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Abstract

Research in the field of automotive exhaust catalysis has paralleled the broader growth in heterogeneous catalysis research—b
the 1960s, progressing through commercialization in the mid-1970s, and continuing today. The general trend has been one of in
complex catalyst formulations in response to increasingly stringent emission standards. Nowhere is this more evident than in t
means that have been employed to most effectively utilize the noble metal components. These efforts will continue, but with greate
on optimizing catalyst formulations for lean-burn applications and reducing catalyst cost and complexity without sacrificing perform
 2003 Elsevier Science (USA). All rights reserved.
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1. Introduction

Commercial applications of catalytic pollution contr
from internal combustion engines were virtually nonex
tent 40 years ago when the first volume of theJournal of
Catalysis was published. Today, exhaust catalysts are fo
on nearly all US passenger cars, light- and medium-d
trucks, and even some heavy-duty trucks. Similar situat
exist in Europe, Japan, and other regions with large po
lations of automobiles, and exhaust catalysis is rapidly
ing embraced in countries such as India and China w
recent regulations providing for lead-free fuel have ope
the door for catalytic emissions control. The history of c
alytic exhaust gas after-treatment—the largest applicatio
heterogeneous catalysis by many measures—is a com
one involving numerous players (automobile manufactur
government agencies, catalyst suppliers, petroleum refi
and fuel-additive suppliers, among others). Their contri
tions go far beyond advances in catalyst technology al
and a number of detailed reviews have been published
cover the broad waterfront of automotive emissions c
trol [1–9]. Distilled to its essence, however, the story
automotive exhaust catalysis revolves around three n
metals—platinum, palladium, and rhodium—that have b
dispersed, stabilized, promoted, alloyed, and segregat
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t

increasingly sophisticated ways over the years to achiev
traordinary advances in performance and durability. It
story that parallels the tremendous growth in many area
catalysis research and development over the past 40 y
In this paper, we focus on the major advances in utiliza
of these three metals and assess the challenges that rem

2. Why Pt, Pd, and Rh?

Much of the early R&D on automotive catalysts, prior
commercialization in the 1975 time frame, was devoted
non-noble metal catalysts (so-called base metal cataly
largely due to concerns over the cost and availability of no
metals. However, it quickly became apparent that the b
metals (oxides of Ni, Cu, Co, Mn, and Cu/Cr, for example)
lacked the intrinsic reactivity, durability, and poison res
tance required for automotive applications [2–5,7]. Hen
research on noble metal catalysts began early on, in rec
tion of their excellent thermal stability, their lower tenden
(compared to the base metals) to react with support ma
als, and their ability to process gas streams containing
wards of 1000 ppm (by weight) sulfur without being tran
formed to bulk sulfates.

Perhaps the most important factor culling the list of c
didate platinum group metals was the recognition that
Ir, and Os all form volatile oxides. Thus, Pt and Pd were
as clear choices for the oxidation catalysts employed
ing the first phase of catalytic emission controls beginn
eserved.

http://www.elsevier.com/locate/jcat
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mission
:

Fig. 1. Plot of NO, CO, and O2 conversion over Ir, Rh, Pt, and Pd on alumina catalysts as a function of inlet level of CO (reproduced from [15] with per
from Elsevier Science). Feedstream composition: 0.05 vol% NO, 0.5 vol% O2, 10 vol% H2O, 0 to 1.05 vol% CO, and balance N2. Catalyst temperature
550◦C.
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gen
in the US in 1975, especially since Rh is scarce relativ
Pt and Pd and exhibits lower activity for olefin convers
under oxidizing conditions [4]. The selection of a suita
NOx reduction catalyst (required from late 1979 on) w
not as obvious, however. The first catalyst systems for
verting HC, CO, and NOx employed a dual-bed convert
in which NOx was reduced in the first bed and CO a
HC were oxidized in the second bed, utilizing secondary
injected between beds. Formation of NH3 in the first bed
could not be tolerated in a dual-bed converter arrangem
because the NH3 would be reconverted to NOx in the sec-
ond bed. Despite the volatility of its oxide, Ru was inve
gated thoroughly as a potential NOx catalyst due to its rela
tively high selectivity toward N2 rather than NH3. A number
of studies were carried out at Ford [10–12] and elsewh
[13,14] during the early to mid-1970s exploring the effe
tiveness of stabilizing Ru against volatilization by deploy
it in the form of various pure ruthenate compounds (MRu3,
where M= Ba, Sr, La) and also substituted ruthenates s
as LaNixRu1−xO3 and BaMnxRu1−xO3. Although impres-
sive gains in stability were realized, they came at the exp
of slightly reduced activity for NO reduction, and more im
portantly, significantly increased NH3 selectivity. Thus, sta
bilizing Ru undid the key reason for considering it in the fi
place, and a Ru-based NOx reduction catalyst never made
to production.

