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[DESCRIPTION]

[Title of Invention]

CORE-SHELL SUPPORT, METHOD FOR PRODUCING THE SAME,
CATALYST FOR PURIFICATION OF EXHAUST GAS USING THE
CORE-SHELL SUPPORT, METHOD FOR PRODUCING THE SAME, AND
METHOD FOR PURIFICATION OF EXHAUST GAS USING THE CATALYST

FOR PURIFICATION OF EXHAUST GAS

[Technical Field]

The present invention relates to a core-shell
support, a method for producing the core-shell support,
a catalyst for purification of exhaust gas using the
core-shell support, a method fof producing the catalyst,
and a method for purification of exhaust gas using the.

catalyst for purification of exhaust gas.

[Background Art]

Development of  three-way catalysts, oxidation
catalysts, NOx storage-reduction catalysts, and the like
serving as catalyst for purification of exhaust gas
mounted on automobiles and the 1like has been made from the
past in order to remove harmful components such as harmful
gases (hydrocarbons (HCS), carbon monoxide (CO), and
nitrogen oxides (NOx)) contained in exhaust gas. In
addition, with the recent growing environmental awareness,

regulation of exhaust gas emitted from automobiles and the
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like has Dbeen further tightened, and accordingly
improvement of these catalysts has been advanced.

As such a catalyst for purification of exhaust gas,
Japanese Unexamined Patent Application Publication No.
2007-144290 (Patent Literature 1) discloses a catalyst for
purificatibn. of exhaust gas comprising: noble metal
particles comprising at least rhodium particles; an
oxygen storage/release material particle; and a
supporting oxide, such as ZrO; or TiO;, which is present
between the noble metal particles and the oxygen
storage/rélease material particle and which supports the
noble metal particles on a surface separated from the
oxygen storage/release material particle, wherein the
catalyst for purification of exhaust gas comprises a
support having a core-shell structure in which the oxygen
storage/release material particle forms a core portion and
the supporting oxide forms a shell portion covering the
oxygen storage/release material particle, and the noble
metal particles are in contact with an outer surface of
the supporting oxide of the support. In the catalyst for
purification of exhaust gas disclosed in Patent Document
1, the supporting oxide such as Zr0O:; or TiO, covers the
entirety of the core member made of the oxygen
storage/release material (0SC material) such as CeO:.
With this structure, however, the oxygen storage/release

capacity brought by the core member greatly decreases, and
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the oxygen storage/release capacity (0SC) is not
necessarily sufficient.

Moreover, since catalysts for purification of
exhaust gas have Dbeen recently required to have
increasingly advanced properties, there.has been a demand
for a catalyst support for purification of exhaust gas and
a catalyst for purification of exhaust gas which offer such
a very advanced catalytic performance that both oxygen
storage/release capacity (0SC) and NOx removal activity

can be exhibited sufficiently.

[Citation List]
[Patent Literature]

[PTL 1] JP2007-144290A1

[Summary of Invention]
[Technical Problem]

The present invention has been made in view of the
above—describedproblemscﬁftheconventionaltechnologies,
and an object of the present invention is to provide a

core-shell support which enables both sufficiently good

~oxygen storage/release capacity (0SC) and sufficiently

good NOx removal activity to be exhibited, a method for
producing the core-shell support, a catalyst for
purification of exhaust gas using the core-shell support,

a method for producing the catalyst, and a method for
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purification of exhaust gas wusing the catalyst for

purification of exhaust gas.

[Solution to Problem]
Theprésentinventorshaveconductedintensivestudy
to achieve the above-described object, and consequently
found the following fact. Specifically, when a
core-shell support comprises: a core which comprises at
least one oxygen storage/release material selected from
the group consisting of ceria-zirconia based solid
solutions and alumina-doped ceria-zirconia based solid
solutions; and a shell which comprises a .rare
earth-zirconia based composite oxide with a specific
composition and with which an outside of the core is coated
the rare earth-zirconia based composite oxide comprises
crystal particles having a pyrochlore structure, and the
average crystallite diameter of the rare earth—zirconia
based composite oxide is in a specific range, it 1is
possible to obtain a core-shell support which enables both
oxygen storage/release capacity (0SC) and NOx removal
activity to be exhibited sufficiently, a method for
producing the core-shell support, a catalyst for
purification of exhaust gas using the core-shell support,
a method for producing the catalyst, and a method for
purification of exhaust gas wusing the catalyst for

purification of exhaust gas. This finding has led to the
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completion of the present invention.

A core-shell support of the present invention
comprises:

a core which comprises at 1least one oxygen
storage/release material selected from the group
consisting of ceria-zirconia based solid soiutions and
alumina-doped ceria-zirconia based solid solutions; and

a shell which comprises a rare earth-zirconia based
composite oxide represented by a composition formula:
(Re1-xCex) 2Z2r207.x (where Re represents a rare earth element,,
and x represents a number of 0.0 to 0.8) and with which
an outside of the core is coated,

the rare earth-zirconia based composite oxide
comprising crystal ©particles haviﬁg a pyrochlore
structure, and

the rare earth-zirconia based composite oxide having
an average crystallite diameter of 3 to 9 nm.

In the core-shell support of the present invention,
x in the composition formula is preferablyfa number of 0.5
to 0.7.

In addition, in the core-shell support of the present
invention, Re in the composition formula is preferably at
least one element selected from the group consisting of
La, Nd, Pr, and Y.

A first catalyst for purification of exhaust gas of

the present invention is a catalyst comprising: the
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above-described core-shell support of the present
invention; and a noble metal supported on the core-shell
support. In the first catalyst for purification of
exhaust gas of the present invention, the noble metal is
preferably Rh.

A second catalyst for purification of exhaust gas
of the present invention comprises: a substrate; and a
catalyst layer disposed on the substrate, wherein the
catalyst layer contains the core-shell support of the
present invention, alumina, and a noble metal. Also in
the second catalyst for purification of exhaust gas of the
present invention, the noble metal is preferably Rh.

In addition, in the second catalyst for purification
of exhaust gas of the present invention, it is preferable
that

(1) at least part of the noble metal be supported
on the core-shell support, and/or

(2) the catalyst layer further comprise a

zirconia-based support, and at least part of the noble

- metal be supported on the zirconia-based support.

Moreover, in the second catalyst for purification
of exhaust gas of the present invention, it is preferable
that the catalyst layer be a rhodium-containing catalyst
layer containing Rh as the noble metal, and a
palladium-containing catalyst layer containing a

ceria-zirconia based solid solution and/or an
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alumina-doped ceria-zirconia based solid solution,
alumina, and Pd be disposed between the substrate and the
rhqdium—containing catalyst layer.

A method for producing a core-shell support of the
present invention is a method for producing the
above-described core-shell support of the present
invention, the method comprising:

a solution preparation step of preparing a solution
containing a rare earth element salt and a zirconium salt;

a first coating step of bringing the prepared
solution into contact with a powder of at least one oxygen
storage/release material selected from ﬁhe group
consisting of ceria-zirconia based solid solutions and
aiumina—doped ceria-zirconia based solid solutions to
obtain a core-shell powder supporting the prepared
solution in an amouﬁt which gives, after calcination to
an oxide, 1 to 8 parts by mass of the rare éarth—zirconia
based composite oxide constituting a part of the shell
relativetx:100partsbynwsscﬁftheoxygenstérage/release
material constituting the core, followed by calcination
at a temperature in a range from 600 to 1100°C and then
by grinding; and

a second coating step of bringing the prepared
solution into contact with the obtained.core—sheli powder
to obtain the core-shell powder additionally supporting

the prepared solution in an amount which gives, after
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calcination to an oxide, 1 to 8 parts by méss of the rare
earth-zirconia based composite oxide constituting a part
of the shell relative to 100 parts by,mass of the oxygen
storage/release material constituting the core, followed
by calcination at a temperature in a range from 600 to -
1100°C and then by grinding,

~ the core—éhell support being obtained by performing
the second coating step until an amount of the rare
earth-zirconia based composite oxide constituting the
shell after the calcination to the oxide reaches 4 to 24
parts by mass relative to 100 parts by mass of the oxygen
storage/release material constituting the core.

A method for producing a catalyst for purification
of exhaust gas of the présent invention is a method for
producing the above-described first catalyst for
purification of exhaust gas of the present invention, the
method comprising:

a éolution preparation step of preparing a solution
containing a rare earth element salt and a zirconium salt;

a first coating step of bringing the prepared
solution into contact with a powder of at least one oxygen
storage/release material selected from the group
consisting of ceria-zirconia based solid solutions and
alumina-doped ceria-zirconia based solid solutions to
obtain a core-shell powder supporting the prepared

solution in an amount which gives, after calcination to
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an oxide, 1 to 8 parts by mass of the rare earth-zirconia
based composite oxide constitﬁting a part of the shell
relativetx>100partsbyn@sscﬂftheoxygenstorage/release
material constituting the core, followed by calcination
at a temperaturé in a range from 600 to 1100°C and then
by grinding; and

a second coating step of bringing the prepared
solution into contact with the obtained core-shell powder
to obtain a core-shell powder additionally supporting the
prepared solution. in an amount which gives, after
calcination to an oxide, 1 to 8 parts by mass of the rare
earth-zirconia based composite oxide constituting a part
of the shell relative to 100 parts by mass of the oxygen
storage/release'material constituting the core, followed
by calcination at a temperature in a range from 600 to
1100°C and then by grinding,

the cofe—shell support being obtained by performing
the second coating step until an aﬁount of the rare
earth-zirconia based composite oxide constituting the
shell after the calcination to the oxide reaches 4 to 24
parts by mass relative to 100 parts by mass of the oxygen
storage/release material constituting the core, and then

the catalyst for purification of exhaust gas being
obtained by bringing a noble metal salt solution into
contact with the core-shell support.

A method for purification of exhaust gas of the
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present invention is a method comprising purifying an
exhaust gas emitted from an internal combustion engine by
bringing the exhaust gas into contact with the
above-described catalyst for purification of exhaust gas
of‘the present invention.

Note that although it is not exactly clear why the
catalyst of the present invention achieves the
above-described object, the present inventors speculate
as follows. Specifically, since the noble metal such as
Rh is supported on the oxygen storage/release material
such as CeO; in the conventional catalyst, the conversion
of the noble metal to its metallic state is inhibited, and
exhaust gas purification activities, especially the NOx
removal activity, decrease. However, an oxygen
storage/release (0OSC) material mainly~cbntaining Ce02 or
the like is necessary in a three-way catalyst. 1In other
words, the improvement in NOx removal activity of a Rh
catalyst and the provision of 0SC are coﬁsidered to be in
a trade-off relationship.

In the present invention, the core-shell support
comprises: the core comprising at least one oxygen
storage/release material selected from the group
consisting of ceria-zirconia based solid solutions and
alumina-doped ceria-zirconia based solid solutions; and
the shell which comprises a rare earth-zirconia based

composite oxide represented by the composition formula:

10



10

15

20

25

WO 2016/143722 PCT/JP2016/056908

(Rei1-xCex) 2Z2r207.x (where Re represents a rare earth element,
and x repfeserits a number of 0.0 to 0.8) and wifh which
an outside of the core is coated. 1In addition, the rare
earth-zirconia based composite oxide comprises crystal
particles having a pyrochlore structure, and the average
crystallite diameter of the rare earth-zirconia based
composite oxide is limited in the range from 3 to 9 nm.
Hence, in the obtained core-shell support, Ce-poor
(Re1-xCex) 221r207.+x, 1including Re»Zr,07, stabilized by the
pyrochlore structure is formed as the shell on the Ce-rich
OSCmaterial (at least one oxygen storage/release material
selected from the group co.nsisting of ceria-zirconia based
solid solutions and alumina-doped ceria-zirconia based
solid solutions) serving as the core. The present
inventors speculate that the supporting of the noble metal
on such a core-shell support improves the reducibility of
the noble métal, enabling more improvement in the NOx
removal activity in this case than in a case of a noble
metal-supporting OSC material. In addition, the present
inventors speculate that the NOx removal activity and the
oxygen storage/release capacity, | which have
coﬁventionally been considered to be in a trade-off
relationship, can be achieved simultaneously at high
levels, and this makes it possible to provide a core-shell
support 'which‘ enables both sufficiently good oxygen

storage/release capacity (0SC) and sufficiently good NOx

11
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removal activity to be exhibited, a method for producing
the core—sheli support, a catalyst for purification of
exhaust gas using the core-shell support, a method for
producing the catalyst, and a method for purification of
exhaust gas using the catalyst for purification of exhaust

gas.

