obtaining the support having a porous structure constituted
of the zeolite-type compound is first prepared. The precursor material (A) is preferably a regular mesopore material, and
can be appropriately selected according to the type (composition) of the zeolite-type compound constituting the support
of the structured catalyst.
[0043] Here, when the zeolite-type compound constituting the support of the structured catalyst is a silicate compound,
the regular mesopore material is preferably a compound composed of a Si-O skeletal structure in which a fine pore
having a fine pore diameter from 1 nm to 50 nm is uniformly sized and regularly developed one-dimensionally, two-
dimensionally, or three-dimensionally. Such a regular mesopore material is obtained as a variety of synthetic materials
depending on the synthetic conditions. Specific examples thereof include SBA-1, SBA-15, SBA-16, KIT-6, FSM-16,
MCM-41, and the like, and among them, MCM-41 is preferable. Note that the fine pore diameter of SBA-1 is from 10
nm to 30 nm, the fine pore diameter of SBA-15 is from 6 nm to 10 nm, the fine pore diameter of SBA-16 is 6 nm, the
fine pore diameter of KIT-6 is 9 nm, the fine pore diameter of FSM-16 is from 3 nm to 5 nm, and the fine pore diameter
of MCM-41 is from 1 nm to 10 nm. Examples of such a regular mesopore material include mesoporous silica, mesoporous
aluminosilicate, and mesoporous metallosilicate.
[0044] The precursor material (A) may be a commercially available product or a synthetic product. When the precursor
material (A) is synthesized, it can be synthesized by a known method for synthesizing a regular mesopore material. For
example, a mixed solution including a raw material containing the constituent elements of the precursor material (A) and
a molding agent for directing the structure of the precursor material (A) is prepared, and the pH is adjusted as necessary
to perform hydrothermal treatment (hydrothermal synthesis). Thereafter, the precipitate (product) obtained by the hy-
drothermal treatment is collected (e.g., filtered), washed and dried as necessary, and then sintered to obtain a precursor
material (A) which is a powdery regular mesopore material. Here, examples of the solvent of the mixed solution that can
be used include water, an organic solvent such as alcohol, or a mixed solvent thereof. In addition, the raw material is
selected depending on the type of the support, and examples thereof include silica agents such as tetraethoxysilane
(TEOS), fumed silica, and quartz sand. In addition, various types of surfactants, block copolymers, and the like can be
used as the molding agent, and it is preferably selected depending on the type of the synthetic materials of the regular
mesopore material. For example, a surfactant such as hexadecyl trimethyl ammonium bromide is preferable for producing
MCM-41. The hydrothermal treatment can be performed at 0 to 2000 kPa at 80 to 800°C for 5 hours to 240 hours in a
closed vessel, for example. The calcination treatment can be performed in air, at 350 to 850°C for 2 to 30 hours, for
example.

Step S2: Impregnating Step

[0045] The prepared precursor material (A) is then impregnated with the metal containing solution to obtain a precursor
material (B).



