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Abstract

The relationship of materials design and thermal stabilization of catalysts is discussed by focusing on a series of useful rare earth elemen
used in automotive catalysts. In general, automobile exhaust becomes a high-temperature gas after the engine operation. The thermal durabil
is very important in any case of practical usage concerning with the exhaust catalyst. The catalysis, i.e., complex reactions between gases, m
be discussed about the catalytic materials subjected to such harsh heat condition. Rare earth elements, in the design of advanced cataly
are essential to the requirement of heat-stable catalytic materials as well as other function including oxygen storage capacity. For the alumin
catalytic support, the phase transition and surface modification are closely related to realize better heat-stable materials with nanometer-ord
particles in size. The thermal-stable alumina support and the oxygen storage capacity (OSC) of ceria and ceria—zirconia subcatalysts mu
be controlled by the resultant microstructures where the nanoparticles are mixed and rearranged with each other after heat treatment. Tl
materials aspect for the design of automotive catalyst is reviewed, and then the author’s work on the use of rare earth elements as key technolo
is described.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction alumina suppor{3-9] and rare-earths-containing subcata-
lysts [10-15] have been examined through more advanced
Automotive exhaust catalysts are used for treatment to technology, their effective application requires both better
remove poison gases, such as CO, hydrocarbons and NO properties and lower cost level for advanced automotive cat-
in burning exhaust from engines. Regarding with materi- alyst. Also, arecentresearch haslead new compositions, such
als design in the practical use of catalysts, rare earths areas Pd-doped perovskite-type oxides mixed with ceria-based
the most important elements to meet several requirement ofsubcatalyst, in order to avoid the use of expensive Pt—Rh
exhaust treatment so f,2]. In practical development, the [16—19] In the present paper, the rare earth modification to
thermal stabilization has become essential factors to controlalumina is described for furthering more research of thermal-
the state of catalysts from aspect of nanoscaled compositeresistant catalyst. The thermal stabilization effect of a series
of several catalytic compositions. In general, the automo- of rare earth elements on alumina support is examined by
tive catalysts consist of precious metals including Pt, Rh observing the surface area and phase transition in metastable
and Pd, alumina nanoparticles as supports, and subcatalytigamma alumina. Then, the sintering in alumina supported
composition such as ceria or ceria—zirconia as well as otherceria—zirconia system and the effect of lanthanum on transi-
promoters. Although the inexpensive materials, especially tion metal impregnated alumina on phase transition and the
stabilized copper—alumina are examined for de;Naalyst
* Tel.: +81 572 27 6811 fax: +81 572 27 6812. without precious metals for lean burn exhaust. In addition,
E-mail address: ozawa@nitech.ac.jp. the morphology stabilization of alumina coat layers is shown.
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These results suggestthe high potential of rare earth modifica- 70
tion technology to alumina-based catalyst. The present work __6of Yb GdSmLa | o
emphasizes the importance of rare earths and their arrange- (%) 501 %’ St Ba
ment in these catalytic components. Sl O
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A series of rare earths (RE=La, Ce, Sm, Gd, Dy, Yb, Y) 008 o] o2 o

and alkaline earths (Ba, Sr, Ca) were used as a modifier to
alumina. The procedure is as follows; Thé\l .03 samples
added with other elements were prepared by the impregna-Fig. 1. Specific surface area of alumina support modified with rare earths
tion of agueous metal nitrates, and then dried at°Tl@r and alkaline earths followed by heat treatment at TZD€r 3 h in air.
8 h, followed by heat-treatment at 500 for 3 h in air. Also,
the ceria—zirconia (Ce2ZrQ,) for oxygen storage capacity ~ dence of these modifiers as stable cations in oxides. However,
(OSC) was used for the modification to alumina. The compo- the performance of surface area stabilization is strongly influ-
sitions were selected at (Ce®ZrO,)/Al,03=0.3/1 for an enced by the purity and morphology of alumina, as well as
OSC catalyst. The CuCand transition metals (Cr, Mn, Fe, rare earth modification process itself for their optimization
Co, Ni) added catalyst using pure and La-modified alumina [3—7].
as supports were prepared by the same procedure. These cat- Lanthanum is actually the most industrial modifier to alu-
alyst supports and subcatalysts were heated at temperature®ina supports regarding its subcatalytic effect as well as
of 800-1200C for 3hin air. thermal stabilization, which are prepared by several methods
The surface areas of the powders were measured fromin automotive catalysts. The simplest process of rare earth
nitrogen adsorption at 77 K after heat treatment at°#ZD0  addition is the impregnation, followed by calcination, using
under vacuum (Model Autosorp3b, Quantachrome Corp.) agueous metal salts onto transition alumina (g-8\203)
by BET (Brunauer—Emmett—Teller) technique. A powder X- nanoparticles. Besides the direct fabrication of alumina sup-
ray apparatus (XRD; Model RINT2000, Rigaku Co. Ltd.) portin industrial large scale, the surface modification using
with Cu Ka source (20 kV—30 mA) was used for the char- some precipitation agent can be possibly applied to prepare
acterization of phases in the samples after heat treatmentatalysts. The La species can make chemical bond to cover