[Advantageous Effects of Invention]

According to the present invention, it is possible
to provide a core-shell support which enables both
sufficiently good oxygen storage/release capacity (0SC)
and sufficiently good NOx removal activity'to be exhibited,
a method for producing the core-shell support, a catalyst
for purification of exhaust gas using the core-shell
support, a method for producing the catalyst, and a method
for purification of exhaust gas using the catalyst for

purification of exhaust gas.

[Brief Description of Drawings]

[Fig. 1] Fig. 1 is a graph showing the 50% NOx removal
temperaturés (NOx_T50) of catalysts obtained in Examples
1 to 6 and Comparative Examples 1 to 4.

[Fig. 2] Fig. 2 is a graph showing the transient NOx
removal ratios of the catalysts obtained in Examples 1 to
6 and Comparative Examples 1 to 4.

[Fig. 3] Fig. 3 is a graph showing the OSC rates of the

12
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catalysts obtained in Examples 1 to 6 and Compérative
Examples 1 to 4.

[Fig. 4] Fig. 4 shows graphs showing the maximum oxygen
storage (0SC) and the NOx emission of catalysts of Examples
7 to 9 and Comparative Examples 5 to 7 (after an accelerated
deterioration treatment). Note that the bar graph shows
the maximuﬁloxygen storage (0OSC), and the line graph shows

the NOx emission.

[Description of Embodiments]

Hereinafter, the present invention will be described

" in detail based on preferfed embodiments thereof.

[Core-Shell Support]

A core-shell support of the present invention 1is
described. The core-shell support of the present
invention compfises:

a core which comprises at least one oxygen
storage/reléase material selected from the group
consisting of ceria-zirconia based solid solutions and
alumina-doped ceria-zirconia based solid solutions; and

a shell which comprises a rare earth-zirconia based
composite oxide represented by a composition formula:
(Rei1-xCex) 2Z2r207.x (where Re represents a rare earth element,
and x represents a number of 0.0 to 0.8) and with which
an outside of the core is coated,kwherein

the rare earth-zirconia Dbased composite oxide

13
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comprises crystal particles having a pyrochlore structure
and

the rare earth-zirconia based composite oxide has
an average crystallite diameter of 3 to 9 nm.

(Core) |

The core in the core-shell support of the present
invention neéds to comprise at least one oxygen
storage/release material selected from the group
consisting of ceria-zirconia based soclid solutions and
alumina-doped ceria-zirconia based solid solutions. The
core of the core-sheil support of the-present invention
has oxygen storage/release capacity (0SC: Oxygen Storage
Capacity) .

The ceria-zirconia based solid solution in the core
of the core-shell support of the present invention is not
particularly limited, and specific examples thereof
include Ce0:-Zr0; solid solutions, Ce02-Zr02-La:03 solid
solutions, Ce02-2r02-Laz03-Y203 solid solutions,
Ce02-Pr02-2r02-Laz03-Y203 solid solutions; Ce02-2Z2r02-Lax0s3
solid solutions, CeO2-ZrO2-Pr0O; solid solutions, and
Ce02-2r02-La203-Y¥2,03-Nd,03 solid solutions. Especially,
from the viewpoints of the 0SC performance and the heat
resistance, the ceria-zirconia based solid solution is
preferably at least one selected from the group consisting
of Ce0;-Zr0> so0lid solutions, CeO2-Zr0:-Laz03 solid

sqlutions, Ce03-2r02-Laz03-Y,03 solid solutions, and

14
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Ce02-Zr0,-Pr0; solid solutions.

The ceria-zirconia based solid solution preferably
contains 10 to 70% by mass of Ce0O: and 30 to 90% by mass
of ZrO, relative to a total mass of the solid solution.
In addition, when the ceria-zirconia based soclid solution
contains metal oxides other than CeO; and ZrO:, it is
preferable that the metal oxides be each independently
contained at a ratio of 0.5 to 10% by mass relative to the
total mass of the solid solution.

It is preferable to use, as the ceria-zirconia based
solid solution, a solid solution in which ceria and
zirconia are mixed with each other at én atomic level from
the Qiewpoint of sufficiently forming an ordered phase.
In addition, the ceria-zirconia based solid solution
preferably has an average primary particle diameter of 10
nm or less. If the average primary particle diameter of
the ceria-zirconia based solid solution exceeds the upper
limit, the 0SC performance, especially, the 0OSC reaction
rate tends to be insufficient.

Meanwhile, the alumina-doped ceria-zirconia based
solid solution in the core of the core-shell support of
the present invention is not particularly limited, and
specific examples thereof include Al;03-doped CeO0z-Zr0:
solid solutions, Al:03 doped-Ce0,-Zr02-Laz0;3 solid
solutions, Al;03-doped CeO02-Zr0:-La;03-Y203-Nd,03 solid

solutions, and Al;0;3;-doped CeO3-Zr02-Pr0z-La.03-Y,;03 solid

15
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solutions'. Especially, from the viewpoints of the 0SC
performance and the heat resistance, the alumina-doped
ceria—zirconiabasedsolidsoluthmlispreferabLyatleaét
one selected from the group consisting of Al;0;-doped
Ce02-2r02 solid solutions, Al:03 doped-CeO:-Zr0,-Lax0;3
solid solutions, and Al1,;03-doped Ce03-Zr02-La»03-Y203-Nd203
solid solutions.

The alumina-doped ceria-zirconia Dbased solid

solution preferably contains 10 to 70% by mass of Al.Os,

.10 to 70% by mass of Ce0O:, and 30 to 80% by mass of ZxrO;

relative to the total mass of‘the solid solution. 1In
addition, when the alumina-doped ceria-zirconia based
solid solution contains metal oxides other than A1:03, CeO;
and Zr0O,, it is preferable that the metal oxides be each
independently contained at a ratio of 0.5 to 10% by mass
relative to the total mass of the solid solution.

It is preferable to use, as the alumina-doped
ceria-zirconia based solid solution, a solid solution in
which ceria and zirconia are mixed with each other at an
atomic level and which is doped with alumina in an
amorphous form or in the form of y-alumina or 6-alumina,
from the viewpoint of sufficiently forming an ordered
phase. In addition, the alumina-doped ceria-zirconia
based solid solution preferably has an average primary
particle diameter of 10 nm or less. If the average

Ce02-2r02 primary particle diameter of the alumina-doped

16
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ceria-zirconia based solid solution exceeds the upper

.1limit, the OSC performance, especially, the OSC reaction

rate tends to be insufficient.

In addition, the use of the alumina-doped
ceria-zirconia based solid solution as the core according
to the core-shell support of the present invention is
preferable, because a surface layer enriched with Re2Z2xr,0+
is further formed on a part of a surface of alumina, so
that, for example, the deactivation of the noble metal such
as Rh in an oxidizing atmosphere due to the embedding of
the noble metal in the alumina can be inhibited;

Moreover, from the viewpoints of improving the heat
stability of the support and the catalytic activity of the
noble metal, the core according to the core-shell support
of the bresent invention (at least one oxygen
storage/release material selected from the group
consisting of ceria-zirconia based solid solutions and
alumina-doped ceria-zirconia based solid solutions) can
be doped with dopants, as appropriate, unless an effect
of the present invention is impaired. As the dopants, it
is possible to use, for example, any of oxides of metals
including rare earths, alkali metals, alkaline earth
metals, transition metals, and the like such as lanthanum
(La), vyttrium (Y), cerium (Ce), praseodymium (Pr),
neodymium (Nd), promethium (Pm), samarium (Sm), europium

(Eu), gadolinium (Gd), terbium (Tb), dysprosium (Dy),

17
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holmium (Ho), erbium (Er), thulium (Tﬁ), ytterbium (Yb),
lutetium (Lu), magnesium (Mg), calcium (Ca), strontium
(Sr), barium (Ba), scandium (Sc), and wvanadium (V),
mixtures of oxides of these metals, solid solutions of
oxides of these metals, composite oxides of these metals,
as appropriate.

In addition, a secondary ©particle diameter
(aggregate particle diameter) of at least one oxygen
storage/release material selected from the group
consisting of ceria-zirconia based solid solutions and
alumina-doped ceria-zirconia based solid solutions of the
core in the core—sheli support of the present invention
is not particularly limited, and the secondary particle
diameter is specifically about 100 nm to 100 pm, and
preferably in a range from 100 nm to 10 um from the viewpoint
of use as a coat layer of a catalyst for purification of
exhaust gas.

Moreover, the form of the core is not particularly
limited, and the core is preferably in a form of powder.
In addition, it is possible to use, as the core, one
selected from the group consisting of ceria-zirconia based
solid solutions and alumina-doped ceria-zirconia based
solid solutions aloné, or two selected therefrom in
combination.

Moreover, a method for producing ~ such a

ceria-zirconia based solid solution or alumina-doped

18
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ceria-zirconia based solid solution is not particularly
limited, and a known method can be employed, as appropriate.
Moreover, commercially available one may be used as the
ceria-zirconia based solid solution or the alumina-doped
ceria-zirconia based solid solution.

(Shell)

Next, the shell in the core-shell support of the
present invention needs to comprise a:fare earth-zirconia
based composite oxide represented by the composition
formula: (Re:-xCex)22r207.x (where Re represents a rare
earth element, and x represents a number of 0.0 to 0.8).
If x in the composition formula of the raré earth-zirconia
based composite oxide exceeds the upper 1limit, the
composite oxide is so rich in Ce that the conversion of
the noble metal such as Rh to its metallic state 1is
inhibited. This lowers the catalytic activity, so that
a sufficient NOxXx removal activity cannot be obtained. x
is preferably a number of 0.1 to 0.8, and particularly
preferably a number of 0.5 to 0.7, from the viewpoint of
obtaining a éore—shell support which offers both
sufficiently high oxygen storage/release capacity (0SC)
and sufficiently high NOx removal activity, and which
exhibits sufficiently good oxygen stofage/release
capacity (0SC), even after exposed to high temperature for
a long period. |

Note that the composition of the rare earth-zirconia
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based composite oxide can be determined by a composition
analysis based on ICP emission _spectroécopy (plasma
emission spectroscopy) using an inductively coupled
plasma (ICP) emission spectrometer, or a composition
analysis using any one of or a suitable combination of any

ones of an X-ray fluorescence analyzer (XRF: X-ray

Fluorescence Analysis), an EDX (energy-dispersi&e X-ray
spectrometer), an XPS ( photoelectron spectrometer), a
SIMS (secondary 1on mass spectrometer), an HR-TEM
(high—resolution transmission electron microscope), an

FE-STEM (field emission-scanning transmission electron
microscope), and the like. S8Specifically, for example,
after the powder is dissolved in an acid, a composition
analysis is conducted by measuring the weight ratio of
cation species in the obtained solutién by ICP emission
spectroscopy, to perform the composition analysis of the
rare earth-zirconia based composite oxide.

In addition, Re in the composition formuia of the
rare earth-zirconia based composite oxide needs to be a
rare earth element. specific examples of‘Re include
lanthanum (La) , neodymium (Nd), praseodymium (Pr), cerium
(Ce), promethium (Pm), samarium (Sm), europium (Eu),
gadolinium (Gd), terbium (Tb), dysprosium (Dy), holmium
(Ho), erbium (Er), thulium (Tm), ytterbium (Yb), lutetium
(Lu), scandium (Sc), and yttrium (Y) . The rare

earth-zirconia based composite oxide may contain one of
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these elementé alone or a combination of two or more
thereof.v Of these elements, from the viewpoints of the
price of the material and the NOx removal activity, Re in
the composition formula of the rare earth-zirconia based
composite oxide 1is preferably at least one element
selected from the group consisting of lanthanum (La),
neodymium (Nd), praseodymium (Pr), and yttrium (Y), and
more preferably at least one element selected from the
group consisting of La, Nd, and Y.

