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automobile exhaust treatment through rare earth

modification of alumina nanoparticle support
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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 elements
used in automotive catalysts. In general, automobile exhaust becomes a high-temperature gas after the engine operation. The thermal durability
is very important in any case of practical usage concerning with the exhaust catalyst. The catalysis, i.e., complex reactions between gases, must
b ced catalysts,
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e discussed about the catalytic materials subjected to such harsh heat condition. Rare earth elements, in the design of advan
re essential to the requirement of heat-stable catalytic materials as well as other function including oxygen storage capacity. For
atalytic support, the phase transition and surface modification are closely related to realize better heat-stable materials with nano
articles in size. The thermal-stable alumina support and the oxygen storage capacity (OSC) of ceria and ceria–zirconia subca
e controlled by the resultant microstructures where the nanoparticles are mixed and rearranged with each other after heat tre
aterials aspect for the design of automotive catalyst is reviewed, and then the author’s work on the use of rare earth elements as ke

s described.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Automotive exhaust catalysts are used for treatment to
emove poison gases, such as CO, hydrocarbons and NOx

n burning exhaust from engines. Regarding with materi-
ls design in the practical use of catalysts, rare earths are

he most important elements to meet several requirement of
xhaust treatment so far[1,2]. In practical development, the
hermal stabilization has become essential factors to control
he state of catalysts from aspect of nanoscaled composite
f several catalytic compositions. In general, the automo-

ive catalysts consist of precious metals including Pt, Rh
nd Pd, alumina nanoparticles as supports, and subcatalytic
omposition such as ceria or ceria–zirconia as well as other
romoters. Although the inexpensive materials, especially
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alumina support[3–9] and rare-earths-containing subca
lysts [10–15] have been examined through more advan
technology, their effective application requires both be
properties and lower cost level for advanced automotive
alyst. Also, a recent research has lead new compositions
as Pd-doped perovskite-type oxides mixed with ceria-b
subcatalyst, in order to avoid the use of expensive P
[16–19]. In the present paper, the rare earth modificatio
alumina is described for furthering more research of ther
resistant catalyst. The thermal stabilization effect of a s
of rare earth elements on alumina support is examine
observing the surface area and phase transition in meta
gamma alumina. Then, the sintering in alumina suppo
ceria–zirconia system and the effect of lanthanum on tr
tion metal impregnated alumina on phase transition an
stabilized copper–alumina are examined for de-NOx catalys
without precious metals for lean burn exhaust. In addi
the morphology stabilization of alumina coat layers is sho

925-8388/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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These results suggest the high potential of rare earth modifica-
tion technology to alumina-based catalyst. The present work
emphasizes the importance of rare earths and their arrange-
ment in these catalytic components.

2. Experimental

A series of rare earths (RE = La, Ce, Sm, Gd, Dy, Yb, Y)
and alkaline earths (Ba, Sr, Ca) were used as a modifier to
alumina. The procedure is as follows; The�-Al2O3 samples
added with other elements were prepared by the impregna-
tion of aqueous metal nitrates, and then dried at 110◦C for
8 h, followed by heat-treatment at 500◦C for 3 h in air. Also,
the ceria–zirconia (CeO2–ZrO2) for oxygen storage capacity
(OSC) was used for the modification to alumina. The compo-
sitions were selected at (CeO2 + ZrO2)/Al2O3 = 0.3/1 for an
OSC catalyst. The CuOx and transition metals (Cr, Mn, Fe,
Co, Ni) added catalyst using pure and La-modified alumina
as supports were prepared by the same procedure. These cat-
alyst supports and subcatalysts were heated at temperatures
of 800–1200◦C for 3 h in air.

The surface areas of the powders were measured from
nitrogen adsorption at 77 K after heat treatment at 200◦C
under vacuum (Model Autosorp3b, Quantachrome Corp.)
by BET (Brunauer–Emmett–Teller) technique. A powder X-
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Fig. 1. Specific surface area of alumina support modified with rare earths
and alkaline earths followed by heat treatment at 1200◦C for 3 h in air.

dence of these modifiers as stable cations in oxides. However,
the performance of surface area stabilization is strongly influ-
enced by the purity and morphology of alumina, as well as
rare earth modification process itself for their optimization
[3–7].

Lanthanum is actually the most industrial modifier to alu-
mina supports regarding its subcatalytic effect as well as
thermal stabilization, which are prepared by several methods
in automotive catalysts. The simplest process of rare earth
addition is the impregnation, followed by calcination, using
aqueous metal salts onto transition alumina (e.g.�-Al2O3)
nanoparticles. Besides the direct fabrication of alumina sup-
port in industrial large scale, the surface modification using
some precipitation agent can be possibly applied to prepare
catalysts. The La species can make chemical bond to cover
as hydroxide or oxide on alumina surface. The surface cover-
age of lanthanum oxide as a final form depends on the surface
area of alumina and other factors. Practically, the content of
a modifier should be selected if the surface area versus con-
centration is optimized for heat condition used.