EP 3 632 543 A1

8

5

10

15

20

25

30

35

40

45

50

55

[0046] The metal containing solution may be a solution containing a metal component (e.g., metal ions) corresponding
to the metal element (M) constituting the metal nanoparticles of the structured catalyst, and can be prepared, for example,
by dissolving a metal salt containing a metal element (M) in a solvent. Examples of such metal salts include chloride
salts, hydroxides, oxides, sulfates, and nitrates. Among these, nitrates are preferable. Examples of the solvent that can
be used include water, an organic solvent such as alcohol, or a mixed solvent thereof.
[0047] The method for impregnating the precursor material (A) with the metal containing solution is not particularly
limited; however, for example, the metal containing solution is preferably added little by little in multiple portions while
mixing the powdery precursor material (A) before the calcination step described below. In addition, the surfactant is
preferably added to the precursor material (A) as the additive before adding the metal containing solution from the
perspective of allowing the metal containing solution to enter into the fine pores of the precursor material (A) more easily.
It is believed that such additives serve to cover the outer surface of the precursor material (A) and inhibit the subsequently
added metal containing solution from attaching to the outer surface of the precursor material (A), making it easier for
the metal containing solution to enter into the fine pores of the precursor material (A).
[0048] Examples of such additives include non-ionic surfactants such as polyoxyethylene alkyl ether such as polyox-
yethylene oleyl ether, and polyoxyethylene alkylphenyl ether. It is believed that these surfactants do not attach to the
interior of the fine pores because the molecular size of these surfactants is too large to enter into the fine pores of the
precursor material (A), and thus will not prevent the metal containing solution from entering into the interior of fine pores.
As the method for adding the non-ionic surfactant, for example, it is preferable to add from 50 to 500 mass% of the non-
ionic surfactant to the precursor material (A) before the calcination step described below. When the added amount of
the non-ionic surfactant to the precursor material (A) is less than 50 mass%, the aforementioned suppressing action will
not easily occur, and when more than 500 mass% of the non-ionic surfactant is added to the precursor material (A), the
viscosity is too high, which is not preferable. Thus, the added amount of the non-ionic surfactant to the precursor material
(A) is a value within the range described above.
[0049] Furthermore, the added amount of the metal containing solution added to the precursor material (A) is preferably
adjusted as appropriate in consideration of the amount of the metal element (M) contained in the metal containing solution
with which the precursor material (A) is impregnated (that is, the amount of the metal element (M) to be present inside
the precursor material (B)). For example, before the calcination step described below, the added amount of the metal
containing solution added to the precursor material (A), in terms of a ratio of silicon (Si) constituting the precursor material
(A) to the metal element (M) contained in the metal containing solution added to the precursor material (A) (the ratio of
number of atoms Si/M), is preferably adjusted to from 10 to 1000, and more preferably from 50 to 200. For example, if
the surfactant is added to the precursor material (A) as the additive before adding the metal containing solution to the
precursor material (A), and when the added amount of the metal containing solution added to the precursor material
(A), in terms of the ratio of number of atoms Si/M, is set to be from 50 to 200, from 0.5 to 2.5 mass% of the metal element
(M) of the metal nanoparticles can be contained based on the structured catalyst. In the state of the precursor material
(B), the amount of the metal element (M) present within the fine pores is generally proportional to the added amount of
the metal containing solution added to the precursor material (A) if the metal concentration of the metal containing
solution, the presence or absence of additives, and other conditions such as temperature, pressure, and the like are the
same. The amount of metal element (M) present inside the precursor material (B) is also in a proportional relationship
to the amount of metal element constituting the metal nanoparticles present inside the support of the structured catalyst.
Thus, by controlling the added amount of the metal containing solution added to the precursor material (A) within the
range described above, the metal containing solution can be sufficiently impregnated into the fine pores of the precursor
material (A), and thus the amount of metal nanoparticles to be present inside the support of the structured catalyst can
be adjusted.
[0050] After impregnating the precursor material (A) with the metal containing solution, a washing treatment may be
performed as necessary. Examples of washing solution that can be used include water, an organic solvent such as
alcohol, or a mixed solvent thereof. Furthermore, it is preferable that after the precursor material (A) is impregnated with
the metal containing solution and subjected to the washing treatment as necessary, the precursor material (A) is further
subjected to the drying treatment. Drying treatments include overnight natural drying and drying at elevated temperature
of 150°C or lower. Note that when calcination treatment described below is performed in the state in which a large
amount of moisture contained in the metal containing solution or moisture of the wash solution remains in the precursor
material (A), the skeletal structure of the precursor material (A) as the regular mesopore material may be broken, and
thus it is preferable to dry the precursor material (A) sufficiently.

Step S3: Calcination Step

[0051] Next, a precursor material (C) is produced by calcinating the precursor material (B) obtained by impregnating,
with the metal containing solution, the precursor material (A) for obtaining the support having a porous structure constituted
of the zeolite-type compound.
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[0052] The calcination treatment is preferably performed in air, at 350 to 850°C for 2 to 30 hours, for example. The
metal component impregnated into the pores of the regular mesopore material undergoes crystal growth by such a
calcination treatment, and metal nanoparticles are formed in the pores.