In addition, regarding the rare earth-zirconia based
composite oxide in the shell according to the core-shell
support of the present invention needs to comprise crystal
particles having a pyrochlore structure. The phrase "the
rare earth-zirconia based composite oxide has a pyrochlore
structure" means that Re ions, cerium ions, and zirconium
ions in the composition formula form a crystal phase
(pyrochlore phase) having a pyrochlore-type regularly
arranged structure. The pyrochlore ReC2Z has
oxygen-defect sites. When oxygen atoms enter the sites,
the pyrochloré phase undergoes a phase transition to a x
phase (kappa-phase). Meanwhile, the k phase can undergo
a phase transition to the pyrochlore phase by releasing
oxygen atoms. A rare earth-zirconia based composite
oxide having a pyrochlore structure has an oxygen
storage/release (0SC) function based on the

above-described change in the number of oxygen atoms in
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the lattice. Note that the crystal phase of the rare
earth-zirconia based composite oxide can be determined by
X-ray diffraction (XRD) measurement using CuKo radiation.
The pyrochlore phase can be confirmed by checking a
characteristic peak at around 26=14.2° (degrees) in an XRD
pattern of the rare earth-zirconia based composite oxide.

In addition, the rare earth-zirconia based composite
oxide in the shell according to the core-shell support of
the present invention needs to have an average crystallite
diameter in a range from 3 to 9 nm. Suppose a case where
the average crystallite diameter of the rare
earth-zirconia based composite oxide is less than the
lower limit. If a catalyst is prepared by supporting a
noble metal on such a rare earth-zirconia based composite
oxide, the noble metal (Rh or the like) becomes difficult
to reduce because of the interaction between CeO; and the
noble metal (Rh or and the like), so that the NOx removal
activity decreases, and the NOx removal performance cannot
be obtained sufficiently. Meanwhile, if the average
crystallite diameter exceeds the upper 1imit, there arises
a problem of remarkable lowering of the OSC performance.
In addition, the average crystallite diameter of the rare

earth-zirconia based composite oxide is preferably 1 to

~ 20nm, from the viewpoint of obtaining a core-shell support

which offers both sufficiently high oxygen

storage/release capacity (0SC) and sufficiently high NOx
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removal activity, and which exhibits sufficiently good
oxygen storage/release capacity (0SC), even after exposed
to high temperature for a long period. Note that the
crystallite diameter can be determined by, for example,
a method in which the crystallite diameter is determined
by an analysis based on powder X-ray diffractometry, a
method in which the crystallite diameter is determined by
observation under a transmission electron microscope
(TEM), a scanning electron microscope (SEM), or the like.
For example, when the crystallite diameter is determined
by the powder X-ray diffractometry, the rare
earth-zirconia based composite oxide is analyzed by powder
X-ray diffractometry, ahd a half width Bnx1 (rad) of the
diffraction peak of a predetermined crystal plane (hkl)
is obtained from the obtained diffraction pattern. Then,
an average value Dnx1 (nm) of crystallite diameters in a
direction perpendicular to the (hKl) crystal plane of the
particles of the rare earth-zirconia based composite oxide
can be calculated by using the Scherrer equation:
Dhk1=KA/Bnx1cosOnx1. In the Scherrer equation, the constant
K is 0.9, A is a wavelength (nm) of the X—rays, and Onki
:M;adiffractionangle(degrees,°). In addition, the term
"average crystéllite diameter" refers to an average value
Dsso (nm) of crystallite diameters 1in a direction
perpendicular to the (440) plane, which 1is a wvalue

determined by powder X-ray diffractometry.
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Moreover, the amount of the rafe earth-zirconia
based composite oxide supported on the core in the
core-shell support of the present invention 1is not
particularly limited, and preferably 4 to 24 parts by mass,
and more preferably 8 to 18 parts by mass relative to 100
parts by mass of the core (at 1least -one oxygen
storage/release material selected from the group
consisting of ceria-zirconia based solid solutions and
alumina-doped ceria-zirconia based solid solutions). If
the amount of the active component supported is less than
the lower limit, the obtained catalytic activity tends to
be insufficient, and the NOx removal ratio tends to
decrease. Meanwhile, 1if the amount of the active
component supported exceeds the upper limit, the cost of
the catalyst tends to increase, and the activity of the
catalyst (OSC) tends to decrease. In addition, a method
for supporting the rare earth-zirconia based composite
oxide on the core is not particularly limited, and a known
method by which components of the rare earth-zirconia
based composite oxide can be supported on the core can be
employed, as appropriate. For example, a method may be
employed in which the core is impregnated with an agqueous
solution containing salts of metals which are components
of the rare earth-zirconia based composite oxide, followed
by drying and calcination.

[Catalysts for Purification of Exhaust Gas]
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Next, catalysts for purification of exhaust gas of
the present invention are described.

(First.Catalyst for Purification of Exhaust Gas of the
Present Invention)

A first catalyst for purification of exhaust gas of
the present invention comprises: the above-described
core-shell support of the present invention; and a noble
metal supported on the core-shell support.

The noble metal in the catalyst for purification of
exhaust gas of the present invention is not particularly
limited, and examples thereof include platinum - (Pt),
rhodium (Rh), palladium (Pd), osmium (Os), iridium (Ir),
gold (Au), and the like. One of these noble metals may
be used alone, or two or more thereof may be used in
combination. Of these noble metals, platinum, rhodium,
and palladium are preferable, and rhodium is particularly
preferable, from the Viewpoint of obtaining a catalyst for
purification of exhaust gas which has both sufficiently
high oxygen storage/release capacity (0sC) and
suf..ficiently high NOx removal activity. The amount of the
noble metal supported is not particularly limited, and is
adjusted, as appropriate, according to an application of
the obtained catalyst or the 1like. The amount of the noble
metal supported is preferably 0.05 to 10 parts by mass
relative to 100 parts by mass of the core-shell support.

In addition, a form of the catalyst for purification
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of exhaust gas of the present invention is not particularly
limited, and, for example, the catalyst may be used in a
form of particles as it is, or in a form of a
honeycomb-shaped monolithic catalyst in which the
catalyst is supported on a substrate, a form of a pellet
catalyst obtained by shaping the catalyst into pellets,

or the like. Methodsfofproducingcatalystsinsuchforms
are not particularly limited, and known methods can be
employed, as appropriate. For example, it is possible to
employ, as appropriate, a method in which a pellet-shaped
catalyst is obtained by shaping the catalyst inﬁo pellets,

a method in which the catalyst in a coated (fixed) form
on a catalyst substrate is obtained by coating the catalyst
substrate with the catalyst, or the like. 1In addition,

the catalyst substrate is not particularly limited, and
is selected, as appropriate, according to, for example,

an application of the obtained catalyst or the like. A
monolithic honeycomb substrate, a pellet-shaped substrate,
a'plate—shaped substrate, or the 1like is preferably
employed. In addiﬁion, a material of the catalyst
substrate is not.particularly limited, and, for example,

a substrate made of a ceramic such as cordierite, silicon
carbide, or mullite or a substrate made of é metal such
as stainless steel containing chromium and aluminum is

preferably employed. Moreover, other components (for

example, NOx storage material and the like) usable for
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various catalysts may be supported, as appropriate, in the
catalyst for purification of exhaust gas of the present
invention, unless an effect of the catalyst is impaired.
(Second Catalyst for Purification of Exhaust Gas of the

Present Invention)

A second catalyst for purification of exhaust gas
of the present inﬁention comprises: a substrate; and a
catalyst layer disposed on the substrate, wherein the
catalyst layer comprises the core-sgshell support of the
present invention, alumina, and a noble metal.

In addition, in the second catalyst for purification
of exhaust gas of the present invention, it is preferable
that

(1) at least part of the noble metal be supported

on the core-shell support, and/or

(2) .the catalyst layer further <comprise a
zirconia-based support, and at least part of the noble
metal be sup?orted on the zirconia-based support.

The subétrate in the second catalyst for
purification of exhaust gas of the present invention is
not particularly limited, and is selected, as appropriate,
according to, for example, an application of the obtained
catalyst or the like. A monolithic honeycomb substrate,
a pellet-shaped substrate, a plate-shaped substrate, or
the like is preferably employed. In addition, a material

of the catalyst substrate isrmﬁ:particularly'1imited, and,
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fbr example, a substrate made of a ceramic such as
cordierite, silicon éarbide, or mullite or a substrate
made of a metal such as stainless steel containing chromium
and aluminum is preferably employed.

The noble metal in the second catalyst for
purification of exhaust gas of the present invention is
not particularly limited, and examples thereof include
platinum (Pt), rhodium (Rh), palladium (Pd), osmium (Os),
iridium (Ir), gold (Au), and the like. One of these noble
metals may be used alone, or two or more thereof may be
used in combination. Of these noble metals, platinum,
rhodium, and palladium are preferable, and rhodium is
particularly preferable, from the viewpoint of obtaining
a catalyst for purification of exhaust gas which has both
sufficiently high oxygen storage/release capacity (0SC)
and sufficiently high NOx removal activity. The amount
of the noble metal supported is not particularly limited,
and is adjusted, as appropriate, according to an
application of the obtained catalyst or the like. The
amount of the noble metal supported is preferably 0.05 to
10 parts by mass relative to 100 parts by mass of the
support.

The second catalyst for purification of exhaust gas
of the present invention preferably contains 0.01 to 2.0
g/L of the noble metal, 50 to 180 g/L of the core-shell

support of the present invention, and 20 to 150 g/L of
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alumina, per liter of the capacity of the substrate.
In addition, when the second catalyst for.

purification of exhaust gas of the present invention

‘further comprises a zirconia-based support, the

zirconia-based support is not particularly limited, and
specific examples thereof include supports made of ZrO:,
Al,03 doped-Zr0O., Zr0;-La03 solid solutions, Al,0:
déped—Zr02—La203 solid solutions, 2r02-Lax03-Y,03 solid
solutions, Al,0; doped-Zr0;-Laz03-Y203 solid solutions,
Zr0O2-Pr0O; solid solutions, and Al;03 doped-Zr02-Pr02so}id
solutions. Dnthiscase,theamountcﬁfthezirconia—based
support is preferably 30 to 80 g/L, per liter of the
capacity of the substrate.

In addition, in the second catalyst for purification
of exhaust gas of the present invention, it is preferable
that the catalyst layer be a rhodium—confaining catalyst
layer containing Rh as the noble metal, and a
palladium-containing catalyst layer containing a
ceria-zirconia based solid solution and/or an
alumina—doped‘ ceria-zirconia based solid solution,
alumina, and Pd be disposed between the substrate and the
rhodium-containing catalyst layer. Such a
palladium-containing catalyst layer preferably contains
0.01 to 2.0 g/L. of palladium, 10 to 60 g/L of the
ceria-zirconia based solid solution and/or the

alumina-doped ceria-zirconia based solid solution, and 20
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to 70 g/L of alumina, per liter of the capacity of -the
substrate.
[Method for Producing Core-Shell Support]

Next, a method for producing a core-shell support
of the present inveﬁtion is descried. The method for
producing a core-shell support of the present invention
is a method for producing the above-described core-shell
support of the present invention, comprising:

a solution preparation step of preparing a solution
containing a rare earth element salt and a zirconium salt;

a first coating step of bringing the prepared
solution into contact with a powder of af least one oxygen
storage/release material selected from the group
consisting of ceria-zirconia based solid solutions and
alumina-doped ceria-zirconia based solid solutions to
obtain a core-shell powder supporting the prepared
solution in an amount which gives, after calcination to
an oxide, 1 to 8 parts by mass of the rare earth-zirconia
based composite oxide constituting a éart of the shell
relativetx:100partsbynmss<1ftheoxygenstorage/release
material constituting the core, followed by calcination
at a temperature in a range from 600 to 1100°C and then
by grinding; and

a second coating step of bringing the prepared
solution into coﬁtact with the obtained core-shell powder

to obtain the core-shell powder additionally supporting
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the prepared solution in an amount which gives, after
calcination to an oxide, 1 to 8 parts by mass of the rare
earth-zirconia based composite oxide constituting a part
of the shell relative to 100 parts by mass of the oxygen
storage/release material constituting the core, followed
by calcination at a temperature in a range from 600 to
1100°C and then by grinding, wherein

the core-shell support is obtained by performing the

‘second coating step wuntil an amount of the rare

earth-zirconia based composite oxide constituting the

shell after the calcination to the oxide reaches 4 to 24

parts by mass relative to 100 parts by mass of the oxygen

storage/release material constituting the core.
(Solution Preparation Step)

In the method for producing a core-shell support of
the present invention, first, a solution containing a rare
earth element salt and a zirconium salt is prepared
(solution preparation step).