Fig. 2 shows the relationship of surface area versus La-
content after heat treatment at 1200◦C for comparison of
several high surface-area alumina powders. Any alumina has
the optimum La-content with relatively low concentration if
they are used at 1000–1200◦C. Although LaAlO3 is believed
to form surface mono-unit layer on alumina[6], it is generally
d ials.

F pow-
d t
r

ay apparatus (XRD; Model RINT2000, Rigaku Co. L
ith Cu K� source (20 kV–30 mA) was used for the ch
cterization of phases in the samples after heat trea
t various temperatures. The�-transition temperature (T�)
as measured by a differential thermal analysis (DTA, S

nstrument DTA30) technique at heating rate of 10◦C/min.
he microscopic or macroscopic morphology was exam
y transmission electron microscopy (TEM; JEM-2000
EOL) and scanning (SEM; JSM600, JEOL). Catalytic
ormance was tested using gas mixtures with a large s
elocity of 100,000 h−1, which simulated automotive exha
t fuel-lean condition when air/fuel ratio (A/F) was 18. T
as composition and measurement procedure were des

n a previous paper[40].

. Results and discussion

.1. Rare earth modification of gamma alumina

Fig. 1shows the specific surface area of RE-modified
ina powder heated at 1200◦C. The surface area of pu
lumina was 8–12 m2/g after heat treatment at 1200◦C, while

hose of the modified alumina was 40–70 m2/g. The data
epresent the excellent effect of a series of rare eart

modifier, which is possible to use regarding present
evel, for the purpose of alumina support stabilization.
ata about alkaline earths also indicate the same as rare
he heat temperature was selected at 1200◦C for comparison
etween elements. The results suggest the ionic radius d
.

-

ifficult to detect such crystalline states in practical mater

ig. 2. Relationship of surface area vs. La-content for several alumina
ers after heat treatment at 1200◦C. Three marks (�,�, �) indicate differen
aw alumina powders.
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Fig. 3. TEM image of a LaAlO3 nanoparticle in 5 mol% La-modified alu-
mina heated at 1200◦C (a) and the electron diffraction pattern (b).

The formation of a layered compound (hexa-aluminate and
defective aluminas) by doping small amount of La-cations
is possible. Present author has examined the state of triva-
lent rare earth (Gd and La), which is doped in transition
alumina using ESR technique[7]. The other factor is the inter-
action between nanoparticles, which have hydroxyl group on
surface, in agglomeration, as well as particles and species
in water.Fig. 3 shows the example of the TEM image in
5 mol% La-modified alumina heated at 1200◦C. A 10 nm
size LaAlO3 (as a dark-contrast particle) has nucleated in
alumina nanoparticulate aggregate matrix when over-loaded
La content exits. In the simple impregnation, the La and
nitrate species both remains on alumina surface during the
drying process, so that an attractive force by the bridging
La(NO3)3 should be active, leading the hard agglomerates of
alumina. Such starting state of agglomeration should induce
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
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Fig. 4. Specific surface area of CeO2–ZrO2/Al2O3 composite powders vs.
ZrO2-content, which are prepared by the impregnation method followed by
heat treatment at 800◦C.

Fig. 4 shows the specific surface area of CeO2–ZrO2/
Al2O3 composite powders, which are prepared by the impreg-
nation method, followed by heat treatment at 800◦C. The
effect of ZrO2 addition on surface area stabilization is evi-
dent even in these ordinary CeO2–ZrO2 subcatalysts. The
dependence of surface area versus ZrO2-content suggests
the inhibition effect of ZrO2 on the grain growth in the
impregnation–calcination stage for a series of CeO2–ZrO2
OSC powders. Since the content of CeO2–ZrO2 is fairly large
per support, the excess fraction should exist out of surface of
alumina nanoparticles, while a part of them was coated on
surface. Although the influence of nanoparticulate alumina
in the impregnation solution is the same as its support, the
interaction between CeO2–ZrO2 and Al2O3 is found to have
specially induced an inhibition behavior on sintering. Thus,
the system of CeO2–ZrO2–Al2O3 is potentially useful for
non-sinterable OSC component as its original form in three-
way catalyst.