Step S4: Hydrothermal Treatment Step

[0053] A mixed solution of the precursor material (C) and the structure directing agent is then prepared, and the
precursor material (C) obtained by calcinating the precursor material (B) is hydrothermally treated to obtain a structured
catalyst.
[0054] The structure directing agent is a molding agent for directing the skeletal structure of the support of the structured
catalyst, and the surfactant can be used, for example. The structure directing agent is preferably selected depending
on the skeletal structure of the support of the structured catalyst, and for example, surfactants such as tetramethylam-
monium bromide (TMABr), tetraethylammonium bromide (TEABr), and tetrapropylammonium bromide (TPABr) are suit-
able.
[0055] The mixing of the precursor material (C) and the structure directing agent may be performed during the hydro-
thermal treatment step or may be performed before the hydrothermal treatment step. Furthermore, the method for
preparing the mixed solution is not particularly limited, and the precursor material (C), the structure directing agent, and
the solvent may be mixed simultaneously, or the precursor material (C) and the structure directing agent may each be
dispersed in the solvents and then these dispersions may be mixed. Examples of the solvent that can be used include
water, an organic solvent such as alcohols, or a mixed solvent thereof. In addition, it is preferable that the pH of the
mixed solution is adjusted using an acid or a base before performing the hydrothermal treatment.
[0056] The hydrothermal treatment can be performed by a known method, and is preferably performed at 0 to 2000
kPa at 80 to 800°C for 5 hours to 240 hours in a closed vessel, for example. Furthermore, the hydrothermal treatment
is preferably performed under a basic condition.
[0057] Although the reaction mechanism here is not necessarily clear, by performing hydrothermal treatment using
the precursor material (C) as a raw material, the skeletal structure of the precursor material (C) as the regular mesopore
material becomes increasingly disrupted. However, under the action of the structure directing agent, a new skeletal
structure (porous structure) is formed as the support of the structured catalyst while roughly maintaining the position of
the metal nanoparticles within the fine pores of the precursor material (C). The structured catalyst obtained in this way
includes the support having a porous structure and metal nanoparticles present inside the support, and the support
includes a channel in which a plurality of pores connect with each other due to the porous structure, and at least a portion
of the metal nanoparticles are present in the channel of the support.
[0058] Furthermore, in the present embodiment, in the hydrothermal treatment step, a mixed solution in which the
precursor material (C) and the structure directing agent are mixed is prepared, and the precursor material (C) is subjected
to hydrothermal treatment; however, the embodiment is not limited thereto. The precursor material (C) may be subjected
to the hydrothermal treatment without mixing the precursor material (C) and the structure directing agent.
[0059] The precipitate (structured catalyst) obtained after the hydrothermal treatment is preferably washed, dried, and
sintered as necessary after collection (e.g., filtration). Examples of wash solution that can be used include water, an
organic solvent such as alcohol, or a mixed solvent thereof. Drying treatments include overnight natural drying and drying
at elevated temperature of 150°C or lower. Note that when calcination treatment is performed in the state in which there
is a large amount of moisture remaining in the precipitate, the skeletal structure of the structured catalyst as the support
may be broken, and thus it is preferable to dry the precipitate sufficiently. In addition, the calcination treatment can be
performed in air, at 350 to 850°C for 2 to 30 hours, for example. During the calcination treatment, the structure directing
agent attached to the structured catalyst is burned and removed. Furthermore, the structured catalyst can be used as-
is without calcinating the collected precipitate, depending on the intended use. For example, in a case where the envi-
ronment in which the structured catalyst is used is an elevated temperature environment of an oxidizing atmosphere,
exposing the structured catalyst to a usage environment for a certain period of time allows the structure directing agent
to be burned and removed and, as a result, a structured catalyst similar to that when subjected to calcination treatment
can be produced. Thus, the obtained structured catalyst can be used as-is.
[0060] The manufacturing method described above is an example in which the metal element (M) contained in the
metal containing solution to be impregnated into the precursor material (A) is a metal species that is hardly oxidized
(e.g., a precious metal).
[0061] When the metal element (M) contained in the metal containing solution to be impregnated into the precursor
material (A) is a metal species that is easily oxidized (e.g., Fe, Ni, and the like), a reduction treatment is preferably
performed after the hydrothermal treatment (Step S5: Reduction Treatment Step). When the metal element (M) contained
in the metal containing solution is a metal species that is easily oxidized, the metal component is oxidized by the heat
treatment in the step (Steps S3 and S4) after the impregnating treatment (Step S2). Therefore, metal oxide nanoparticles
are present inside the support formed in the hydrothermal treatment step (Step S4). Thus, to obtain a structured catalyst
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in which metal nanoparticles are present inside the support, it is desirable to subject the collected precipitate to calcination
treatment after the hydrothermal treatment, and then to reduction treatment in a reducing gas atmosphere such as
hydrogen gas. By performing the reduction treatment, the metal oxide nanoparticles present inside the support are
reduced, and metal nanoparticles corresponding to the metal element (M) constituting the metal oxide nanoparticles are
formed. As a result, a structured catalyst in which metal nanoparticles are present inside a support is obtained. Note
that such reduction treatment may be performed as necessary, and when the environment in which the structured catalyst
is used is a reducing atmosphere, for example, the metal oxide nanoparticles are reduced by exposure to the usage
environment for a certain period of time. In this case, a structured catalyst similar to that when subjected to the reduction
treatment is obtained, and thus the structured catalyst can be used as-is in a state in which the oxide nanoparticles are
present inside the support.