The rare earth element salt in the solution is not
particularly limited, and examples thereof include rare
earth element salts such as nitrates, sulfates, halides
(fluorides, chlorides, and the like), acetates,
carbonates, and organic acid salts (for example, citrates)
of rare earth elements, and complexes thereof. Of these
salts, the rare earth element salt is preferably at least

one selected from the group consisting of nitrates,
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acetates, carbonates, and citrates, from the viewpoints
of the uniform supporting on the core and of the cost and
from the viewpoint that components remaining in the shell
during the preparation can be removed relatively easily.
As the rare earth element in the solution, the same rare
earth elements as descried for the core-shell support of
the present invention can be used.

Meanwhile, examples of the zirconium (Zr) salt in
the solution include zirconium salts such as nitrates (for
example, zirconium oxynitrate and zirconyl oxynitrate),
sulfates, halides (fluorides, chlorides, and the like),
acetates, carbonates, and citrates of zircohium, and
complexes thereof. Of these zirconium salts, it is more
preferable to use, as the Zr salt, at least one selected
from the group consisting of nitrates and acetates, from
the viewpoints of the uniform supporting on the core and
of the cost and from the viewpoint that components
remaining in the shell during the preparation can be
removed relatively easily.

Moreover, a solvent is not particularly limited, and
examplesthereofincludewatér(preferablypurewatersuch
as ion-exchanged water or distilled water), and the like.

Note that concentrations in the solution containing
a rare earth element salt and a zirconium salt are not
particularly limited, and the concentration of the rare

earth element ions is preferably in a range from 0.001 to
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0.1 mol/L, and the concentration of zirconium (Zr) ions
is preferably in a range from 0.001 to 0.1 mol/L.
(First Coating Step)

Next, the prepared solution is brought into contact
with a powder of at least one oxygen storage/release
material selected from the group consisting of
ceria-zirconia based solid solutions and alumina—doped
ceria—zirconia based solid solutions to obtain a
core-shell powder supporting the prepared solution in an
amount which gives, after calcination to an oxide, 1 to
8 parts by mass of the rare earth-zirconia based composite
oxide coﬁstituting a part of the shell relative to 100
parts by mass of the oxygen storage/release material
constituting the core, followed by calcination at a
temperature in a range from 600 to 1100°C and then by
grinding (first coating step) .

A method for bringing the solution into contact with
the powder of at least one oxygen storage/release material
selected from the group consisting of ceria-zirconia based
solid solutions and alumina-doped ceria-zirconia based
solid solutions is not particularly limited, and it is
possible to employ, as appropriate, a known method by which
the solution can be supported on the powder by adsorption,
such as a method in which the powder is impregnated with
the solution, a method in which the solution is supported

on the powder by adsorption, a method in which the solution
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is impregnated with the powder, or the like.

In addition, when the solution is Dbrought into
contact with the powder of the oxygen storage/release
material as described above, it is necessary to support
the solution in an amount which gives, after calcination
to an oxide, 1 to 8 parts byvmass of the rare earth-zirconia
based composite oxide constituting a part of the shell
relative to 100 parts by mass of the oxygen storage/release
material constituting the core. If the amount of the
solution supported 1s 1less than the lower 1limit,
exhibition of a sufficient catalytic activity isdifficult.
Meanwhile, if the amount of the solution supported exceeds
the upper limit, the solution is supported unevenly or the
composition becomes uneven, so that the catalytic activity
decreases. Note that the amount of the solution supported
is preferably an amount which gives, after calcination to
an oxide, 2 to 6 parts by mass, and further preferably an
amount which gives, after calcination to an oxide, 4 to
6 parts by mass of the rare earth-zirconia based composite
oxide constituting a part of the shell relative to 100
parts by mass of the oxygen storage/release meterial
constituting the core, from the viewpoint of supporting
the solution with a uniform supporting density.

Moreover, a heating condition of the calcination
needs to be in a temperature range from 600 to 1100°C. If

the heating temperature for the calcination is lower than

34



10

15

20

25

WO 2016/143722 PCT/JP2016/056908

the lower limit, a pyrochlore phase, which is a desired
and stable structure, is not formed. Meanwhile, if the
heating temperature exceeds the upper limit, the specific
surface area decreases, and a catalytic performance is
remarkably degraded. The heating temperature is
preferably in a temperature range from 800 to 1000°C from
the viewpoint of stabilizing the crystal phase of the shell
material. In addition, a heating time of the calcination
cannot be generally specified, because it depends on the
heating temperature. However, the heating time 1is
preferably 3 to 50 hours. Moreover, a calcination
atmosphere is not particularly limited, and is preferably
an air atmosphere or an oxidizing atmosphere.

In addition, the grinding is not particularly
limited, and specifically either a dry grinding methdd or
é wet grinding method can be used as the grinding method.
Apparatuses for the grinding include a mortar, aball mill,
a mixer, and the like. When dry grinding is employed, the
dry grinding may be performed by using a mortar.
Alternatively, a grinding and mixing apparatus such as a -
ball mill, an attritor, or a planetary mill may be used.
When wet grinding is employed, a solvent is used as an
auxiliary agent for the grinding, and examples thereof
include water, alcohols, and the like. Note that it is
preferable to use a mortar, a mixer, or the like to perform

the grinding, and a grinding condition is preferably such
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that the grinding is performed to an extent that the powder
can pass a sieve with a predetermined powder diameter
(about 100 nm to 100 pm).

(Second Coating Step)

Subsequently, the prepared solution is brought into
contact with the obtained core-shell powder to obtain the
core-shell powder additionally supportinj the prepared
solution in an amount whiéh gives, after calcination to
an oxide, 1 to 8 parts by mass of the rare earth-zirconia
based composite oxide constituting a part of the shell

relative to 100 parts by mass of the oxygen storage/release

‘material constituting the core, followed by calcination

at a temperature in a range from 600 to 1100°C and then
by grinding (second coating step).

A method for bringing the solution into contact with
the obtained core-shell powder is not particularly limited
and it is possible to employ, as appropriate, a known
method by which the solution cén be supported on the powder
by adsorption such as a method in which the powder 1is
impregnated with the solution, a method in which the
solution is supported on the powder by adsorption, a method
in which the solution is impregnated with the powder, or
the 1like. Methods which are the same as the contact
methods described for the first coating step can be used.

In addition, a method for bringing the solution into

contact with the powder of at least one oxygen
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storage/release material selected from the group
consisting of ceria-zirconia based solid solutions and
alumina-doped ceria-zirconia based solid solutions is not
particularly limited, and a known method can be employed,
as appropriate, such as a method in which the powder is
impregnated with the solution, a method in which the
solution is supported on the powder by adsorption, or the
like.

In addition, when the solution is brought into
contact with the core-shell powder, it is necessary to
additionally support the prepared solution in an amount
which gives, after calcination to anzoxide, 1 to 8 parts
by mass of the rare earth-zirconia based composite oxide
constituting a part of the shell relative to 100 parts by
mass of the oxygen storage/release material constituting
the core. If the amount of the solution supported is less
than the lower 1limit, exhibition of a sufficient catalytic
activity is difficult. Meanwhile, if the amount of the
solution supported exceeds the upper limit, the solution
is supported unevenly or the composition becomes uneven,
so that the catalytic activity decreases. Note that the
amount of the solution supported is preferably an amount
which gives, after calcination to an oxide, 2 to 6 parts
by mass and further preferably an amount which gives, after
calcination to an oxide, 4 to 6 parts by mass of the rare

earth-zirconia based composite oxide constituting a part
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of the shell relative to 100 parts by mass of the oxygen
storage/release material constituting the core, from the
viewpoint of supporting the solution with a uniform
supporting density.

Moreover, a heating condition for the calcination
needs to be in a temperature range from 600 to 1100°C. If
the heating temperature for the calcination is lower than
the lower limit, the ﬁyrochlore phase, which is a desired
stable structure, 1is not formed. Meanwhile, 1if the
heating temperature exceeds the upper limit, the specific
surface area decreases, and a catalytic performance is
remarkably degraded. The heating temperature is
preferably in a temperature range from 800 to 1000°C, from
the viewpoint of stabilizing the crystal phase of the shell.
In addition, a heating time of the calcination cannot be
generally specified, because it depends on the heating
temperature. However, the heating time is preferébly 3
to 50 hours. Moreover, a calcination atmosphere is not
particularly limited, and is preferably an air atmosphere,
of at least an oxidizing atmosphere.

In addition, the grinding is not particularly
limited, and the method, conditions, and the like for the
grinding are the same as those described for the first
coating step.

Moreover, regarding the second coating step

according to the method for producing a core-shell of the
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present invention, the core-shell support is obtained by
performing this second coating step until an amount of the
rare earth-zirconia based composite oxide constituting
the shell after the calcination to the oxide reaches 4 to
24 parts by mass relative to 100 parts by mass of the oxygen
storage/release material constituting the core. Note
that the second coating step is preferably performed once
or twice. If so, a surface layer enriched with the rare
earth element and zirconium can be deposited more
uniformly on the core surface, so that thé pyrochlore
structure (Re1-xCex) 22¥207.+x formed in the rare
earth-zirconia based composite oxide constituting the
shell can be further stabilized.

The method.for‘produdingaicore—shell support of the
present invention comprises the first coating step and the
second coating step. Hence, in the method for forming the
shell, the solution containing a rare earth element salt
and a zirconium salt is supported with a small thickness

by impregnation or adsorption multiple times in a divided

manner on the powder of at least one oxygen storage/release

material selected from the group consisting of
ceria-zirconia based solid solutions and alumina-doped
ceria-zirconia based solid solutions or on the core-shell
powder. In addition, every time the supporting by
impregnation or adsorption is performed, the

high-temperatureée calcination and the grinding are carried
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out. Thus, a surface layer enriched with the rare earth
element and zirconium can be uniformly deposited on the
surface of the core, which is made of the 0SC material,
andia<3e—poorjpyrochlore structure (Rei-xCex)22r207.x can be
formed and stabilized in the rare earth-zirconia based
composite oxide serving as the shell. Here, the Ce-poor
pyrochlore structure (Re:-xCex)22r207:x is formed in such
a manner that the high-temperature calcination causes Ce
in the core, which is made of the 0SC material, to be
partially solid-dissolved in the shell.

[Method for Producing Catalyst for Purification of
Exhaust Gas]

Next, a method for producing a catalyst for
purification of exhaust gas of the present inventioh is
described. The method for producing a catalyst for
purification of exhaust gas of the present invention is
a method for producing the above-described first éatalyst
for purification of exhaust gas of the present invention,
comprising:

a solution preparation step of preparing a solution
containing a rare earth element salt and a zirconium salt;

a first coating step of bringing the prepared:
solution into contact with a powder of at least one oxygen
storage/release material selected from the group
consisting of ceria-zirconia based solid solutions and

alumina-doped ceria-zirconia based solid solutions to
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obtain a core-shell powder supporting the prepared
solution in an amount which gives, after calcination to
an oxide, 1 té 8 parts by mass of the rare eafth—zirconia
based composite oxide constituting a part of the shéll
relative to 100 parts by mass of the oxygen storage/release
material constituting the core, followed by calcination
at a temperature in a range from 600 to 1100°C and then
by grinding;

a second coating step of bringing the prepared
solution into contact with the obtained core-shell powder
to obtain the core-shell powder additionally supporting
the prepared solution in an amount which gives, after
calcination to an oxide, 1 to 8 parts by mass of the rare
earth-zirconia based composite oxide constituting a part
of the shell relative to 100 parts by mass of the oxygen
storage/release material constituting the core, followed
by calcination at a temperature in a range from 600 to
1100°C and then by grinding, wherein

the core-shell support is obtained by performing the
second coating step until an amount of the rare
earth-zirconia based composite oxide constituting the
shell after‘the calcination to the oxide reaches 4 to 24
parts by mass relative to 100 parts by mass of the oxygen
storage/release material constituting the core, and then

the catalyst for purification of exhaust gas 1is

obtained by bringing a noble metal salt solution into
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contact with the core-shell support.