Fig. 5 shows the XRD patterns of composite powders,
CeO2–ZrO2–Al2O3, which were heated at 800◦C in air. A
part of CeO2–ZrO2 seemed to make solid solution; however,

F
A

ir/fuel ratio in exhaust[10–12]. The optimization of atmo
phere in nanospace around catalyst particles leads
fficiencies to remove CO, hydrocarbons and NOx. Also, the
xidation performance may possibly be used for the desi

he advanced catalyst for combustion. Ceria–zirconia sy
as been a standard composition of OSC in high-perform
utomotive catalyst[13–15,20–31]. The composite (soli
olution) subcatalyst is applied to practical three-way c
yst that must have high durability as well as thermal stab
32,33]. In the present work, alumina-supported ceria
eria–zirconia are examined regarding with the phase
intering behavior.
r

ig. 5. XRD patterns of a series of composite powders (CeO2)1− x(ZrO2)x/
l 2O3 heated at 800◦C for 5 h in air.
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Fig. 6. TEM images of CeO2–ZrO2/Al2O3 composite powders heated at
800◦C. (a)x = 0, (b)x = 0.2, (c)x = 0.6 in (CeO2)1− x(ZrO2)x.

the complete mixing as a level of crystal lattice was difficult
by this process. In the simple impregnation–calcination
process, the CeO2–ZrO2 formed the mixed phase of two
partial solid solutions both in CeO2-rich and ZrO2-rich side.
Fig. 6shows the TEM images of several CeO2–ZrO2/Al2O3
composite powders heated at 800◦C. The morphology of
impregnated composites depends on the ratio of Ce/Zr,
in which the spheluric agglomeration of CeO2–ZrO2 is
bedded in the matrix of Al2O3 network. The aggregate
size of CeO2–ZrO2 decreased with the increase of ZrO2
content. Thus, the dispersion with submicron scale can be
simply controlled by the addition of ZrO2. This should
influence the sintering when the extremely high-temperature
exhaust come on these subcatalysts, which must support Pt
nanoparticles. It was suggested to behave as full reversible
redox between Ce(4+) and Ce(3+) in mid-composition of
CeO2–ZrO2, leading the better performance as the OSC
material[21–26]. On the other hand, from an aspect of total
material design, the non-sinterable composite powders are
also important. The practical catalytic materials must be
subjected to heat condition of exhaust at moderate and high
temperatures of 800–1100◦C, depending on engine opera-
tion mode. There is often the trade-off relationship between
an atomically structured crystal and practical nanopartic-
ulate heterogeneous catalyst with high surface area. The
present results suggest the effect of co-addition from the
m ility
o tate
c ther
p

Table 1
�-Transition temperature of transition metal impregnated alumina catalysts

Element Pure aluminaT� (◦C) La-modified aluminaT� (◦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-NOx 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 examined.Table 1compares�-transition temperature,
T� of pure �-Al2O3 (99.995 wt.% purity, 138 m2/g, from
Sumitomo Chemical, AKPG015) and La-modified�-Al2O3
(through impregnation) with 10 mol% transition-metals M
(M = Cr,Mn,Fe,Co,Ni,Cu). The data were derived from the
starting temperature of exothermal�-transition peak in DTA
curves measured at a heating rate of 10 K/min. In general,
such transition metal addition induced a large decrease of
transition temperature. The addition of Fe, Mn or Cu has
actually resulted in the large decrease ofT� over 200◦C,
while other metals indicated smaller effects to the decrease
of T� about 20–100◦C. The XRD detected�-Al2O3, �-
Al2O3, �-Al2O3 and complex oxides depending on the sort
of impregnated metals in present temperature-range. As
known, �-Al2O3 transforms with increasing temperature,
as � → � → � → �. There were several features of formed
phases via solid-state reactions, depending on species of tran-
s d
b of
t La-
m
i is is
a ment,
e

and
C
a l
l
s eated
a tiv-
i ion-
s burn
m cata-
l -
v rease
aterial design of catalysts, regarding with the sinterab
f CeO2–ZrO2 subcatalyst. The more detailed solid-s
haracterization and OSC of them will be described in o
apers.
ition elements.Table 1indicates that theT�(s) are elevate
y the La pre-modification leading the thermal stability

ransition metal catalysts supported on alumina. The
odified alumina showed no or little decrease ofT� even

f the transition metals of 10 mol% were impregnated. Th
lso indicated by the surface area and activity measure
.g. in the CuOx–Al2O3 catalyst, as described below.

Fig. 7 compares the typical performance of the NO
3H6 removal on CuOx–Al2O3 (heated at 900 and 1000◦C)
nd CuOx–LaOx–Al2O3 (heated at 1000◦C) for a mode

ean–burn exhaust at A/F = 18 with SV = 100,000 h−1. There
eemed to be low efficiencies; however, those were h
t 1000◦C (where any zeolite catalyst shows no ac

ty) for 3 h in air before the measurement. The relat
hip of NO conversion versus temperature for lean–
odel exhaust showed the same tendency as zeolite

ysts before heat treatment at >800◦C, indicating the con
ersion maximum at a certain temperature and the dec
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Fig. 7. NO and C3H6 removal efficiencies vs. temperature on CuOx–Al2O3

catalyst (heated at 900 and 1000◦C) and CuOx–LaOx–Al2O3 catalyst
(heated at 1000◦C) for a model lean–burn exhaust at A/F = 18 with
SV = 100,000 h−1. Removal efficiencies of C3H6 (�) and NO (�) on
CuOx/Al2O3 (=10/100) heated at 900◦C. Removal efficiencies of C3H6