Variation of Structured Catalyst 1

[0062] FIG. 4 is a schematic view illustrating a variation of the structured catalyst 1 of FIG. 1.
[0063] Although the structured catalyst 1 of FIG. 1 illustrates the case in which the structured catalyst 1 includes the
support 10 and the catalytic substance 20 present inside the support 10, the configuration thereof is not limited thereto.
For example, as illustrated in FIG. 4, a structured catalyst 2 may further include at least one other catalytic substance
30 held on the outer surface 10a of the support 10.
[0064] This catalytic substance 30 is a substance that exhibits one or a plurality of catalytic abilities. The catalytic
ability of the other catalytic substance 30 may be the same as or different from the catalytic ability of the catalytic
substance 20. When both of the catalytic substances 20 and 30 are substances having the same catalytic ability, the
material of the other catalytic substance 30 may be the same as or different from the material of the catalytic substance
20. With this configuration, the content of catalytic substances held in the structured catalyst 2 can be increased, and
the catalytic activity of the catalytic substance can be further promoted.
[0065] In this case, the content of the catalytic substance 20 present inside the support 10 is preferably greater than
the content of the at least one other catalytic substance 30 held on the outer surface 10a of the support 10. As a result,
the catalytic ability of the catalytic substance 20 held in the interior of the support 10 becomes dominant, and the catalytic
ability of the catalytic substances is stably exhibited.
[0066] The structured catalyst according to an embodiment of the present invention has been described above, but
the present invention is not limited to the above embodiments, and various modifications and changes are possible
based on the technical concept of the present invention.
[0067] For example, a manufacturing apparatus including the above-described structured catalyst may be provided.
Specific examples of the manufacturing apparatus include fuel cells, and fuel cells for automobiles are particularly
suitable. By using the structured catalyst in a catalytic reaction using such a manufacturing apparatus, similar effects to
that described above can be achieved.

Examples

Examples 1 to 384

Synthesis of Precursor Material (A)

[0068] A mixed aqueous solution was prepared by mixing a silica agent (tetraethoxysilane (TEOS), available from
Wako Pure Chemical Industries, Ltd.) and a surfactant as the molding agent. After pH adjustment was performed as
appropriate, hydrothermal treatment was performed at 80 to 350°C for 100 hours in a closed vessel. Thereafter, the
produced precipitate was filtered out, washed with water and ethanol, and then sintered in air at 600°C for 24 hours. As
a result, the precursor material (A) of the type and having the pore diameter shown in Tables 1 to 8 was obtained. Note
that the following surfactants were used depending on the type of the precursor material (A) ("Type of Precursor Material
(A): Surfactant").

• MCM-41: Hexadecyltrimethylammonium bromide (CTAB) (available from Wako Pure Chemical Industries, Ltd.)
• SBA-1: Pluronic P123 (available from BASF)

Fabrication of Precursor Materials (B) and (C)

[0069] Next, for each of metal elements (M) constituting metal nanoparticles of the types shown in Tables 1 to 8, metal
containing aqueous solution was prepared by dissolving a metal salt containing the metal element (M) in water. Note
that the following metal salts were used depending on the type of metal nanoparticles ("Metal Nanoparticles: Metal Salt").
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• Co: cobalt (II) nitrate hexahydrate (available from Wako Pure Chemical Industries, Ltd.)
• Ni: nickel (II) nitrate hexahydrate (available from Wako Pure Chemical Industries, Ltd.)
• Fe: iron (III) nitrate nonahydrate (available from Wako Pure Chemical Industries, Ltd.)
• Ru: ruthenium (III) chloride n-hydrate (available from Wako Pure Chemical Industries, Ltd.)