Ionic radius (nm)

at various temperatures. Thetransition temperaturer) as hydroxide or oxide on alumina surface. The surface cover-
was measured by a differential thermal analysis (DTA, Seiko age of lanthanum oxide as a final form depends on the surface
Instrument DTA30) technique at heating rate of @dmin. area of alumina and other factors. Practically, the content of

The microscopic or macroscopic morphology was examined a modifier should be selected if the surface area versus con-

by transmission electron microscopy (TEM; JEM-2000EX, centration is optimized for heat condition used.

JEOL) and scanning (SEM; JSM600, JEOL). Catalytic per-  Fig. 2 shows the relationship of surface area versus La-

formance was tested using gas mixtures with a large spacecontent after heat treatment at 12@ for comparison of

velocity of 100,000 h, which simulated automotive exhaust ~ several high surface-area alumina powders. Any alumina has

at fuel-lean condition when air/fuel ratio (A/F) was 18. The the optimum La-content with relatively low concentration if

gas composition and measurement procedure were describethey are used at 1000-1200. Although LaAIQ; is believed

in a previous papgrO0]. to form surface mono-unit layer on alumif@, itis generally
difficult to detect such crystalline states in practical materials.

3. Results and discussion 80

3.1. Rare earth modification of gamma alumina
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Fig. 1shows the specific surface area of RE-modified alu-
mina powder heated at 120C. The surface area of pure
aluminawas 812 Rig after heat treatment at 1200, while
those of the modified alumina was 40-7&m The data
represent the excellent effect of a series of rare earths as
a modifier, which is possible to use regarding present cost
level, for the purpose of alumina support stabilization. The
data aboutalkaline earths alsoindicate the same as ra_re earth'tglg. 2. Relationship of surface area vs. La-content for several alumina pow-
The heat temperature was selected at TZDfor comparison ders after heat treatment at 12@0 Three marks4, B, @) indicate different
between elements. The results suggest the ionic radius depenaw alumina powders.
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Fig. 4. Specific surface area of Ce&ZrO,/Al,03 composite powders vs.
ZrOz-content, which are prepared by the impregnation method followed by
heat treatment at 80C.

(b) Fig. 4 shows the specific surface area of Ge@rOy/
Al 03 composite powders, which are prepared by the impreg-
Fig. 3. TEM image of a LaAl@ nanoparticle in 5 mol% La-modified alu- nation method. followed by heat treatment at 880 The
mina heated at 1200 (a) and the electron diffraction pattern (b). L P . .
effect of ZrQ, addition on surface area stabilization is evi-

The f . fal d d(h lumi q dent even in these ordinary Ce&ZrO, subcatalysts. The
e formation of a layered compound (hexa-aluminate an dependence of surface area versus 2e¢Ontent suggests

defective aluminas) by doping small amount of La-cations the inhibition effect of ZrQ on the grain growth in the

is possible. Present author has examined the state of tr'va“lmpregnation—calcination stage for a series of GO,

lent rare earth (Gd and La), which is doped in transition OSC powders. Since the content of Ge@rO, is fairly large

aItJtrnlns ut\sl\|/ng ESR techr:!qlub]. Tu? ztuerfaﬁtodr |sth|e inter- per support, the excess fraction should exist out of surface of
action between nanoparticies, which have nydroxyl group on o, mjns nanoparticles, while a part of them was coated on

_surface, n agglomeration, as well as particles a_nd SPECIESg rface. Although the influence of nanoparticulate alumina
in water. Fig. 3 shows the example of the TEM image in