Rh became the catalytic element of choice for Nx
control. The reason is apparent from Fig. 1 compa
conversions of NO, CO, and O2 over Ir, Rh, Pt, and Pd
catalysts, all supported at roughly equivalent loadings
t

alumina [15]. Note that the extreme right-hand set of d
points in each frame represents the stoichiometric condi
Thus, the critical measure of each element is its ab
to achieve high NOx conversion near stoichiometry an
retain NOx conversion into the “lean” regime (i.e., C
concentrations less than 1.05 vol% in Fig. 1) given
transient nature of automotive air–fuel control. Clearly,
fills these combined requirements best (excluding Ir for
volatility of its oxides) and, further, has lower selectivity f
NH3 production under rich conditions than the other no
metals in Fig. 1.

3. Early three-way catalysis

The move to stricter NOx standards in the 1980 tim
frame, together with the limitations of dual-bed conve
systems, spurred the development of feedback control t
nology that, by the mid-1980s, resulted in an industry-w
switch to three-way catalysis—so called because of the
mands of simultaneously catalyzing three types of reacti
CO oxidation, hydrocarbon (i.e. HC) oxidation, and Nx
reduction. This approach remains the primary means of
alytic exhaust aftertreatment in practice today, but with
nificant advances over the years in three areas: catalyst
nology, cold-start strategy, and air–fuel control hardw
(and strategy). From the perspective of noble metal util
tion, it is important to recognize that many of the advan
in catalyst technology have come in response to advanc
the other two areas, as well as changes in fuel chemistry
example, the air–fuel perturbations imposed by the oxy
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Fig. 2. Conversion efficiency vs air–fuel ratio (A/F) plot with typical
air–fuel traces (showing actual variations in air–fuel ratio under closed-
control) from 1986 and 1990 cars (reproduced from [8] with permiss
from Elsevier Science). The stoichiometric air–fuel ratio is about 1
(14.7 g of air for each gram of fuel).

feedback control sensor can be seen in Fig. 2 to result in
nificant deviation from ideal three-way operating conditio
particularly at the control levels typical of the mid-1980s.
compensate, oxygen storage components were added
catalyst to buffer the impact of the perturbations on the
alyst. Nickel and iron oxides were used in some early
mulations, but the industry quickly settled on ceria, wh
remains the oxygen storage component of choice in tod
catalysts.

Early TWCs were relatively simple in formulation: fo
example, Pt and Rh dispersed at a weight ratio of 5:1 on an
alumina-coated cordierite monolith (or alumina pellets) w
ceria added for oxygen storage. Processing was kept si
to reduce cost, but resulted in little control over factors s
as uniformity of metal distribution within the washcoat, e
tent of alloying or bimetallic particle formation between
and Rh, and distribution of the Pt and Rh between ceria
e

alumina as the supporting phase. Nevertheless, the form
tions worked well with respect to the emission standards
mileage requirements in effect during the 1980s. Espec
with the introduction of so-called Hi-Tech TWCs in the mi
1980s, which utilized high concentrations of high-surfa
area ceria and stabilized aluminas (containing Ba or La)
general viewpoint in the industry was that TWC technolo
was mature and future reductions in emissions would lik
come in the form of improvements in air–fuel control a
cold-start strategies.