In the method for producing a catalyst for
purification of exhaust gas of the present invention, the
solution preparation step, the first coating step, and the
second coating step are the same as the solution
preparation step, the first coating step, and the second
coating step described for the method for producing a
core-shell support.

Next, the catalyst for purification'of exhaust gas
is obtained by bringing a noble metal salt solution into
contact with the core-shell support (catalyst preparation
step). Aspecificmethod for bringing the noble metal salt
solution into contact with the core—shell support in this
catalyst preparation step is not particularly limited, and
amethodisgueferabiyusedjjlwhichthecore—shellsuppOrt
is immersed in a solution obtained by dissolving a salt
(nitrate, chloride, acetate, or the like) of the noble
metal or a complex of the noble metal in a solvent such
as water or an alcohol, and, after removal of the solvent,
the core-shell support is calcined and ground, for
example.

Note that, in the catalyst preparation step, drying
conditions for removing the éolvent are preferably about
180 minutes or less at 150 to 200°C, whereas caicination
conditionsarepreferablyabout3tx)5hoursat300tx>400fC

in an oxidizing atmosphere (for example, air). Moreover,
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such a step of supporting the noble metal may be repeated,
until a desired amount of the noble metal supported is
achieved.

In addition, the noble metal supported in the method
for producing a catalyst for purification of exhaust gas
of the_present invention is preferably platinum, rhodium,
or palladium, and particularly preferably Rh, from the

viewpoint of obtaining a catalyst for purification of

exhaust gas which has both sufficiently high oxygen

storage/release capacity (0SC) and sufficiently high NOx
removal activity.
[Method for Purification of Exhaust Gas]

Next, a method for purification of exhaust gas of
the present invention 1is described. The method for
purification'of exhaust gas of the present invention is
a method comprising purifying an exhaust gas exhaust gas
emitted from an internal combustion engine by bringing the
exhaust gas into contact with the above-described catalyst
for purification of exhaust gas of the present invention.

In the method for purification of exhaust gas of the
present invention, a method for bringing the exhaust gas
into contact with the catalyst for purification of exhaust
gas of the present invention is not particularly limited,
and a known method can be employed, as appropriate. For.
example, a method may be employed in which the exhaust gas‘

from an internal combustion engine is brought into contact
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with the catalyst for purification of exhaust gas
according to the present invention by disposing the
catalyst forpurification of exhaust gas in an exhaust pipe
through which the gas emitted from the internal combustion
engine flows.

Note that the above-described <catalyst for
purification of exhaust gas of the present invention used
in the method for purification of exhaust gas of the
present invention has both sufficiently good oxygen
Storage/release capacity (0OSC) and sufficiently good NOx
removal activity. Hence, the catalyst for purification
of exhaust gas of the present invention can exhibit both
sufficiently good oxygen storage/release capacity (0SC)
and sufficiently good NOx removal activity. When an
exhaust gas from, for example, an internal combustion
engine is brought into contact with the catalyst for
purification of exhaust gas of the present invention, the
catalyst for purification of exhaust gas of the present
in&ention can exhibit both sufficiently high oxygen

storage/release capacity (0SC) and sufficiently high NOx

removal activity, so that harmful -gases such as NOx

contained in the exhaust gas can be removed sufficiently.
From such viewpoints, the method for purification of
exhaust gas of the present invention can be employed
suitably as a method for removing, for example, harmful

components such as harmful gases (hydrocarbons (HCs),
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carbonmonoxide(CO),andnitrogenoxides(NOx))contained
in an exhaust gas emitted from an internal combustion

engine in an automobile etc., or the like.

[Examples]

Hereinafter, the present inventionwill be described
more specifically on the basis of Examples and Comparative
Examples; however, the present invention is not limited
to Examples below.

(Example 1)
First, 10 g of a ceria—zirconia.based solid solution

powder was prepared with a composition (% by mass) of

Ce03:2r0,:La»03:Y¥,03=30:60:5:5, an average particle

diameter of 5 um, and a specific surface area of 70. m2/g.
Subsequently, a solution was prepared by dissolving
0.7x10-2 mol of zirconyl oxynitrate (manufactured by Wako
Pure Chemical Industries, Ltd.) and 0.7x10-3 mol of
lanthanum niﬁrate hexahydrate (manufactured by Wako Pure
Chemical Industries, Ltd.) in 100 ml of ion-exchanged
water (solution preparation step).

Next, 10 g of the ceria-zirconia based solid solution

powder was added to the prepared solution, followed by

stirring for 15 minutes. Further, the mixture was heated

with stirring to impregnate the ceria-zirconia based solid
solution powder with the solution (supporting by

impregnation) . Then, this impregnated powder was
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evaporated to dryness to obtain coagulation (evaporation
to dryness). Subsequently, the obtained coagulation was
calcined in air under a temperature condition of §OO°C for
5 hours, and then ground into a powder by using a mortar
for 30 minutes or more to obtain a core-shell powder (first
coating step5.

Subsequently, a core-shell support was obtained by
performing a single series of processes in which the
solution was supported on the obtained core-shell powder
by impregnation 1in the same manner as in the
above-described first coating step, and then the
impregnatedgpowder'was evapdratedtx:dryness, followed by
calcination and grinding (second coating step).

Next, the obtained core-shell support was
impregnated with 0.1 L of a rhodium nitrate solution
containing 0.015 g of rhodium (Rh) in terms of metal, and
then this impregnated support was evaporated to dryness
by heating with stirring in air under a temperature
condition of 200°C for 120 minutes to obtain coagulation
(evaporation to dryness). Subsequently, a powdery
catalyst for purification of exhaust gas was obtained by
calcination in air under a temperature condition of 300°C
for 5 hours. Note that the amount of rhodium supported
in the obtained catalyst for purification of exhaust gas
was 0.15% by mass relative to 100% by mass of the core-shell

support.
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(Example 2)
A core-shell support was obtained in the same manner
as in Example 1, except that the amounts of zirconyl
oxynitrate and lanthanum nitrate dissolved were each

changed to 2.1x10°3 mol. Moreover, a powdery catalyst for

"purification of exhaust gas was obtained by supporting Rh

as the noble metal on the obtained core-shell support in
the same manner as in Example 1. Note that the amount of

rhodium supported in the obtained catalyst for

purification of exhaust gas was 0.15% by mass relative to

100% by mass of the core-shell support.
(Example 3)

A core-shell support was obtained in the same manner
as in Example 1, except that the second coating step
(another éeries of processes of the supporting of the
solution by impregnation, the evaporation to dryness, and
the calcination and grinding) was conducted once more on
the obtéined core-shell powder with each of the amounts
of zirconyl oxynitrate and lanthanum nitrate dissolved
being 2.1x10-2 mol (the second coating step was conducted
twice 1in total). Moreover, a powdery catalyst for
purification of exhaust gas was obtained by supporting Rh
as the noble metal on the obtained core-shell support in
the same manner as in Example 1. Note that the amount of
rhodium supported in the obtained catalyst for

purification of exhaust gas was 0.15% by mass relative to
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100% by mass of the core-shell support.
.(Example 4)

A core-shell support was obtained in the same manner
as in Example 3, except that neodymium nitrate (diésolved
amount: 2.1x10-3 mol) was further added to the prepared
solution. Moreover, a powdery catalyst for purification
of exhausf gas was obtained by supporting Rh as the noble
metal on the obtained core-shell support in the same manner
as in Example 1. Note that the amount of rhodium supported
in the obtained catalyst for purification of exhaust gas
was 0.15% by mass relat_ive to 100% by mass of the core-shell
support.

(Example 5)

A core-shell support was obtained in the same manner

as in Example 1, except that an ‘alumina—doped

ceria-zirconia based solid solution powder with a

o\°

composition ( by mass) of
Al203:Ce02:2r02:Laz03:Y¥203:Nd203=30:20:44:2:2:2, an
average particle diameter of 8 ym, and a specific surface
area of 70 m2/g was used instead of the ceria-zirconia based
solid solution powder, and the amounts of zirconyl
oxynitrate and lanthanum nitrate dissolved were each
changed to 2.1x10-2 mol. Moreover, a powdery catalyst for
purification of exhaust gas was obtained by supporting Rh

as the noble metal on the obtained core-shell support in

the same manner as in Example 1. Note that the amount of
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rhodium supported in the obtained catalyst for
purification of exhaust gas was 0.15% by mass relative to
100% by mass of the core-shell support.
(Example 6)
A core-shell powder was obtained in the same manner
as in Example 1, except that an alumina-doped

ceria-zirconia based solid solution powder with a

o\°

composition ( by mass) of
Al503:Ce02:Z2r02:Lax03 :Yzoﬁ :Nd,03=30:20:44:2:2:2, an
average particle diameter of 8 um, and a specific surface
araaof?Onﬁ/gwasuéedinstewioftheceria—zirconiabased
solid solution powder, that the amounts of =zirconyl
oxynitrate and lanthanum nitrate dissolved were each
changed to 2.1x10°3® mol, and further that the second
coating step (another series of processes of the
supporting of the solution by impregnation, the
evaporation to dryness, and the calcination.and.grinding)
was conducted once more (the second coating step was
conducted twice in total) on the obtained core-shell
powder. Moreover, a powdery catalyst for purification of
exhaust gas was obtained by supporting Rh as the noble
metal on the obtained core-shell powder in the same manner
as in Example 1. Note that the amount of rhodium supported
in the obtained catalyst for purification of exhaust gas

was 0.15% by mass relative to 100% by mass of the core-shell

support.
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(Comparative Examplevl)

As a catalyst support for comparison, 10 g of a
ceria-zirconia based solid solution powder (with a
composition (% by mass) of Ce02:Zr02:Lézo3:Yzo3£30:60:5:5,
an average.particle diameter of 8 um, and a specific
surface area of 60 m2/g) was used. Next, a powdery
catalyst for comparison was obtained by supporting Rh as
the noble metal on 10 g of the powder of the catalyst support
for comparison in the same manner as in Example 1. Note
that the amount of rhodium supported in the obtained powder
of the catalyst for comparisdn was 0.15% by mass relative
to 100% by mass of the catalyst support for comparison.

(Comparative Example 2)
As a catalyst support for comparison, 10 g of an

alumina-doped ceria-zirconia based solid solution powder

o\°

(with a composition ( by mass) of
Al;03:Ce032:2r02:Laz03:Y203:Nd203=30:20:44:2:2:2, - an
average particle diameter of 8 ym, and a specific surface
area of 70 m2/g) was used. Next, a powdery catalyst for
comparisanwasobtainaﬂbYsupportingIHlasthenoblemetal
on 10 g of the powder of the catalyst support for comparison
in the same manner asg in Example 1. Note that the amount
of rhodium supported in the obtained powder of the catalyst
for comparison was 0.15% by mass relative to 100% by mass

of the catalyst support for comparison.

(Comparative Example 3)
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First, 10 g of a ceria-zirconia based solid solution
powder (with a composition (% by mass) of
Ce0;:Z2r02:Laz03:Y¥203=30:60:5:5, an average particle
diameter of 8 um, and a specific surface area of 60 m2?/qg)
was prepared. Subsequently, a solution was prepared by
dissolving 0.7x10-3 mol of éirconyl oxynitrate dihydrate
(manufactured by Wako Pure Chemical Industries, Ltd.) and
0.7x10-3 mol of lanthanum nitrate hexahydfate
(manufactured by Wako Pure Chemical Industries, Ltd.) in
100 ml of ion-exchanged water.