[0070] Next, a metal containing solution was added to the powdery precursor material (A) little by little in multiple
portions, and dried at room temperature (20°C 6 10°C) for 12 hours or longer to produce the precursor material (B).
[0071] Note that when the presence or absence of additives shown in Tables 1 to 8 is "Yes", pretreatment was performed
in which an aqueous solution of polyoxyethylene (15) oleyl ether (NIKKOL BO-15 V, available from Nikko Chemicals
Co., Ltd.) is added as the additive to the precursor material (A) before adding the metal containing aqueous solution,
and then the metal containing aqueous solution was added as described above. Note that when the presence or absence
of additives is "No", pretreatment with the additive described above was not performed.
[0072] Furthermore, the added amount of the metal containing aqueous solution added to the precursor material (A),
in terms of a ratio of silicon (Si) constituting the precursor material (A) to a metal element (M) contained in the metal
containing aqueous solution (a ratio of number of atoms Si/M), was adjusted to be values shown in Tables 1 to 8.
[0073] Next, the precursor material (B) impregnated with the metal containing aqueous solution obtained as described
above was sintered in air at 600°C for 24 hours and the precursor material (C) was produced.
[0074] The precursor material (C) obtained as described above and the structure directing agent shown in Tables 1
to 8 were mixed to produce a mixed aqueous solution, then the hydrothermal treatment was performed thereon under
the conditions of at 80 to 350°C, at pH and time shown in Tables 1 to 8 in a closed vessel. Thereafter, the produced
precipitate was filtered off, washed with water, dried at 100°C for 12 hours or longer, and then sintered in air at 600°C
for 24 hours. The sintered product was then collected and subjected to the reduction treatment under the inflow of
hydrogen gas at 400°C for 350 minutes and structured catalysts including the support and metal nanoparticles as a
catalytic substance shown in Tables 1 to 8 were produced (Examples 1 to 384).

Comparative Example 1

[0075] In Comparative Example 1, cobalt (II, III) oxide powder having a mean particle size of 50 nm or less (available
from Sigma-Aldrich Japan LLC) was mixed with MFI type silicalite to obtain a functional structural body in which cobalt
oxide nanoparticles were attached as the functional substance to the outer surface of the silicalite as the skeletal body.
MFI type silicalite was synthesized in the similar manner to Examples 52 to 57 except for a step of adding a metal.

Comparative Example 2

[0076] In Comparative Example 2, MFI type silicalite was synthesized in the similar manner to Comparative Example
1 except that the step of attaching the cobalt oxide nanoparticles was omitted.

Evaluation

[0077] Various characteristic evaluations were performed under the conditions described below on the structured
catalysts of Examples and Comparative Examples including the support and the catalytic substance, as well as the
support itself of a reference example.

A. Cross sectional observation

[0078] Samples for observation were produced using a pulverization method for the structured catalysts of Examples
and Comparative Examples including the support and the catalytic substance, as well as the support itself of a reference
example, and cross sectional observation was performed using a transmission electron microscope (TEM) (TITAN G2,
available from FEI).
[0079] As a result, it was confirmed that, in the structured catalysts of Examples, the catalytic substance was present
and held in the interior of the support constituted of silicalite. On the other hand, in the structured catalysts of Comparative
Examples, the catalytic substance was only attached to the outer surface of the support and was not present in the
interior of the support.
[0080] In addition, of the Examples described above, the structured catalyst in which the metal is Fe was cut by focused
ion beam (FIB) processing to expose a cross section, and cross-sectional elemental analysis was performed using SEM
(SU8020, available from Hitachi High-Technologies Corporation) and EDX (X-Max, available from Horiba, Ltd.). As a
result, element Fe was detected from the interior of the skeletal body.
[0081] It was confirmed that Fe nanoparticles were present in the interior of the support from the results of the cross
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sectional observation using TEM and SEM/EDX.
[0082] In addition, small angle X-ray scattering (SAXS) analysis was performed to reveal the mean particle size and
dispersion state of the catalytic substance. The SAXS measurement was performed using a Spring-8 beam line BL19B2.
The obtained SAXS data was fitted with a spherical model using the Guinier approximation, and the particle size was
calculated. The particle size was measured for the structured catalyst in which the metal is Fe nanoparticles. Furthermore,
as a comparative reference, a commercially available Fe2O3 nanoparticles (available from Wako) was observed and
measured on SEM.
[0083] As a result, in a commercially available product, various sizes of Fe2O3 nanoparticles in a range of particle
sizes of approximately 50 nm to 400 nm were randomly present, whereas in the structured catalysts of each Example
having a mean particle size from 1.2 nm to 2.0 nm determined from the TEM image, scattering peaks with particle sizes
of 10 nm or less were detected even in the measurement results of SAXS. From the results of SAXS measurement and
the SEM/EDX cross sectional measurement, it was found that catalytic substances having a particle size of 10 nm or
less were present in the interior of the support in a highly dispersed state and the catalytic substances are uniform in
particle size.