Pd, despite its low cost and broader availability relat
to Pt, did not figure prominently in the TWC formulatio
of the 1980s, largely because of poisoning associated
lead (Pb) and sulfur. Pd is less noble than Pt, and thus m
prone to interact with poison species. Gandhi et al. [16],
example, studied the affinity of lead for Pt, Pd, and Rh,
posited as sputtered films on various catalyst supports,
found that Pd was unique among the three metals in its
dency to form solid solutions with Pb (Fig. 3). Pt, in contra
did not react directly with the Pb, but catalyzed its react
with SO2 (SO3) to form relatively inert PbSO4. Similarly,
SO2 poisoning of Pd is more severe than that of Pt owing
the tendency of Pd to incorporate S into the bulk under i
or reducing conditions, with subsequent removal requi
high-temperature treatment [17]. In general, the poison
of automotive catalysts by sulfur is a complex phenomen
involving both the noble metals and other washcoat c
ponents, and differing greatly in impact depending on
particular reaction and operating conditions such as tem
ature and exhaust gas composition. Detailed reviews
been published by Gandhi and Shelef [18] and Truex [17

4. Rh-support interactions

One of the main challenges in the early TWCs, and
deed, one that persists today, is how to most effectiv
support Rh. Rh undergoes a strong deactivating interac
with alumina at temperatures ca. 600◦C and above [19,20]
Fig. 4, for example, shows the loss in Rh reducibility that
companies aging of a 0.5% Rh/γ -Al2O3 catalyst at succes
sively higher temperatures [21]. Most of the reducibility (
measured by temperature-programmed reduction) is los
ter 1 h oxidation at 700◦C, but can be almost totally restore
by reduction at 800◦C. A number of explanations have be
proposed for the nature of the high-temperature oxidiz
interaction including rhodium aluminate formation [22], d
solution of Rh into the alumina [19,21,23], encapsulation
the Rh by the alumina [23,24], and spreading and interac
of Rh oxide over the alumina support surface [25]. Althou
the mechanism is still unresolved, the strategy for avoid
the deleterious interaction between Rh and alumina has
to seek alternative supports. Ideally, Rh should be suppo
on ceria for best CO and NOx performance, and one of th
reasons the High-Tech TWCs of the mid-to-late 1980s
ployed high loadings of ceria—sometimes up to 50% of
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Fig. 3. X-ray diffraction traces of Pd/Al2O3 catalyst after exposure to P
for 72 h at 700◦C (A) and following subsequent oxidation in air at 700◦C
(B) (from [16]). Exposures were performed in a pulsed-flame combu
burning isooctane doped with 1.5 g Pb (derived from tetraethyllead)
gallon and 0.03 wt% S (derived from diethyl sulfide).

washcoat composition—was to maximize the likelihood
Rh particles ending up in contact with ceria rather than
mina. However, Rh also deactivates by forming rare e
rhodate species in oxidizing environments, and cerium
date, in particular, resists reduction at temperatures u
450◦C [26]. Yao and co-workers [20] showed that Rh
bothα-Al2O3 and ZrO2 can be oxidized at temperatures
to 900◦C while still retaining substantial CO adsorption c
pacity, in contrast to Rh onγ -Al2O3 (Fig. 5). Thus, the trend
in recent years has been to support Rh on oxides other
γ -Al2O3, and in the case where ceria is used, to emp
mixed oxides of ceria and zirconia [27].
Fig. 4. Temperature-programmed reduction profiles for 0.5% Rh/γ -Al2O3
after 1-h oxidation treatments at different temperatures (reprod
from [21] with permission from Elsevier Science). The profile labe
HTO–HTR–RO was obtained after regeneration, performed by heatin
sample that had been oxidized at 1075 K (HTO) in 5% H2 at 1075 K (HTR),
followed by heating in 5% O2 at 775 K (RO).