5mol% L dified alumina h d at 12@ A 10 in the impregnation solution is the same as its support, the
_mo o La-modified alumina heate .at nm . interaction between CeZrO, and AbOj3 is found to have
size LaAlG; (as a dark-contrast particle) has nucleated in

lumi icul S wh load dspecially induced an inhibition behavior on sintering. Thus,
alumina nanoparticulate aggregate matrix when over-loaded, system of Ce®-ZrO,—Al,03 is potentially useful for

Lf"‘ content 'GXItS. In the glmple |mpre:=gnat|on, the L‘f" and non-sinterable OSC component as its original form in three-
nitrate species both remains on alumina surface during theway catalyst

drying process, so tha_t an attr_active force by the bridging Fig. 5 shows the XRD patterns of composite powders,
La(NGOs)3 should be active, leading the hard agglomerates of CeO—Zr0,—Al,0s3, which were heated at 80C in air. A

aIum_lna. Such startmg stqte of agglomeration ShOUId mduc_e part of CeQ-ZrO, seemed to make solid solution; however,
the difference about sintering, phase transformation and solid

state reactions in heat treatment. Thus, the La-modification
technology is not necessarily settled but still active as an
innovative route to improve automotive catalyst.

3.2. Alumina-supported ceria—zirconia for OSC

Oxygen storage capacity (OSC) has been a key function in
automotive catalysts for precisely controlling the variation of
air/fuel ratio in exhausfl0-12] The optimization of atmo-
sphere in nanospace around catalyst particles leads better
efficiencies to remove CO, hydrocarbons and,N&so, the
oxidation performance may possibly be used for the design of
the advanced catalyst for combustion. Ceria—zirconia system
has been a standard composition of OSC in high-performance
automotive catalysf13-15,20-31] The composite (solid x=0
solution) subcatalyst is applied to practical three-way cata- 0

. . - 20 30 40 50 60 70 80
lyst that must have high durability as well as thermal stability N
. . Diffraction angle
[32,33] In the present work, alumina-supported ceria and
C?ria—.Zirconia are examined regarding with the phase andrig 5. XRD patterns of a series of composite powders e0.(ZrOz)./
sintering behavior. Al,03 heated at 800C for 5 h in air.

Intensity (a.u.)
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Table 1

a-Transition temperature of transition metal impregnated alumina catalysts
Element Pure aluming, (°C) La-modified alumindy, (°C)

- 1280 1410

Cr 1240 1380

Mn 1050 1180

Fe 1015 1190

Co 1205 1320

Ni 1225 1300

Cu 1075 1205

The effect of La-modification is compared by DTA at a heating rate of
10 K/min.

3.3. La-modified transition metal-doped alumina for
de-NOy catalyst

The knowledge of solid-state thermal behavior in the
systems of alumina and transition metal oxides should be
significant in the developments of base (not precious) metal-
containing catalysts, but there are not many references so
far [34—39] Also, the effect of co-addition of rare earth and
transition metals on alumina at elevated temperatures was
less examinedTable 1comparesx-transition temperature,
Fig. 6. TEM images of Ce@-ZrOzlA!203 composite powders heated at gtr’r?{t(?r‘trj'lge (:;Yf-{zlr‘?\f?:aal(gAgKigg (;N]_téo)/oaggrll_tia/,-n]q-ggiﬁjggd,&rr%m
800°C. (a)x=0, (b)x=0.2, (c)x=0.6 in (CeQ)1_,(ZrOy).. - t . d 23