B. Relationship between added amount of metal containing solution and amount of metal embedded in interior of skeletal 
body

[0084] A structured catalyst in which metal nanoparticles were embedded in the interior of the support at added amount
in terms of the ratio of number of atoms Si/M = 50, 100, 200, 1000 (M = Ni, Fe, Ru) was produced, and then the amount
of metal (mass%) embedded in the interior of the support of the structured catalyst produced at the above added amount
was measured. Note that in the present measurement, functional structural bodies having the ratio of number of atoms
Si/M = 100, 200, 1000 were respectively produced by adjusting the added amount of the metal containing solution in a
similar manner to the structured catalysts having the ratio of number of atoms Si/M = 100, 200, 1000 of Examples 1 to
384, and a structured catalyst having the ratio of number of atoms Si/M = 50 was produced in a similar manner to the
structured catalysts having the ratio of number of atoms Si/M = 100, 200, 1000 except that the added amount of the
metal containing solution was changed.
[0085] The metal was quantified by high-frequency inductively coupled plasma (ICP) alone or in combination with ICP
and X-ray fluorescence analysis (XRF). XRF (energy dispersive X-ray fluorescence analyzer "SEA1200VX", available
from SSI Nanotechnology) was performed under conditions of a vacuum atmosphere, an accelerating voltage of 15 kV
(using a Cr filter), or an accelerating voltage of 50 kV (using a Pb filter).
[0086] XRF is a method for calculating the amount of metal present based on fluorescence intensity, and XRF alone
cannot calculate a quantitative value (in terms of mass%). Therefore, the metal content of the structured catalyst to
which the metal was added at Si/M = 100 was determined by ICP analysis, and the metal content of the structured
catalyst to which the metal was added at Si/M = 50 and less than 100 was calculated based on XRF measurement
results and ICP measurement results.
[0087] As a result, it was confirmed that the amount of metal embedded in the structure increased as the added amount
of the metal containing solution increased, at least within a range that the ratio of numbers of atom Si/M was from 50 to
1000.

C. Average inner diameter of channel of support and mean particle size of catalytic substance

[0088] In the TEM image taken in the cross sectional observation performed in evaluation A above, 500 channels of
the support were randomly selected, and the respective major diameters and minor diameters were measured, and the
respective inner diameters were calculated from the average values (N = 500), and then the average value of the inner
diameters was determined as the average inner diameter DF of the channel of the support. Also for the catalytic sub-
stances, 500 sections of catalytic substance were randomly selected from the TEM image, and the respective particle
sizes were measured (N = 500), and the average value thereof was determined as the mean particle size DC of the
catalytic substance. The results are shown in Tables 1 to 8.

D. Performance evaluation

[0089] The catalytic ability of the catalytic substance was evaluated for the structured catalysts of Examples and
Comparative Examples including the support and the catalytic substance. The results are shown in Tables 1 to 8.

1. Catalytic activity

[0090] The catalytic activity was evaluated under the following conditions.
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[0091] First, 100 mg of the structured catalyst was filled in an atmospheric pressure flow type reactor, and an ammonia
decomposition reaction was performed by supplying ammonia gas having a volume fraction of ammonia of 100% to the
structured catalyst at 50 mL/min, at 700°C for 2 hours.
[0092] After completion of the reaction, composition analysis for the collected generated gas was performed by using
gas chromatography mass spectrometry (GC/MS). Note that TRACE 1310GC (available from Thermo Fischer Scientific
K.K., detector: thermal conductivity detector) was used as the analysis apparatus for the generated gas.
[0093] Based on the results of the above composition analysis, NH3 conversion ratio (%) was calculated. Note that
the NH3 conversion ratio was calculated using the following equation (1). 

[0094] Note that in Equation (1) above, PNH3 represents ammonia partial pressure before reaction, and P’NH3 represents
ammonia partial pressure after reaction.
[0095] In the examples, the catalytic activity is determined based on the ammonia conversion ratio. When the NH3
conversion ratio is 80% or greater, it is determined that catalytic activity (decomposition ability) is excellent, and considered
as "A". When it is 65% or higher and less than 80%, it is determined that catalytic activity is good, and considered as
"B". When it is 50% or higher and less than 65%, it is determined that catalytic activity is not good, but is in a pass level
(acceptable), and considered as "C". When it is less than 50%, it is determined that catalytic activity is poor (not pass),
and considered as "D".