5. The emergence of Pd

Steady decreases in the concentration of residual lea
US unleaded fuel throughout the 1980s resulted by the
of the decade in levels less than 0.001 g/gal and negligi-
ble effect on Pd performance under three-way conditi
This opened the door for partial substitution of Pt by
and in early 1989, Ford introduced Pd/Rh catalyst technol
ogy in the California market. From a catalyst formulat
standpoint, the introduction of Pd was significant in t
it introduced a level of complexity largely absent in pre
ous formulations. Specifically, Pd segregates as PdO o

Fig. 5. CO chemisorption on Rh on various supports (reproduced from
with permission from Elsevier Science). (A)γ -Al2O3, (B) α-Al2O3, and
(C) ZrO2.
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surface of Pd/Rh alloys (typical of automotive concentr
tion ratios) under oxidizing conditions up to temperatu
ca. 1000 K where PdO decomposes [28]. The surface
regation of Pd results in strong suppression of NOx conver-
sion in TWC applications where Rh is called on to carry
most of the NOx reduction activity [29,30]. Thus, the Pd/Rh
formulations brought the first real need to segregate the
ble metals on different support particles. This, in turn, ad
considerable processing complexity to automotive cataly
since it demanded either multiple coating passes (with c
nation in between) or methods of “fixing” the noble met
onto separate support phases while in the slurry state. O
other hand, the new processing techniques opened the
for more highly engineered products that could take adv

Fig. 6. Conversion efficiencies as a function of A/F of engine exhaust ga
for (a) Pd–La, (b) Pd, and (c) Rh catalysts (reproduced from [35] w
permission from Elsevier Science).
-

r

tage of research discoveries made during the late 1970s
early 1980s. For example, studies at Ford [31] showed
tendency of noble metals to deposit in a highly disper
state up to a threshold loading characteristic of the partic
support and then, at higher loadings, to nucleate into la
particles with bulk-metal characteristics. Not only did th
provide guidelines for the optimum loading of noble meta
but it allowed, within one catalyst formulation, the pos
bility of having both a dispersed metal phase (for structu
insensitive reactions) and an agglomerated metal phase
structure-sensitive reactions such as alkane oxidation).

Although the Pd/Rh TWCs were the only Pd-containin
TWCs to achieve commercialization during the 198
considerable research was invested in exploring the pote
of Pd as substitute NOx catalyst for the more expensiv
Rh. As noted above, early work at Ford [32] noted
possibility of using Pd with clean fuels containing litt
or no Pb and low levels of sulfur. Also, both Pt–MoO3–
Al2O3 [33] and Pd–WO3–Al2O3 [34] catalyst formulations
were investigated as substitutes for Rh-containing Nx

catalysts and found to have excellent N2 selectivity. The
MoO3 catalyst showed NOx reduction activity nearly as
good as Rh; nevertheless, neither was commercialized d
problems with high-temperature volatilization of the MoO3
as well as a tendency of the MoO3 to react with alumina
at elevated temperatures to form aluminum molybd
Subsequent work by Muraki and co-workers at Toy
showed the potential for using Pd as a NOx reduction
catalyst, especially when promoted by La [35–37], as
be seen in Fig. 6. Note, however, the narrowness of
NOx window for the Pd and Pd–La formulations compa
to that for Rh (i.e., NOx conversion drops more rapid
on both the rich and lean sides of the stoichiometric r
near 14.6). Muraki et al. [36] offered various suggestions
the promoting influence of La and concluded that its m
effect was to decrease the inhibition of NOx reduction by
hydrocarbons. Thus, the research of the 1980s showed
Pd had potential as a substitute for Rh in TWCs, but nee
additional development prior to commercialization.

6. Advanced TWC formulations

The early 1990s brought a new wave of emission reg
tions to both the US and Europe. In California, especia
a series of low-emission vehicle (LEV) standards were
acted which started the progression toward a 10-fold re
tion in HC emissions and 20-fold reduction in NOx from
levels prior to 1990. Conversion of hydrocarbons during
period immediately following cold start was quickly reco
nized as the chief challenge presented by the new s
dards. Initially, the strictest standards were expected to
quire new technology for converting or storing HC und
cold-start conditions. Hydrocarbon trapping systems (zeo
based), electrically heated catalysts, and exhaust gas b
systems were all investigated [38]. However, most manu
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turers soon realized that extremely fast light-off of the c
alytic converter could be achieved through a combinatio
modified combustion strategy and fast light-off catalysts
ther mounted close to the engine exhaust manifold or do
stream with insulated exhaust pipes).