(©) and NO (�) on CuOx/Al2O3 (=10/100) heated at 1000◦C. Removal
efficiencies of C3H6 (�) and NO (�) on CuOx/LaOx/Al2O3 (=10/5/100)
heated at 1000◦C.

with increasing temperature.Fig. 8 shows the NO and
hydrocarbon (C3H6) removal efficiencies depending on La-
content in La-stabilized CuOx–Al2O3. The Cu 10 mol%–La
5 mol%–co-doped Al2O3 catalyst subjected to heat-treatment
at 1000◦C in air maintained the NO removal efficiencies of
14%. The BET surface areas of for alumina catalysts heated
were 42 (CuOx/LaOx/Al2O3 = 10/5/100, heated at 1000◦C),
35 (CuOx/Al2O3 = 10/100, heated at 900◦C) and 3 m2/g
(CuOx/Al2O3 = 10/100, heated at 1000◦C), respectively.
Although the solid-state reactions are actually complex, the
surface area stabilization effect of lanthanum is confirma-
tively active on CuOx–Al2O3 de-NOx catalyst. Although
de-NOx reaction proceeds at 300–700◦C with selective cat-
alytic reduction (SCR) mechanism in engine combustion, the
abnormal burning sometimes induces the heat degeneration
of catalyst.Fig. 8 shows the optimization of La-content at
5 mol% to CuOx/Al2O3 (=10/100) catalyst. This catalyst is an
example of the stabilized de-NOx catalyst for general purpose
by using the rare earth modification of CuOx–Al2O3 system,
which is enhanced by automotive technology[40–43].

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 was

F -
m

Fig. 9. SEM image of surface morphology on (a) pure Al2O3 and (b) La-
modified Al2O3, which were coated on an alloy thin foil and then heated at
1100◦C for 3 h in air.

related to the grain growth and phase evolution in alumina
support. So called “sintering” of ceramics, in this case, has
resulted in the fracture of washcoat layers. A larger shrinkage
of porous alumina than that of the honeycomb substrate in
automotive catalyst is induced by high-temperature exhaust,
leading a local stress to form cracks.Fig. 9 shows the SEM
image of pure Al2O3 and LaOx–Al2O3, coated on a prac-
tical alloy substrate and then heated at 1100◦C for 3 h in
air. No critical fracture was found if alumina has been sta-
bilized with La, although some fair cracks are observed. In
practice, the rheology of alumina suspension must be con-
trolled during the preparation process of the porous, stable
and homogeneous thick coat layer on alloy or ceramic sub-
strates. After then, the La-modified composite alumina will
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
interaction[44]. Aside from several forces, such as hydrogen
bonding 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 nanoparticles by the inhibition of grain growth
as well as the metastable phase of alumina below�-transition
temperature. This effect leads the macroscopic morphology
stabilization of coated layers of alumina at high tempera-
t owth
l dras-
t n the
m arch.
T arth
( ied
ig. 8. Dependence of La-content on NO (�) and C3H6 (�) removal perfor
ance of CuOx/LaOx/Al2O3 (=10/0–10/100) after heat treatment at 1000◦C.
ures. The local perturbation caused by rapid grain gr
eads to shrinkage, and consequently, the microstructure
ically evolves when the shrinkage is large. The details o
icrodynamics of powder and sintering await more rese
he microstructural stabilization technology with rare e
e.g. La) modification to alumina will be more appl
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to the advanced materials of high-temperature exhaust
catalyst.

4. Summary

Several results were described as the examples of the high
potential of rare earth modification in alumina-based catalyst
as well as support. They are summarized as following.

(1) The surface modification using rare earths to alumina
lead better heat-stable catalytic support with nanometer-
order particles. The surface area of alumina become over
60 m2/g at 1200◦C, even through a simple impregnation
process.

(2) The aggregate size of CeO2–ZrO2 decreased with the
increase of ZrO2 content so that the dispersion with sub-
micron scale can be simply controlled by the addition
of ZrO2. The alumina-supported zirconia–ceria subcat-
alysts for oxygen storage capacity is controlled by the
resultant microstructures where the nanoparticles are
mixed and rearranged each other after heat treatment.

(3) The effect of the La pre-modification on the thermal sta-
bility of transition metal catalysts was evident. Using this
effect, the La-modified, transition metals-promoted alu-
mina catalyst, e.g. CuOx–La–Al2O3 is developed as an
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