2. Durability (life time)

[0096] The durability was evaluated under the following conditions.
[0097] First, the structured catalyst used in evaluation (1) was recovered and heated at 650°C for 12 hours to produce
a structured catalyst after heating. Next, the ammonia decomposition reaction was performed in a similar manner to that
performed in evaluation (1) using the obtained structured catalyst after heating, and then, composition analysis of the
generated gas was performed in a similar manner to that performed in evaluation (1).
[0098] Based on the obtained analytical results, the NH3 conversion ratio (%) was determined in a similar manner to
evaluation (1). Furthermore, comparison of degrees of maintaining of the NH3 conversion ratio was performed by com-
paring the NH3 conversion ratio of the structured catalyst after heating with the NH3 conversion ratio of the structured
catalyst before heating (NH3 conversion ratio determined in evaluation (1)). Specifically, the percentage (%) of the NH3
conversion ratio of the structured catalyst after heating (NH3 conversion ratio determined in evaluation (2)) to the NH3
conversion ratio of the structured catalyst before heating (NH3 conversion ratio determined in evaluation (1)) was cal-
culated.
[0099] In the examples, when NH3 conversion ratio of the structured catalyst after heating (NH3 conversion ratio
determined in evaluation (2)) is maintained at least 80% compared to the NH3 conversion ratio of the structured catalyst
before heating (NH3 conversion ratio determined in evaluation (1)), it is determined that durability (heat resistance) is
excellent, and considered as "A". When it is maintained 60% or more and less than 80%, it is determined that durability
(heat resistance) is good, and considered as "B". When it is maintained 40% or more and less than 60%, it is determined
that durability (heat resistance) is not good, but is in a pass level (acceptable), and considered as "C". When it is reduced
below 40%, it is determined that durability (heat resistance) is poor (not pass), and considered as "D".
[0100] Performance evaluations similar to evaluations (1) and (2) were also performed on Comparative Examples 1
and 2. Note that Comparative Example 2 contains the support only, and do not contain the catalytic substance. Therefore,
in the performance evaluation described above, only the support of Comparative Example 2 was charged in place of
the structured catalyst. The results are shown in Table 8.
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[0101] As can be seen from Tables 1 to 8, the structured catalysts (Examples 1 to 384), which were confirmed by
cross sectional observation to hold the catalytic substance in the interior of the support, was found to exhibit excellent
catalytic activity and excellent durability as a catalyst in the ammonia decomposition reaction when compared to the
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structured catalyst in which the catalytic substance is simply attached to the outer surface of the support (Comparative
Example 1) or the skeletal body itself without any functional substances (Comparative Example 2).
[0102] On the other hand, the support itself without any catalytic substances in Comparative Example 2 exhibited little
catalytic activity in the ammonia decomposition reaction, and was inferior to the structured catalysts of Examples 1 to
384 in both the catalytic activity and the durability.
[0103] Furthermore, the structured catalyst of Comparative Example 1 in which the catalytic substance was attached
only to the outer surface of the support showed improvement in the catalytic activity in the ammonia decomposition
reaction when compared to the support itself without any catalytic substances in Comparative Example 2, but exhibited
inferior durability as a catalyst when compared to the structured catalysts of Examples 1 to 384.

Other Embodiments

[0104]

(1) A method for decomposing ammonia using a catalyst, wherein the catalyst includes a structured catalyst for
ammonia decomposition , the structured catalyst for ammonia decomposition includes a support having a porous
structure constituted of a zeolite-type compound and metal nanoparticles present inside the support, the support
including channels connecting with each other, and the metal nanoparticles being held at least in an enlarged pore
portion of the channels of the support.
(2) The method for decomposing ammonia, wherein ammonia is decomposed by supplying it to the structured
catalyst for ammonia decomposition according to the above-described embodiment.
(3) A fuel cell system configured to perform decomposition treatment by supplying ammonia to a fuel cell including
the structured catalyst for ammonia decomposition described in the above-described embodiment.

Reference Signs List

[0105]

1 Structured catalyst
10 Support
10a Outer surface
11 Channel
11a Pore
12 Enlarged pore portion
20 Catalytic substance
30 Catalytic substance
DC Mean particle size
DF Average inner diameter
DE Inner diameter

Claims

1. A structured catalyst for ammonia decomposition used for decomposing ammonia to generate hydrogen, comprising:

a support having a porous structure constituted of a zeolite-type compound; and
at least one catalytic substance present inside the support, wherein
the support includes channels connecting with each other, and
the catalytic substance is metal nanoparticles and present at least in the channels of the support.

2. The structured catalyst for ammonia decomposition according to claim 1, wherein
the channels include an enlarged pore portion, and
the catalytic substance is present at least in the enlarged pore portion.