Along with the new emission standards of the ea
1990s, new durability requirements were enacted. Us
life requirements were increased from 50,000 to 100,
miles (120,000 miles for light-duty trucks). In addition, bo
federal and California regulatory agencies began to p
more emphasis on emission audits of in-use vehicles ra
than prescribed driving cycles, thus discovering that the
proved durability driving cycles at the time were not as
vere as typical field aging. These factors, combined with
higher operating temperatures of the fast light-off cata
systems, revealed inadequate thermal durability of the c
lyst formulations typical of the late 1980s and early 199
The shortcomings were manifested in “breakthrough” em
sions of CO and NOx (and sometimes HC) during transie
driving modes (accelerations and decelerations) and c
be traced to loss of oxygen storage capacity (OSC) with
in service. Post-mortem analyses of catalysts from the
showed that deactivation was linked to the “shotgun” met
by which most of the catalysts were made. Most formu
tions still utilized one-step processing in which salts of b
cerium and the noble metals were impregnated simult
ously onto alumina with the expectation that a substan
fraction of the noble metal would end up in contact with
ria. While this was true in the fresh catalyst, thermal ag
promoted growth of both the noble metal and ceria pa
r

-

cles with loss of contact area between the two. For ex
ple, analysis of a 50,000-mile-aged Pt/Rh catalyst from a
1990 Crown Victoria vehicle in our laboratory showed t
the mean Pt particle size increased from 1.2–1.6 nm (fr
to 11± 2 nm (aged), while the ceria particle size increa
from about 9 nm (fresh) to 18 nm (aged) [39]. Moreov
TPR analysis showed the growth of high-temperature
tures characteristic of pure ceria in the aged sample ve
low-temperature features associated with the noble meta
contact with ceria in the fresh sample.

Clearly, advances were needed in two areas—ligh
performance and thermally stable oxygen storage com
nents. Fortunately, breakthroughs occurred in both, altho
at the requirement of much more complex and sophistic
catalytic materials and formulation strategies than emplo
in the past. Considering the light-off issue first, research
Pd as an alternative to Pt/Rh for NOx control had shown tha
excellent NOx reduction could be achieved with Pd form
lations when suitably promoted (as noted above) and w
deployed at loadings higher than those for Pt/Rh [40,41].
Simultaneously, it was recognized that segregating a
tion of the Pd from ceria produced better low-tempera
performance (including light-off) [42]. This led to a tren
quickly adopted by all of the major catalyst suppliers
deploying the noble metals in different layers or on diff
ent support particles within a single washcoat layer, not
to avoid deleterious metal–metal or metal–support inte
tions, but to optimize specific functions demanded of the
alyst. Fig. 7 shows an example of a layered washcoat s
ture. In this case, the view taken into the corner of a sin
d pa
Fig. 7. Typical layered washcoat structure of current TWC (reproduced from [45] with permission from Imperial College Press). The lower left-hannel is
a backscattered electron image, and the other panels are chemical maps obtained with an electron microprobe.
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ntratio
Fig. 8. Cumulative HC plot showing fast light-off during the first 60 s of the federal test procedure for two Pd catalysts with different Pd concens
(loadings) (from Carolyn Hubbard). The axis on the right side of the graph is for the vehicle speed (VS) and has units of miles per hour.
yer
am-
d fo
d

or-
n vs

ure.
e-
er-
ns,
is-
ded

ces
the
ials.
new
rea
tly,
an
een

el Pd

4].
age
ria–

-
ore
has
ed
port
ing
nce
of
the

lysis
of

ron
lyst

film
tio

less
the
its
l).