(through impregnation) with 10 mol% transition-metals M

(M=Cr,Mn,Fe,Co,Ni,Cu). The data were derived from the
the Complete miXing as a level of CryStal lattice was difficult Starting temperature of exothermealransition peak in DTA
by this process. In the simple impregnation—calcination curves measured at a heating rate of 10 K/min. In general,
process, the Cef2ZrO, formed the mixed phase of two  sych transition metal addition induced a large decrease of
partial solid solutions both in Ce&rich and ZrQ-rich side.  transition temperature. The addition of Fe, Mn or Cu has
Fig. 6shows the TEM images of several Ce@rO,/Al 203 actually resulted in the large decreaseTgf over 200°C,
composite powders heated at 8@ The morphology of  while other metals indicated smaller effects to the decrease
impregnated composites depends on the ratio of Ce/Zr,of T, about 20-100C. The XRD detectedv-Al,O3, 6-
in which the spheluric agglomeration of Cg&ZrO; is Al,03, v-Al,03 and complex oxides depending on the sort
bedded in the matrix of AD3 network. The aggregate of impregnated metals in present temperature-range. As
size of CeQ-ZrO, decreased with the increase of ZrO  known, y-Al,03 transforms with increasing temperature,
content. Thus, the dispersion with submicron scale can beas'y_> S — 0 — a. There were several features of formed
simply controlled by the addition of ZD This should  phases via solid-state reactions, depending on species of tran
influence the sintering when the extremely high-temperature sjtion elementsTable lindicates that th&,(s) are elevated
exhaust come on these subcatalysts, which must support Ppy the La pre-modification leading the thermal stability of
nanoparticles. It was suggested to behave as full reversibletransition metal catalysts supported on alumina. The La-
redox between Ce(4+) and Ce(3+) in mid-composition of modified alumina showed no or little decreaseTgfeven
CeQ—Zr0,, leading the better performance as the OSC jfthe transition metals of 10 mol% were impregnated. This is
material[21-26] On the other hand, from an aspect of total a|so indicated by the surface area and activity measurement,
material design, the non-sinterable composite powders aree g. in the Cu@-Al,0j3 catalyst, as described below.
also important. The practical catalytic materials must be F|g 7 compares the typica| performance of the NO and
subjected to heat condition of exhaust at moderate and highczHg removal on Cu@-Al,O3 (heated at 900 and 100Q)
temperatures of 800-110C, depending on engine opera- and CuQ-LaO,—Al»O3 (heated at 100€C) for a model
tion mode. There is often the trade-off relationship between |ean—burn exhaust at A/F = 18 with SV = 100,000 hThere
an atomically structured crystal and practical nanopartic- seemed to be low efficiencies; however, those were heated
ulate heterogeneous catalyst with high surface area. Theat 1000°C (where any zeolite catalyst shows no activ-
present results suggest the effect of co-addition from the jty) for 3h in air before the measurement. The relation-
material dESign of CatalyStS, regarding with the Sinterab”ity Sh|p of NO conversion versus tempera‘[ure for lean—burn
of CeQ-Zr0, subcatalyst. The more detailed solid-state model exhaust showed the same tendency as zeolite cata-
characterization and OSC of them will be described in other |ysts before heat treatment at >8@@), indicating the con-

papers. version maximum at a certain temperature and the decrease
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Fig. 7. NO and GHg removal efficiencies vs. temperature on Ge@l,03
catalyst (heated at 900 and 10@) and CuQ-LaO,—Al;O3 catalyst
(heated at 1000C) for a model lean-burn exhaust at A/F=18 with
SV =100,000 1. Removal efficiencies of §Hg (A) and NO @) on
CuO,/Al;03 (=10/100) heated at 90€. Removal efficiencies of £Eg
(O) and NO @) on CuQ/Al,03 (=10/100) heated at 100C€C. Removal
efficiencies of GHg ((J) and NO #) on CuQ/LaO,/Al,0O3 (=10/5/100)
heated at 100€C.

with increasing temperaturerig. 8 shows the NO and (b)
hydrocarbon (gHg) removal efficiencies depending on La- _

. o Fig. 9. SEM image of surface morphology on (a) pure@d and (b) La-
content in La-stabilized CU“QAIZO?"_The Cu 10mol%-La modified AL O3, which were coated on an alloy thin foil and then heated at
5 mol%-—co-doped AlO3 catalyst subjected to heat-treatment  1100°c for 3h in air.
at 1000°C in air maintained the NO removal efficiencies of
14%. The BET surface areas of for alumina catalysts heatedrelated to the grain growth and phase evolution in alumina
\évse r(ectzqf/c,:oh@cl)l_i%@l%%g ;\ég{tgglozg’ gggzt)e iﬁglg%)’ support. So called “sintering” of ceramics, in this case, has
(CUQJAI,O 2_ :fO/lOO héated at 100C), res ective? resulted in the fracture of washcoat layers. A larger shrinkage

2537 - ' : ' b Y- of porous alumina than that of the honeycomb substrate in
Although the solid-state reactions are actually complex, the automotive catalyst is induced by high-temperature exhaust
surface area stabilization effect of lanthanum is confirma- leading a local stress to form cracksg. 9 shows the SEM '
tively active on Cu@-Al,O3 de-NQ, catalyst. Although image of pure AJOs and LaQ-Al,0 .coated on a prac-
de-NQ, reaction proceeds at 300—70D with selective cat- . s 23 :