Next,10g;oftheceria—zirconiabasedsolidsolution
powder was added to the prépared solution, followed by
stirring for 15 minutes. Further, the mixture was heated
with stirring to impregnate the ceria-zirconia based solid
solution powder with the solution (supporting by
impregnation) . Then, this impregnated powder was
evaporated to dryness to obtain coagulation (evaporation
to dryness). Subsequently, the obtained coagulation was
calcined in air under a temperature condition of 900°C for
5 hours, and then ground into a powder by using a mortar
for 30 minutes or more to obtain a catalyst support for
comparison.

Subsequentlyy a powdery catalyst for comparison was
obtained by supporting Rh as the noble metal on 10 g the
powder of the catalyst support for comparison in the same

manner as in Example 1. Note that the amount of rhodium
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sﬁpported in the obtained catalyst for comparison was
0.15% by mass relative to 100% by massbof the catalyst
support for comparison.

(Comparative Example 4)

First, 10 g of a ceria-zirconia based solid solution
powder (with a composition (% by mass) of
Ce02:Zr02:Laz03:Y¥203=30:60:5:5, an average particle
diameter of 8 um, and a specific surface area of 60 m2/g)
waé prepared. Subsequently, a solution was prepared by
dissolving 8.75x10°3 mol of zirconyl oxynitrate dihydrate
(manufactured by Wako ﬁure Chemical Industries, Ltd.) and
8.75x10-3 ﬁol of lanthanum nitrate hexahydrate
(manufactured by Wako Pure Chemical Industries, Ltd.) in
100 ml of ion-exchanged water.

Next, 10 g of the ceria-zirconia based solid solution
powder was added to the prepared solution, followed by
stirring for 15 minutes. Further, the mixture was heated
withstirringtojﬂmfegnatetheceria—zirconiabasedsolid
solution powder with the solution (supporting by
impregnation) . Then, this impregnated powder was
evaporated to dryness to obtain coagulation (evaporation
to dryness). Subsequently, the obtained coagulation was
calcined in air under a temperature condition of 900°C for
5 hours, and then ground into a powder by using a nmortar
for 30 minutes or more to obtain a catalyst support for

comparison.
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Subsequently, a powdery catalyst for comparison was
obtained by supporting Rh as the noble metal on 10 g of
the powder of the catalyst support for comparison in the
same manner as in Exaﬁple 1. ©Note that the amount of
rhodium supported in the obtained catalyst for comparison
was 0.15% bé’mass relative to 100% by mass of the catalyst
support for comparison.

[X-Ray Diffraction (XRD) Measurement]

The average crystallite diameter (average primary
particlediameter)oftheshell(rareearth—zirconiabased
composite oxide) of each of the catalysts obtained in
Examples 1 to 6 and Comparative Examples 3 and 4 was
measured as follows.

First, by using each Qf the catalysts obtained in
Examples 1 to 6 and Comparative Examples 3 and 4 used as
a measurement sample, an X-ray diffraction (XRD) pattern
of the shell (rare earth-zirconia based composite oxide)
of the éatalyst was obtained by measurement using a powder
X-ray diffraction apparatus (a horizontal sample mounting
type multi-purpose X-ray diffractometer manufactured by
Rigaku Corporation under the tradé name of "Ultima IV")
under the conditions of a scan step size of 0.02, a
divergenée slit of 8 degrees, a scattering slit of.8
degrees, a receiving slit of 10 mm, Cu Kua radiation
(A=0.15418 nm), 40 kV, 40 mA, and a scan rate of 10 degrees

per minute. For the shell for which the XRD pattern was
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thus obtained, the average crystallite diameter (average
primary particle diameter) was determined by calculation
on the basis of the diffract.ion line width of a peak (26=10
to 80°) attributable to the rare earth-zirconia based
composite oxide using the Scherrer equation:

D=0.89xA/BcosH
(where D represents a crystallite diameter, A represents
the wavelength of the X-ray wused, §p rrepresents a
diffraction line width of the XRD measuremént sample, and
© represents a diffraction angle). Table 1 shows the
obtained results.

As is apparent from the average crystallitebdiameter
of the rare earth-zirconia based composite oxide of each
of Examples 1 to 6 and Comparative Examples 3 and 4 at an
initial stage shown in Table 1, it was found that the
average crystallite diameter of the rare earth-zirconia
based composite oxide of each of Examples 1 to é was in

the range from 3 to 9 nm.
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Next, the composition (composition formula:
(ReLgCex)zzrzo7H<(where Re represents a rare earth element,
and x represents a number of 0.0 to 0.8)) of the shell (rare
earth-zirconia based composite oxide) of each of the
catalysts obtained in Examples 1 to 6 and Comparative
Examples 3 and 4 and x in the composition formula were
determined as follows. Specifically, on an assumption
that a lattice constant changed linearly between the
lattice constant calculated from the peak position of
Re»Zr,07 and the lattice constant calculated from the peak
position of CezZr,0s, the amount of Ce in the shell material,
i.e., the wvalue of x was determined from the lattice
constant calculated from the peak position of the shell
material. Table 1 shows the obtained results.

In addition, the presence or absence of the
pyrochlore phase was determined on the basis of the
presence or absence of a peak at around 26=14.2° (degrees)
after endurance.

[High-Temperature Endurance Treatment]

Each of the catalyst powders obtained in Examples
1 to 6 and Comparative Examples 1 to 4 was subjected to
powder press molding by cold isostatic press (CIP) using
an isostatic press (manufactured by NIKKISO CO., LTD.
under the trade name of "CK4-22-60") at a pressure (molding
pressure) of 1000 kgf/cm? for i minute, followed by

crushing and size selection toobtain 0.5 to 1.0 mm pellets.
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Thus, a pellet catalyst sample for an evaluation test
(pellet-shaped catalyst for purification of exhaust gas)
was obtained. |

Next, the obtained pellet catalyst sample (1.5 g)
was placed in a normal pressure fixed bed flow type reactor.
Subsequently, a model gas treatment was conducted in which
a lean (L) gasandjirich(R)gashavingthegaécompositions
shown in Table 2 were passed alternately for 5 minutes each

and 5 hours in total under a temperature condition of

‘1100°C at a flow rate of 10 L (liters)/minute. In this

manner, a high-temperature endurance treatment (endurance

test) was conducted.

[Table 2]
(% by volume)| (% by volume)|[(% by volume)
Lean (L) 1.0 - 10.0 Balance
Rich (R) - 2.0 10.0 Balance

[Stoichiometric Three-Way Activity Evaluation Test]
The 50% NOx removal temperature (NOx T50) of each

of the catalysts obtained in Examples 1 to 6 and
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Comparative Examples 1 to 4 was measured by conducting a
stoichiometric three-way activity evaluation test on the
pellet catalyst sample subjected to the high-temperature
endurance treatment by using a flow reactor and an exhaust
gas analyzer as_follows.

Specifically, first, the pellet catalyst sample

~subjected to the high-temperature endurance treatment was

placed in a reaction tube (internal volume: 1.7 cm in
diameter and 9.5 cm in iength) of a normal pressure fixed
bed flow type reactor. Note that the amount of the
catalyst sample of each of Examples 1 to 4 and Comparative
Examples 1, 3, and 4 was 0.5 g, and the catalyst sample
was packed in the reaction tube. Meanwhile, the amount
of the catalyst sample of each of Examples 5 to 6 and
Comparative Example 2was 0.25g. To 0.25gof the catalyst
sample of each of Examples 5 to 6 and Comparative Example
2, 0.25 g of silica sand was further added, followed by
mixing. Theﬁ,themixturewaspackedinthereactiontube.

Next, a model exhaust gas of three harmful gases
having the gas composition shown in Table 3 was supplied
under a temperature condition of 600°C at a flow rate of
10 L/minute for 6 minutes (pretreatment). After that, the
temperature of each sample was cooled to 100°C. Then,
while the model exhaust gas was being supplied at a flow
rate of 10 L/minute, the sample was heated from 100°C to

600°C at a rate of temperature rise of 6°C/minute. The
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temperature (50% NOx removal temperature, °C, referred to

as "NOx T50") at which the NO removal ratio in the supplied

model exhaust gas reached 50% was measured.
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Table 1 shows the obtained results. Inaddition, Fig.
1 shows a graph showing the 50% NOx removal temperatures
(NOx_T50) of the catalysts obtained in Examples 1 to 6 and
Comparative Examples 1 to 2.
[Transient NOx Removal Activity Evaluation Test]

The‘transient NOx removal ratio of each of the
catalysts obtained in Examples 1 to 6 and Comparative
Examples 1 to 4 was measured by conducting a transient NOx
removal activity evaluation test on the pellet catalyst
sample subjected to the high-temperature endurance
treatment by using a flow reactor and an exhaust gas
analyzer as follows.

Specifically, first, the pellet catalyst sample
subjected to the high-temperature endurance treatment was
placed in a reaction tube (internal volume: 1.7 cm in
diameter and 9.5 cm in length) of a normal pressure fixed
bed flow type reactor. Note that the amount of the
catalyst sample of each of Examples 1 to 4 and Comparative
Examples 1, 3, and 4 was 0.5 g, and the catalyst sample
was packed in the reaction tube. Meanwhile, the amount
of the catalyst sample of each of Examples 5 and 6‘and
Comparative Example 2 was 0.25g. To 0.25 gof the catalyst
sample of each of Examples 5 and 6 and Comparative Example
2, 0.25 g of silica sand was further added, followed by
mixing. Then,themixturewaspackedinthereactiontube.

Next, under a temperature condition of 500°C, a lean
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modelexhaustgashavingthegascxm@ositionshownjilTable
4 was passed at a flow rate of 10 L (liter)/minute for 180
seconds. Then, the gas composition was switched to that
of a rich model exhaust gas having the gas composition
shown in Table 4, and this rich model exhaust gas was passed
at a flowrateof 10 L (liter)/minute for 180 seconds. This
cycle was repeated several times. After that, the NOx
removal ratio (transient NOx remo?al ratio, %) was
measured 180 seconds after a switch of the gas composition

from the lean one to the rich one.
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[Table 4]
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Table:LshoWstheobtainedresults. In addition, Fig.
2 shows a graph showing the transient NOx removal ratios
(%) of the‘catalysts obtained in Examples 1 to 6 and
Comparative Examples 1 to 4.

[Test for Measuring OSC (Oxygen Storage/Release)

Amount: OSC Activity Evaluation Test]

The OSC rate of eéch of the pellet catalyst samples
obtainedjlexamples 1 to 6 and Comparative Examples 1 to
4 and subjected to the high—temperature endurance
treatment was measured by performing an O0OSC activity
evaluation test using a flow reactor and an analyzer as
follows.

Specifically, first, the pellet catalyst sample
subjected to the high-temperature endurance treatment was
placed in a reaction tube (internal volume: 1.7 cm in
diameter and 9.5 cm in length) of a normal pressure fixed
bed flow type reactor. Note that the amount of the
catalyst sample of each of Examples 1 to 4 and Comparative
Examples 1, 3, and 4 was 0.5 g, and the catalyst sample
was packed in the reactioﬁ tube. Meanwhile, the_amount
of the catalyst sample of each of Examples 5 and 6 and
Comparative Example 2was 0.25g. To 0.25gof the catalyst
sample of each of Examples 5 and 6 and Comparative Example
2, 0.25 g of silica sand was further added, followed by
mixing. Then, themixture was packed in the reaction tube.

Next, a rich gas (CO (2% by volume) + N; (the balance))
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and a lean gas (02 (1% by volume) + Nz (the balance)) were
passed alternately through the fixed bed flow type reactor
under a temperature condition of 500°C, while being
switched from one to the other every three minutes. After
a switch to the rich gas, the amount of oxygen (03)
generated in the rich gas atmosphere was measured, and the
oxygen (02) generation rate, which was the amount of oxygen
(0O2) generated in 5 seconds after the introduction of the
fich gas, was determined as the oxygen storage/release
(0SC) rate (umol/g/sec or ymol-02/g/s) . (Note that the gas
flow rate was 10 L/min, and an analyzer manufactured by
BEST INSTRUMENTS CO., Ltd. under the trade name of
"Bex5900Csp" was used.