hat
,
ding
of
s
t it
the
channel of the monolith shows an alumina-rich underla
and a ceria–zirconia overlayer. Reference [9] gives ex
ples of layered washcoat strategies that have been use
trimetal (Pt/Pd/Rh) and Pd catalyst formulations. The P
formulations demonstrate extremely good light-off perf
mance. Fig. 8, for example, compares the HC conversio
time profiles for 199 g/ft3 and 54 g/ft3 light-off catalysts
on an Expedition vehicle during the federal test proced
Both catalysts light off quickly, reaching 50% conversion b
tween 13 and 15 s following cold start. However, the high
loaded catalyst maintains significantly higher conversio
which translates into substantially lower cumulative em
sions after 60 s (0.52 g) than obtained with the lower-loa
catalyst (0.77 g).

As noted above, fast light-off was one of two advan
required by the emissions and durability requirements of
1990s. The other was improved oxygen storage mater
Here the breakthrough came from the development of
“stabilized” cerias that not only provided better surface a
stability after high-temperature aging, but more importan
promoted oxygen transport from within the bulk rather th
from the surface only. The best results thus far have b

Table 1
Steady-state oxygen storage capacities of fresh and “redox” aged mod
automotive catalysts made with ceria and ceria–zirconia [45]

Catalyst CeO2 State Oxygen storage capacity (µmol O/g)

(wt%) 350◦C 500◦C 700◦C

Pd/C2 100 fresh 270 360 370
aged 20 30 80

Pd/CZ3 70 fresh 890 970 1030
aged 630 810 1070
r

obtained with solid solutions of ceria and zirconia [43,4
Table 1 shows the dramatic improvement in oxygen stor
obtained for a model catalyst of 2%Pd on a 70wt%ce
30wt%zirconia solid solution support (Pd/CZ3) compared
to its counterpart on pure ceria (Pd/C2) [45]. Especially
after “redox” aging at 1050◦C for 12 h, the ceria–zirconia
supported Pd retains anywhere from 12 to 30 times m
OSC than the pure-ceria-supported Pd. Much effort
gone into studying the underlying basis for the improv
oxygen storage associated with the mixed oxide sup
materials [45]. It is generally agreed that incorporat
zirconia into ceria produces defects that greatly enha
the transport of oxygen from the bulk to the surface
the particle under reducing conditions, even though
defects are not readily observed by conventional ana
techniques such as X-ray diffraction. The transport
oxygen from deep in the bulk is evidenced from elect
energy loss spectroscopy (EELS) of a model planar cata
consisting of Pd particles supported on a single-crystal
of ceria–zirconia, as shown in Fig. 9 [46]. The peak ra
of the Ce M5 and M4 lines are characteristic of Ce4+
in the case of the oxidized film, as expected, regard
of whether the analysis is made at the surface of
film or at the interface between the ceria–zirconia and
underlying support (yttria-stabilized zirconia single crysta
After reduction, in contrast, the peak ratio shifts to t
characteristic of mostly Ce3+ at the surface of the film
and even shows some evidence of ceria reduction exten
down to the interface with the underlying support, a depth
50 nm. Not only did introduction of the “stabilized” ceria
greatly increase the thermal durability of the catalyst, bu
also greatly enhanced the effectiveness of Pd by solving
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Fig. 9. EELS spectra of Ce acquired from the ceria–zirconia/ytt
stabilized zirconia interface (1, 3) and the ceria–zirconia film surface (
of a model planar catalyst sample before (1, 2) and after (3, 4) redu
treatment (reproduced from [46] with permission from the Microsc
Society of America).

problems of the narrow A/F operating window inherent i
the early Pd-only formulations.