. : oo : . tical alloy substrate and then heated at 120Cor 3 h in
alytic reductlon. (SCR) mgchan_lsm In engine combustion, the air. No critical fracture was found if alumina has been sta-
abnormal bu_rnmg sometimes m_du_ces. the heat degeneranorbilized with La, although some fair cracks are observed. In
of catalyst.Fig. 8 shows the optimization of La-content at practice, the rr’1eology of alumina suspension must be con-
5 mol% to CuQ/Al 03 (=10/100) catalyst. This catalystis an o .

. trolled during the preparation process of the porous, stable
example of the stabilized de-N®@atalyst for general purpose and homogeneous thick coat layer on alloy or ceramic sub-
by using the rare earth modification of Cu\l,O3 system,

. : strates. After then, the La-modified composite alumina will
which is enhanced by automotive technolqgg-43} become stable support (as washcoat layer) on an automo-

tive honeycomb bed even subjected to high-heat environment.
The strength of agglomerates in powders often prepared by a
chemical route is controlled by the extent of particle—particle
interactionf44]. Aside from several forces, such as hydrogen
Sbonding to surface hydroxyl groups, the size of units (the
primary nanoparticle size) should be the important factor in
forming bridges between adjacent particles. La modification
; stabilizes the nanopatrticles by the inhibition of grain growth
as well as the metastable phase of alumina beldvansition
temperature. This effect leads the macroscopic morphology
stabilization of coated layers of alumina at high tempera-
tures. The local perturbation caused by rapid grain growth
leadsto shrinkage, and consequently, the microstructure dras-
tically evolves when the shrinkage is large. The details on the
microdynamics of powder and sintering await more research.
Fig. 8. Dependence of La-content on Nm)@nd GHsg (0) removal perfor- The microstructural stabilization technology with rare earth
mance of Cu@YLaO,/Al ,03 (=10/0-10/100) after heat treatment at 1000 (e.g. La) modification to alumina will be more applied

3.4. Morphology stabilization of alumina coat layer

Finally, an aspect of ceramics is applied to a thermal stable
catalyst washcoat layer. The sintering of catalyst layers wa
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to the advanced materials of high-temperature exhaust [6] F. Oudet, P. Courtine, A. Vejux, J. Catal. 114 (1988) 112.
catalyst. [7]1 M. Ozawa, M. Kimura, A. Isogai, J. Less-Common Met. 162 (1990)
297.
[8] M. Ozawa, M. Kimura, A. Isogai, US patent No. 4722920, 1988.
[9] M. Ozawa, Y. Nishio, J. Alloys Compd. 374 (2004) 397.
4. Summary [10] H.S. Gandhi, A.G. Piken, M. Shelef, R.G. Delosh, SAE paper
No0.760201, 1976.
Several results were described as the examples of the high11] H.C. Yao, Y.F. Yao, J. Catal. 86 (1984) 254. o
potential of rare earth modification in alumina-based catalyst [12] T- Miki, T. Ogawa, M. Haneda, N. Kakuta, A. Ueno, S. Tateishi, S.

well it. Th r mmarized followin Matsuura, M. Sato, J. Phys. Chem. 94 (1990) 6464.
as well as support. €y aresu arized as follo g. [13] M. Ozawa, M. Kimura, A. Isogai, S. Matsumoto, N. Miyoshi, US

patent No. 5075276, 1990.

(1) The surface modification using rare earths to alumina _ ,
[14] M. Ozawa, M. Kimura, A. Isogai, J. Alloys Compd. 193 (1993)

lead better heat-stable catalytic support with nanometer-

. ) 73.
order particles. The surface area of alumina become over|is) 1. murota, T. Hasegawa, S. Aozasa, H. Motoyama, M. Matsui, J.
60 /g at 1200°C, even through a simple impregnation Alloys Compd. 193 (1993) 298.
process. [16] H. Tanaka, M. Uenishi, I. Tan, M. Kimura, J. Mizuki, Y. Nishihata,
(2) The aggregate size of CecrrO, decreased with the SAE paper, SP-1573, 2001, p. 123.

. . . . [17] N. Sato, H. Tanaka, I. Tan, M. Uenishi, N. Kajita, M. Taniguchi,
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