TableZLshowsthedbtainedresults. In addition, Fig.
3.§hows a graph showing the 0SC rates (umol-0:/g/s) of the
catalysts obtained in Examples 1 to 6 and Comparative
Examples 1 to 4.

Table 5 shows the structures of the core-shell
supports and catalysts for purification of exhaust gas
obtained in Examples 1 to 6 and the catalyst supports for
comparison and catalysts for comparison obtained in

Comparative Examples 1 to 4.
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As is apparent from a comparison of the results of
Examples 1 to 6 with the results of Comparative Examples
1 to 4 shown in Table 1 and Figs. 1 to 3, it was found that
the core-shell support and catalyst for purification of
exhaust gas of each of Examples 1 to 6 achieved both an
excellent NOx removal ratio and an excellent 0SC (oxygen
storage/release capacity) property. Accordingly, it is
conceivable that each of the catalysts of Examples 1 to
6 were excellent in both the performances of the NOx
removal ratio and the 0SC (oxygen storage/release
capacity) property, because the catalyst comprisedaicore
which comprised a ceria-zirconia based solid solution or
an alumina-doped ceria-zirconia based solid solution, and
a shell which comprised a rare earth-zirconia based
composite oxide represented by the composition formula:
(Re1-xCex) 22r207.x (where Re represents a rare earth element,
and x represents a number of 0.0 to 0.8) and with which
the outside of the core was coated, the rare earth-zirconia
based composite oxide comprised crystal particles having
a pyrochlore structure, and the average crystallite
diameter of the rare earth-zirconia based composite oxide
was limited in the range from 3 to 9 nm.

(Examples 7 to 9 and Comparative Examples 5 to 7)
<1l. Materials used>

[Material 1]
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As alumina (Al.03), a composite oxide containing 1%
by mass of La;0; and 99% by mass of Al,O03 was used
(hereinafter, also referred to as "Material 1").
[Material 2]

As an alumina-doped ceria-zirconia based solid
solution (ACZL), a composite oxide containing 30% by mass
of Al;03, 20% by mass of CeOz, 45% by mass of Zr0O., and 5%
by mass of La:0:; was used (hereinafter, also referred to
as "Material 2").

[Material 3]

As a core-shell support (LZ-ACZL) of the present
invention, a core-shell support obtained as described
below was used (hereinafter, also referred to as "Material
3m) .

First, 10 g of a powder (average particle diameter:
8 um, specific surface area: 70 m2?/g) of Material 2 was
prepared. Subsequently, a solution was pfepared by
dissolving 2.1x10"3 mol of zirconyl oxynitrate
(manufactured by Wako Pure Chemical Industries, Ltd.) and
2.1x10-3 mol of lanthanum nitrate hexahydrate
(manufactured by Wako Pure Chemical Industries, Ltd.) in
100 ml of ion-exchanged water (solution preparation step) .

Next, 10 g of the powder was added to the prepared
solution, followed by stirring for 15 minutes. Further,
the mixture was heated with stirring to impregnate the

powder with the solution (supporting by impregnation).
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Then, this impregnated powder was evaporated to dryness
to obtain cqagulation (evaporation to dryness).
Subsequently, the obtained coagulation was calcined in air
under a temperature conditioﬁ of 900°C for 5 hours, and
then ground into a powder by using a mortar for 30 minutes
or more to obtain a core-shell powder (first coating step) .

Subsequently, a core-shell support shown below was
obtained by performing a single series of processes in
which the prepared solution was supported on the obtained
core-shell .powder by impregnation, and then the
impregnated powder was evaporated to dryneés, followed by

calcination and grinding in the same manner as 1in the

-above-described first coating step (second coating step) .

Core: A1203—Ce02—Zr02—La203 )
Shell (x=0 in the composition formula): La:Z2r.0-

Average crystallite diameter of shell: 6 nm

Amount of shell supported: 12.0% by mass.

[Material 4]

As an alumina-doped zirconia based solid solution
(AZL), a composite oxide containing 30% by ﬁass of Al,03,
65% by mass of Z2r0O;, and 5% by mass of La,0; was used
(hereinafter, also referred to as "Material 4").

[Material 5]
As a material of a rhodium catalyst, an agqueous

rhodium nitrate solution (manufactured by Cataler
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Corporation) having a noble metal content of 2.75% by mass

bwas used (hereinafter, also referred to as "Material 5").

[Material 6]

As a material of a palladium catalyst, an aqueous
palladium nitrate solution (manufactured by Cataler
Corporation) having a noble metal cpntent of 8.8% by mass
was used (hereinafter, also referred to as "Material 6").

[Substrates] |

As substrates, cordierite honeycomb substrates of
875 cc (600H/3-9R-08) (manufactured by DENSO CORPORATION)
were used.

<2. Preparation of Catalysts>

[Comparative Example 5]
Double-Layer " Catalyst having Upper Layer
(Rh(0.10) /JACZL (110) + Al,03(28)) and Lower Layer
(PA(0.69) /ACZL(45) + Al203(40))

(Formation of Lower Layer)

First, by an impregnation method using Materials 2
and 6, a material in which palladium (Pd) was supported
on the alumina-doped ceria-zirconia based solid solution
(ACZL) was prepared (Pd/ACZL, hereinafter, also referred
to as "Material 7"). Next, Material 7, Material 1, and
an alumina-based binder (AS-200 manufactured by Nissan
Chemical Industries, Ltd.) were suspended in distilled
water with stirring to obtain a slurry. Subsequently, the

obtained slurry was poured into the substrate. An
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unnecessary portion of the slurry was blown off with a
blower. Through the above-described operations, the
surfaces of inner walls of the substrate were coated with
the materials. Here, the preparation was conducted under
such conditions that the resultant substrate coated with
the lower layer contained 0.69 g/L of pallédium, 40 g/L
of Material 1, and in 45 g/L of Material 2, per liter of
the capacity of the substrate. After that, the substrate
coated with the slurry was allowed to stand in a dryer set
at 120°C for 2 hours to allow evaporation of wéter in the
slurry. Further,'the substrate was allowed to stand in
an electric furnace set at 500°C for 2 hours to obtain a
substrate having a pélladium—containing catalyst layer.
(Formation of Upper Layer)

Next, by an impregnation method using Materials 2
and 5, a material in which rhodium (Rh) was supported on
the alumina-doped ceria-zirconia pbased solid solution
(ACZL) was prepared (Rh/ACZL, hereinafter, also referred
to as "Material 8"). Next, Material 8, Material 1, and
the alumina-based binder were suspended indistilled water
with stirring to obtain a slurry. Subsequently, the
obtained slurry was poured into the substrate having the
palladium-containing catalyst layer. An unnecessary

portion of the slurry was blown off with a blower. Through

the above-described operations, surfaces of inner walls

of the substrate were coated with the materials. Here,
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the preparation was conducted under such conditions that
the resultant substrate coated with the upper layer
contained 0.10 g/L of rhodium, 28 g/L of Material 1, and
110 g/L of Material 2, per liter of the capacity of the
substrate. After that, the substrate coated with the’
slurry was allowed to stand in a dryer set at 120°C for
2 hours to allow evaporation of water in the slurry.
Further, the substrate was allowed to stand in an electric
furnace set at 500°C for 2 hours. Thus, a double-layer
catalyst was obtained which had the rhodium-containing
catalyst layer as the upper layer and the
palladium-containing catalyst layer as thé lower layer.
[Comparative Example 6]

Double-Layer Catalyst - having Upper Layer
(Rh(0.10) /AZL(55) + ACZL(55) + Al,03(28)) and Lower Layer
(PA(0.69) /ACZL (45) + Al.03(40))

First, by an impregnation method using Materials 4
and 5, a material in which rhodium (Rh) was supported on
alumina-doped zirconia based solid solution (AZL) was
prepared (Rh/AZL, hereinafter, also referred to as
"Material 9"). ©Next, a double-layer catalyst having a
rhodium-containing catalyst layer as the upper layer and
a palladium-containing catalyst layer as the lower layer
was obtained by the same procedure as that in Comparative
Example 5, except that a slurry containing Material 9,

Material 2, Material 1, and the alumina-based binder was
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used in the step of forming the upper layer. Here, the
preparation was conducted under such conditions that the
resultant substrate coated with the upper layer contained
0.10g/L of,rhodi.um, 28 g/Lof Material 1, 55g/L of Material
2, and 55 g/L of Material 4, per liter of the capacity of
the substrate.
[Comparative Example 7]

Double-Layer . Catalyst having Upper Layer
(Rh(0.05) /AZL(55) + Rh(0.0S)/ACZL(SS).+ Al,03(28)) and
Lower Layer (Pd(0.69)/ACZL(45) + Al,03(40))

A double-layer catalyst having a rhodium-containing
catalyst layer as the upper layer and a
palladium—édntainingcatalystlayerasthelowerlayerwas
obtained by the same ﬁrocedure as that in Comparative
Example 5, except that a slurry containing Material 9,
Material 8, Material 1, and the alumina-based binder was
used in the steb of forming the upper layer. Here, the
preparation was conducted under such conditions that the
resultant substrate coated with the upper layer contained
0.10g/L of rhodium, 28 g/L of Material 1, 55 g/L of Material
2, and 55 g/L of Material 4, per liter of the capacity of

the substrate.

[Example 7]
Double-Layer Catalyst having Upper Layer
(Rh(0.10) /LZ-ACZL (110) + Al203(28)) and Lower Layer

(PA(0.69) /JACZL (45) + Al,03(40))
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First, by an impregnation method using Materials 3
and 5, a material in which rhodium (Rh) was supported on
the core-shell support of the present invention (LZ-ACZL)
was prepared (Rh/LZ-ACZL, hereinafter, also referred to
as "Material 10"). Next, a double—layer catalyst having
a.rhédium—containing'catalyst layer as the upper layer and
a palladium—containing catalyst layer as the lower layer
was obtained.by the same procedure as that in Comparative
Example 5, except that a slurry containing Materiél 10,
Material 1, and the alumina-based binder was used in the
step of forming the upper layer. Here, the preparation
was conducted under such conditions that the resultant
substrate coatediwith the upper layer contained 0.10 g/L
of rhodium, 28 g/L of Material 1, and 110 g/L of Material
3, per liter of the éapacity of the substrate.

[Example 8]
bDouble-Layer Catalyst having Upper Layer
(Rh(0.10) /AZL(55) + LZ-ACZL(55) + Al.03(28)) and Lower
Layer (Pd(0.69)/ACZL(45) + Al,053(40))

A double-layer catalyst having a rhodium-containing
catalyst layer as the upper layer and a
palladium-containing catalyst layer as the lower layer was
obtained by the same procedure as that in Comparative
Example 5, except that a slurry containing Material 9,
Material 3, Material 1, and the alumina-based bindér was

used in the step of forming the upper layer. Here, the

74



10

15

20

25

WO 2016/143722 PCT/JP2016/056908

preparation was conducted under such conditions that the
resultant substrate coated with the upper layer contained
0.10g/L of rhodium, 28 g/L of Material 1, 55 g/L of Material
3, and 55 g/L of Material 4, per liter of the capacity of
the substrate.
[Example 9]

Double-Layer Catalyst having Upper Layer
(Rh(0.05) /AZL(55) + Rh(0.05)/LZ-ACZL(55) + Al20:(28)) and
Lower Layer (Pd(0.69)/ACZL(45) + Al,03(40))

A double-layer catalyst having a rhodium-containing
catalyst layer as the upper layer and a
palladium—containingcatalystlayerasthelowérlayerwas
obtained by the same procedure as that in Comparative
Example 5, excépt that a slurry containing Material 9,
Material 10, Material 1, and the alumina-based binder was
used in the step of forming the upper layer. Here, the
preparation was conducted under such conditions that the
resultant substrate coated with the upper layer contained
0.10g/L of rhodium, 28 g/L of Material 1, 55 g/L of Material
3, and 55 g/L of Material 4, per liter of the capacity of
the substrate.