7. Future perspective

The advanced TWC formulations developed during
1990s, with subtle modifications, are representative of
TWCs in use today. Typical catalysts are those that con
multiple noble metals supported on different phases w
various stabilizers and additives to ensure high performa
and durability. As with most technological developments
the auto industry, the first attempts to achieve the extrem
stringent emissions requirements of the 1990s and bey
were met with relatively complex and expensive cata
technology. Some of the catalyst formulations are q
complicated and can contain up to three noble metals, t
or four support phases, Ni as an H2S storage agent, and fo
or five additional promoters and stabilizers. Given the h
temperatures and wide-ranging exhaust compositions
are experienced over the life of the vehicle, this comple
can lead to multitude of solid-state reactions between
various components of the catalysts. Fig. 10, for exam
shows a NixAl2O3+x (x � 1) nanotube (N) attached to a P
particle at one end and a larger crystal of NixAl2O3+x at the
other end [47]. This structure was observed by transmis
electron microscopy (TEM) during analysis of a Pd-o
catalyst that had been aged on an engine dynamomet
120 h under a cycle that simulates 100,000 miles in
field. Nickel oxide is incorporated into the catalyst as an H2S
scavenger, but it somehow underwent reaction with alum
(present either as a support phase or binder materia
the Pd particle to form the observed structure during ag
Clearly, this morphologydoes not reflect the intended me
support combination.
,

t

r

t

Another, though less dramatic, example of exposur
high temperature is illustrated in Fig. 11 [48]. The P
Rh alloy particle shown in this TEM micrograph form
as a result of the transport of the pure metals, initia
loaded onto distinct support phases in a model bimet
catalyst, over distances of order 10 µm (from one sup
particle to another) during 12 h of laboratory redox-ag
at 1050◦C. Careful analysis of the alloy particle by ener
dispersive X-ray spectroscopy (EDS) shows that its sur
is enriched in Pd, which is undesirable due to a l
in NOx performance. The avoidance of alloy formati
in this case can only be accomplished by segrega
the noble metals axially along the monolith, a recen
implemented practice known as zone coating. Though m
complex in terms of processing, this advance in wash
technology can allow for greater flexibility in the desi
of catalyst systems. Further, zone coating, like the se
arrangement of discrete bricks, is beginning to lead
more efficient use of the noble metals. For example, h
metal loadings, needed for close-coupled catalyst oper
in order to maintain sufficient metal surface area at
low metal dispersions obtained (and desired for best li
off performance) due to severe particle coarsening,
applied in a short front zone. Much lower metal loadin
(as little as 1/10), which suffice for downstream operati
where higher metal dispersions can be maintained du
the lower temperatures, are applied in a longer rear z
Future catalyst development will undoubtedly refine suc
distributed approach in order to further optimize noble m
utilization.

The efficient use of noble metals looms as a challeng
an emerging area of automotive catalysis, so far not m
tioned in this article, the treatment of lean-combustion
haust. Here, the problem is mainly one of removing

Fig. 10. TEM image of a NixAl2O3+x (x � 1) nanotube (N) attached t
a Pd particle and a larger crystal of NixAl2O3+x found in a dyno-aged
Pd catalyst (reproduced from [47] with permission from Kluwer Ac
emic/Plenum Publishers).
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Fig. 11. TEM image and EDS analyses of a large Pd–Rh alloy
ticle found in a laboratory-aged model bimetallic catalyst followi
high-temperature aging (reproduced from [48] with permission fr
Kluwer Academic/Plenum Publishers).

in the presence of oxygen far exceeding the concen
tion of reductants available. A novel approach, pionee
by Toyota, involves first converting the NO to a solid n
trate which is stored in the “NOx trap” (under lean con
ditions), then reducing the stored nitrate to nitrogen
der a stoichiometric or rich pulse [49]. More tradition
means of NO removal, selective catalytic reduction w
or without added reductant, are employed in diesel ap
cations. An additional problem in the case of diesel
volves the trapping and combustion of soot particles i
catalyzed filter [50]. While strategies for lean-burn gasol
and diesel have been substantially developed over the
5–10 years, the underlying technologies are immature c
pared with that of the TWC, and there currently appear
be the need to use relatively large quantities of Pt. Fu
t

research will undoubtedly focus on improved catalysts
low-temperature NO oxidation, needed for both NOx traps
and self-cleaning diesel particulate traps, means to enh
selective catalytic reduction of NOx , and even the discov
ery of totally new catalysts for reduction of NOx under lean
conditions.
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