3. The structured catalyst for ammonia decomposition according to claim 2, wherein
the enlarged pore portion causes a plurality of pores constituting any one of the one-dimensional pore, the two-
dimensional pore, and the three-dimensional pore to connect with each other.
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4. The structured catalyst for ammonia decomposition according to any one of claims 1 to 3, wherein
the metal nanoparticle is constituted of at least one of ruthenium, iron, cerium, aluminum, nickel, copper, or zinc.

5. The structured catalyst for ammonia decomposition according to any one of claims 1 to 4, wherein
a mean particle size of the metal nanoparticles is greater than an average inner diameter of the channels and is
less than or equal to an inner diameter of the enlarged pore portion.

6. The structured catalyst for ammonia decomposition according to any one of claims 1 to 5, wherein
a metal element (M) of the metal nanoparticles is contained in an amount from 0.5 to 2.5 mass% based on the
structured catalyst.

7. The structured catalyst for ammonia decomposition according to any one of claims 1 to 6, wherein
the mean particle size of the metal nanoparticles is from 0.08 nm to 30 nm.

8. The structured catalyst for ammonia decomposition according to claim 7, wherein
the mean particle size of the metal nanoparticles is from 0.5 nm to 11.0 nm.

9. The structured catalyst for ammonia decomposition according to any one of claims 1 to 8, wherein
a ratio of the mean particle size of the metal nanoparticles to the average inner diameter of the channels is from
0.05 to 300.

10. The structured catalyst for ammonia decomposition according to claim 9, wherein
the ratio of the mean particle size of the metal nanoparticles to the average inner diameter of the channels is from
0.1 to 30.

11. The structured catalyst for ammonia decomposition according to claim 10, wherein
the ratio of the mean particle size of the metal nanoparticles to the average inner diameter of the channels is from
1.4 to 3.6.

12.  The structured catalyst for ammonia decomposition according to any one of claims 1 to 11, wherein
the channels include any one of a one-dimensional pore, a two-dimensional pore, and a three-dimensional pore
defined by a framework of the zeolite-type compound and an enlarged pore portion having a diameter different from
that of any of the one-dimensional pore, the two-dimensional pore, and the three-dimensional pore,
the average inner diameter of the channels is from 0.1 nm to 1.5 nm, and
the inner diameter of the enlarged pore portion is from 0.5 nm to 50 nm.

13. The structured catalyst for ammonia decomposition according to any one of claims 1 to 12, further comprising at
least one other catalytic substance held on an outer surface of the support.

14. The structured catalyst for ammonia decomposition according to claim 13, wherein
a content of the at least one catalytic substance present inside the support is greater than a content of the at least
one other catalytic substance held on the outer surface of the support.

15. The structured catalyst for ammonia decomposition according to any one of claims 1 to 14, wherein
the zeolite-type compound is a silicate compound.

16. A fuel cell comprising the structured catalyst for ammonia decomposition described in any one of claims 1 to 15.

17. A structured catalyst for ammonia decomposition , comprising the steps of:

calcinating a precursor material (B) obtained by impregnating, with a metal containing solution, a precursor
material (A) for obtaining a support having a porous structure constituted of a zeolite-type compound;
hydrothermally treating a precursor material (C) obtained by calcinating the precursor material (B); and
performing a reduction treatment of the precursor material (C) that has been hydrothermally treated.

18. The structured catalyst for ammonia decomposition according to claim 17, wherein
From 50 to 500 mass% of a non-ionic surfactant is added to the precursor material (A) before the calcinating.
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19. The structured catalyst for ammonia decomposition according to claim 17 or 18, wherein
the precursor material (A) is impregnated with the metal containing solution by adding the metal containing solution
to the precursor material (A) in multiple portions before the calcinating.

20. The structured catalyst for ammonia decomposition according to any one of claims 17 to 19, wherein
in impregnating the precursor material (A) with the metal containing solution before the calcinating, an added amount
of the metal containing solution added to the precursor material (A), in terms of a ratio of silicon (Si) constituting the
precursor material (A) to a metal element (M) contained in the metal containing solution added to the precursor
material (A) (a ratio of number of atoms Si/M), is adjusted to from 10 to 1000.

21. The structured catalyst for ammonia decomposition according to claim 17, wherein
in the hydrothermally treating, the precursor material (C) and a structure directing agent are mixed.

22. The structured catalyst for ammonia decomposition according to claim 17, wherein
the hydrothermally treating is performed under a basic condition.
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