<3. Evaluation Methods of Catalysts>
[Durability Treatment]

Using a gasoline engine (lUR-FE, manufactured by

Toyota Motor Corporation), an accelerated deterioration

treatment was performed on the catalysts of Examples 7
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to 9 and Comparative Examples 5 to 7 under conditions of
1000°C (catalyst bed temperature) and 25 hours. At this
time, by adjusting a throttle opening angle and an engine
load, the treatment was repeatedly performed in a constant
circle:earich.condition,zastoichiometric condition, and
a lean condition. In this manner, the composition of
exhaust gas was changed, and the deterioratién of the
catalysts was accelerated.
[0OSC Evaluation Test]

Using a gasoline engine (2AZ-FE, manufacﬁured by
Toyota Motor Corporation), oxygen storage characteristics
of the catalysts of Examples 7 to 9 and Comparative
Examples 5 to 7 were evaluated (after the accelerated
deterioration treatment). An air-fuel ratio (A/F) was
feedback-controlled aiming at an A/F of 14.1 or 15.1.
The excess or deficiency of oxygen was calculated
according to the following expression from a difference
(AA/F) between the theoretical air-fuel ratio and an A/F
sensor outpuf at the stoichiometric point. The maximum
oxygen storage was evaluated as 0SC.
0sC [g]l] = 0.23 x AA/F x Fuel Injection Amount.

[Steady-State NOx Removal Perforﬁance Evaluation Test]

Using a gasoline engine (2AZ-FE, manufactured by
Toyota Motor Corporation), the steady-state NOx removal
performance of the catalysts of Examples 7 to 9 and

Comparative Examples 5 to 7 was evaluated (after the
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accelerated deterioration treatment). An air-fuel ratio
(A/F) was feedback-controlled aiming at an A/F of 14.1,
and the NOx emission in the exhaust gas having passed
through each catalyst was determined under a condition of
600°C.
<4. Evaluation Resﬁlts of Catalystss>

The maximum oxygen storage (0SC) and the NOx emission
of each of the catalysts of Examples 7 to 9 and Comparative
Examples 5 to 7 (after the accelerated deterioration
treatment) were evaluated by the above-described
procedures. Table 6 and Fig. 4 show tﬁe results. Note
that, in Fig. 4, the bar graph shows the maximum oxygen

storage (0SC), and the line graph shows the NOx emission.
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[Table 6]
Maximum oxygen storage NOXx emission
(05C) [ppm]
[
Comp. Ex. 5 0.30 500
Comp. Ex. 6 0.15 | 358
Comp. Ex. 7 0.24 412
Ex. 7 0.30 250
Ex. 8 0.21 200
Ex. 9 0.25 215

As shown in Table 6 and Fig. 4, since the noble metal
was directly supported on the OSC méterial in the coat
layer (upper layer) of the catalyst of Comparative Example
5, the catalyst of Comparative Example 5 achieved high OSC
performance, but the NOx emission was very large.
Meanwhile‘, in the catalyst of Comparative Example 6, the
noble metal was supported on the other material and was
coexistent with the O0SC material in the coat layer (upper

layer) . The catalyst of Comparative Example 6 was
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improved in terms of NOx emission, but the OSC performance
was deteriorated very much. In addition, in the catalyst
of Comparative Example 7, a half of the noble metal was
directly supported on the OSC material, and the other half
of the noble metal was supported on the other material.
The performances of the catalyst of Comparative Example
7 were rated between those of the catalyst of Comparative
Example 5 and those of the catalyst of Comparative Example'
6, and the two performances were not improved.

In the catalysts of Examples 7 to 9 each using the
core-shell support of the present invention, LZ-ACZL,
which was a surface-modified 0SC material, was used. It
was found that, for this reason, the catalyst of Examples
7 was improved in terms of NOx removal performance and also

achieved a high level of 0SC performance, even though the

‘noble metal was directly supported on the core-shell

support of the present invention in the coat layer (upper
layer). 1In addition, it waé found that the catalyst of
Examplefswas improved in terms of NOx removal performance
and also achieved a high level of 0SC performance, even
though the noble metal was supported on the other material
and was coexistent with the core-shell support of the
present invention in the coat layer (upper 1ayer).‘
Moreover, it was found that the catalyst of Example 9 was
improved in terms of O0SC performance without any

deterioration in NOx removal performance, even though a
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half of the noble metal was directly supported on the
core-shell support of the present invention and the other
half of the noble metal was supported on the other

material.

[Industrial Applicability]

As described above, according to the present
inventibn, it is possible tO'provide a core-shell support
which enables both sufficiently good oxygen
storage/release capacity (0SC) and sufficiently good NOx
removal activity to be exhibited, a method for producing
the core-shell support, a catalyst for purification of
exhaust gas using the core-shell support, a method for
producing the catalyst, and a method for purification of
exhaust gas using the catalyst for purification of exhaust
gas. The coxre-shell support of the present invention and
the catalyst for purification of exhaust gas using the
core-shell support of the present invention offer both
sufficiently good oxygen storage/release capacity (0SC)
and sufficiently good NOx removal activity asidescribed
above; and hence enable both sufficiently gdod oxygen
storage/release capacity (0SC) and sufficiently good NOx
removal activity to be exhibited. By bringing, for
example, an exhaust gas from an internal combustion engine
into contact with such a catalyst for purification of

exhaust gas of the present invention, the catalyst for
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purification of exhaust gas of the present invention can
sufficiently exhibit both sufficiently high oxygen
storage/release capacity (0SC) and sufficiently high NOx
removal activity, and can sufficiently remove harmful
gases such as NOx contained in the exhaﬁSt gas.
Accordingly, the core-shell support, the method for
producing the core-shell support, the catalyst for
purification of exhaust gas using the core-shell support,
the method for producing the catalyst, and the method for
purification of exhaust gas using the catalyst for
purification of exhaust gas of the present invention can
be employed suitably as a core-shell support for removing
harmful components such as harmful gases (hydrocarbons
(HC), carbon monoxide (CO), and nitrogen oxides (NOx))
contained in an exhaust gas emitted from, for example, an
internal combustién engine in an automobile or the like,
a method for producing the core-shell support, a catalyst
for purification of exhaust gas using the core-shell
support, a method for producing the catalyst, a method for
purification of exhaust gas using the catalyst for

purification of exhaust gas, and the like.
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[CLAIMS]
[Claim 1]

A core-shell support, comprising:

a core which comprises at 1least one oxygen
storage/release material selected from the group
consiéting of ceria-zirconia based solid solutions and
alumina-doped ceria-zirconia based solid solutions; and

a shell’which comprises a rare earth-zirconia based
composite oxide represented by a composition formula:
(Rei1-xCex) 22r207.x (where Re represents a rare earth element,
and x represents a number of 0.0 to 0.8) and with which
an outside of the core is coated,

the rare earth-zirconia based composite oxide
comprising crystal ©particles having a pyrochlore
structure, and

therareearth—zirconiabasedcompositeoxideha&ing
an average crystallite diameter of 3 to 9 nm.

[Claim 2]

The core-shell support according to claim 1, wherein

X in the composition formula is a number of 0.5 to
0.7.

[Claim 3]

The core-shell support according to claim 1 or 2,
wherein

Re in the composition formula is at least one element

selected from the group consisting of La, Nd, Pr, and Y.
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[Claim 4]

A catalyst for purification of exhaust gas,
comprising:

the core-shell support according to any one of claims
1 to 3; and

a noble metal supported on the core-shell support.
[Claim 5]

The catalyst for purification of exhaust gas
according to claim 4, wherein

the noble metal is Rh.
[Claim 6]

A catalyst for purification of exhaust gas,
comprising:

a substrate; and

a catalyst layer disposed on the substrate, wherein

the catalyst layer comprises the core-shell support
according to any one of claims 1 to 3, alumina, and a noble
metal.
[Claiﬁ 71

The catalyst for purification of exhaust gas
according to claim 6, wherein

at least part of the noble metal is supported on the
core-shell support.
[Claim 8]

The catalyst for purification of exhaust gas

according to claim 6 or 7, wherein
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the catalyst layer further comprises a
zirconia-based support, and

at least part of the noble metal is supported on the
zirconia-based support.
[Claim 9]

The catalyst for purification of exhaust gas
according to any one of claims 6 to 8, wherein

the noble metal is Rh.
[Claim 10]

The catalyst for purification of exhaust gas
according to any one of claims 6‘to 8, wherein

the catalyst layer is a rhodium-containing catalyst
layer containing Rh as the noble metal, and

a palladium-containing catalyst layer containing a
ceria-zirconia based ‘solid solﬁtion and/or an
alumina-doped ceria-zirconia based solid solution,
alumina, and Pd is disposed between the substrate and the
rhodium-containing catalyst layer.
[Cilaim 11]

A method for producing the core-shell support
according to any one of claims 1 to 3, comprising:

a solution prepafation step of preparing a solution
containing a rare earth element salt and a zirconium salt;

a first coating step of bringing the prepared
solution into contact with a powder of at least one oxygen

storage/release material selected from the group
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consisting of ceria-zirconia based solid solutions and
alumina-doped ceria-zirconia based solid solutions to
obtain a core-shell powder supporting the prepared
solution in an amount which gives, after calcination to
an oxide, 1 to 8 parts by mass of the rare earth-zirconia
based composite oxide constituting a part of the shell
relative to 100 parts by mass of the oxygen storage/release
material constituting the core, followed by calcination
at a tempetature in a range from 600 to 1100°C and then
by grinding; and

a second coating step of brihging the prepared
solution into contact with the obtained core-shell powder
to obtain the core-shell powder additionally supporting
the prepared solution in an amount which gives, after
calcination to an oxide, 1 to 8 parts by mass of the rare
earth-zirconia based composite oxide constituting a part -
of the shell relative to 100 parts by mass of the oxygen
storage/release material constituting the core, followed
by calcination at a temperature in a range from 600 to
1100°C'and then by grinding,

the core-shell support being obtained by performing
the second coating step until an amount of the rare
earth-zirconia based composite oxide constituting the
shell after the calcination to the oxide reaches 4 to 24
parts by mass relative to 100 parts by mass of.the oxygen

storage/release material constituting the core.
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[Claim 12]

A method for producing the catalyst for purification
of.exhaust gas according to claim 4 or 5, comprising:

a solution preparation step of preparing a solution
containing a rare earth element salt and a zirconium salt;

a first coating step of bringing the prepared
solution into contact with a powder of at least one oxygen
storage/release material selected from the group
consisting of ceria-zirconia based solid solutions and
alumina-doped ceria—zifconia based solid solutions to
obtain a core-shell powder supporting the prepared
solution in an amount which gives, after calcination to
an oxide, 1 to 8 parts by mass of the rare earth-zirconia
based composite oxide constituting a part of the shell
relative to 100 parts by mass of the oxygen storage/release
material constituting the core, followed by calcination
at a temperature in a range from 600 to 1100°C and then
by grinding; and

a second coating step of bringing the prepared
solution into contact with the obtained core-shell powder
to obtain the core-shell powder additionally supporting
the prepared solution in an amount which gives, after
calcination to an oxide, 1 to 8 parts by mass of the rare
earth-zirconia based composite oxide constituting a part
of the shell relative to 100 parts by mass of the oxygen

storage/release material constituting the core, followed
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bylcalcination at a temperature in a range from 600 to
1100°C and then by grinding,

the core-shell support being obtained by performing
the secoﬁd coating step until an amount of the rare
earth—zircohia based composite oxide constituting the
shell after the calcination to the oxide reaches 4 to 24
parts by mass relative to 100 parts by mass of the oxygen
storage/release material constituting the core, and then

the catalyst for purification of exhaust gas being
obtained by bringing a noble metal salt solution into
contact with the core-shell support.
[Claim 13]

A method for purification of exhaust gas,
comprising:

purifying an exhaust gas emitted from an intermnal
combustion engine by bringing the exhaust gas into contact
with the catalyst for purification of exhaust gas

according to any one of claims 4 to 10.
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