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Abstract

Research in the field of automotive exhaust catalysis has paralleled the broader growth in heterogeneous catalysis research—beginning i
the 1960s, progressing through commercialization in the mid-1970s, and continuing today. The general trend has been one of increasingly
complex catalyst formulations in response to increasingly stringent emission standards. Nowhere is this more evident than in the various
means that have been employed to most effectively utilize the noble metal components. These efforts will continue, but with greater emphasis
on optimizing catalyst formulations for lean-burn applications and reducing catalyst cost and complexity without sacrificing performance.
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1. Introduction increasingly sophisticated ways over the years to achieve ex-
traordinary advances in performance and durability. It is a

Commercial applications of catalytic pollution control Story that parallels the tremendous growth in many areas of

from internal combustion engines were virtually nonexis- catalysis research and development over the past 40 years.

tent 40 years ago when the first volume of thoernal of In this paper, we focus on the major advances in utilization

Catalysis was published. Today, exhaust catalysts are found ©f these three metals and assess the challenges that remain.

on nearly all US passenger cars, light- and medium-duty

trucks, and even some heavy-duty trucks. Similar situations

exist in Europe, Japan, and other regions with large popu—2- Why Pt, Pd, and Rh?

lations of automobiles, and exhaust catalysis is rapidly be- , ,

ing embraced in countries such as India and China where Much of the early R&D on automotive catalysts, prior to

recent regulations providing for lead-free fuel have opened commercialization in the 1975 time frame, was devoted to

the door for catalytic emissions control. The history of cat- non-noble metal catalysts (so-called base metg! catalysts),

alytic exhaust gas after-treatment—the largest application of largely due to concerns over the cost and availability of noble

heterogeneous catalysis by many measures—is a compleinetals' quever, it.quickly became apparent that the base
one involving numerous players (automobile manufacturers, lmelt(alj Eﬁx'qets, of ,N" Cu’t,c,?’ I\:Ijn, ag?t@f, l;lor e>.<ample)'
government agencies, catalyst suppliers, petroleum refinerstaC € e'lnélr]:sm retac 'V't.y’ ural.“i./’ an 2p(;|370n|:e3|s-
and fuel-additive suppliers, among others). Their contribu- ance required for automotive applications [2-5,7]. Hence,

tions go far beyond advances in catalyst technology alone’research on noble metal catalysts began early on, in recogni-

and a number of detailed reviews have been published thatt|on of their excellent thermal stability, their lower tendency

cover the broad waterfront of automotive emissions con- (compared to the base metals) to react with support materi-
- . als, and their ability to process gas streams containing up-
trol [1-9]. Distilled to its essence, however, the story of ) . .
. : wards of 1000 ppm (by weight) sulfur without being trans-
automotive exhaust catalysis revolves around three noble

metals—platinum, palladium, and rhodium—that have been formed to bulk sulfates.

dispersed. stabilized. promoted. alloved. and seareqated in Perhaps the most important factor culling the list of can-
P ' P ' yed, greg didate platinum group metals was the recognition that Ru,

Ir, and Os all form volatile oxides. Thus, Pt and Pd were left
* Corresponding author. as clear choices for the oxidation catalysts employed dur-
E-mail address: rmccabe@ford.com (R.W. McCabe). ing the first phase of catalytic emission controls beginning
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Fig. 1. Plot of NO, CO, and &conversion over Ir, Rh, Pt, and Pd on alumina catalysts as a function of inlet level of CO (reproduced from [15] with permission
from Elsevier Science). Feedstream composition: 0.05 vol% NO, 0.5 val%d®vol% HO, 0 to 1.05 vol% CO, and balance, NCatalyst temperature:
550°C.

in the US in 1975, especially since Rh is scarce relative to alumina [15]. Note that the extreme right-hand set of data
Pt and Pd and exhibits lower activity for olefin conversion pointsin each frame represents the stoichiometric condition.
under oxidizing conditions [4]. The selection of a suitable Thus, the critical measure of each element is its ability
NO, reduction catalyst (required from late 1979 on) was to achieve high N@ conversion near stoichiometry and
not as obvious, however. The first catalyst systems for con-retain NQ. conversion into the “lean” regime (i.e., CO
verting HC, CO, and NQ employed a dual-bed converter concentrations less than 1.05 vol% in Fig. 1) given the
in which NO, was reduced in the first bed and CO and transient nature of automotive air-fuel control. Clearly, Rh
HC were oxidized in the second bed, utilizing secondary air fills these combined requirements best (excluding Ir for the
injected between beds. Formation of Nk the first bed  Volatility of its oxides) and, further, has lower selectivity for
could not be tolerated in a dual-bed converter arrangementNHa production under rich conditions than the other noble
because the Ngiwould be reconverted to NOIn the sec- ~ Metalsin Fig. 1.
ond bed. Despite the volatility of its oxide, Ru was investi-
gated thoroughly as a potential N@atalyst due to its rela-
tively high selectivity toward Mrather than NH. A number
of studies \(vere carried out a.t Ford [10-12] gnd elsewhere The move to stricter NQ standards in the 1980 time
[,13'14] during t'h.e.early to m'|d-19705- .exp'lorlng the effgc- frame, together with the limitations of dual-bed converter
j[l\./eness of stablllzllng Ru against volatilization by deploying systems, spurred the development of feedback control tech-
itin the form of various pure ruthenatelcompounds (MBuO nology that, by the mid-1980s, resulted in an industry-wide
where M= Ba, Sr, La) and also substituted ruthenates such gitch to three-way catalysis—so called because of the de-
as LaNkRu—.Os and BaMnRu . Os. Although impres- a4 of simultaneously catalyzing three types of reactions:
sive gainsin stability were realized, they came atthe eXpenseco oxidation, hydrocarbon (i.e. HC) oxidation, and NO
of slightly reduced activity for NO reduction, and more im-  yeqyction. This approach remains the primary means of cat-
portantly, significantly increased Nt$electivity. Thus, sta-  alytic exhaust aftertreatment in practice today, but with sig-
bilizing Ru undid the key reason for consideringitin the first njficant advances over the years in three areas: catalyst tech-
place, and a Ru-based N@eduction catalyst never made it nology, cold-start strategy, and air—fuel control hardware
to production. (and strategy). From the perspective of noble metal utiliza-
Rh became the catalytic element of choice for ,NO tion, it is important to recognize that many of the advances
control. The reason is apparent from Fig. 1 comparing in catalyst technology have come in response to advances in
conversions of NO, CO, andQover Ir, Rh, Pt, and Pd  the other two areas, as well as changes in fuel chemistry. For
catalysts, all supported at roughly equivalent loadings on example, the air—fuel perturbations imposed by the oxygen

3. Early three-way catalysis
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12 :T 12 AF alumina as the supporting phase. Nevertheless, the formula-
, 16 1:' 16 tions worked well with respect to the emission standards and

mileage requirements in effect during the 1980s. Especially
with the introduction of so-called Hi-Tech TWCs in the mid-
1980s, which utilized high concentrations of high-surface-
1990 area ceria and stabilized aluminas (containing Ba or La), the
Car general viewpoint in the industry was that TWC technology
was mature and future reductions in emissions would likely
come in the form of improvements in air—fuel control and
cold-start strategies.
Pd, despite its low cost and broader availability relative
[zibz/’ to Pt, did not figure prominently in the TWC formulations
LTS of the 1980s, largely because of poisoning associated with
lead (Pb) and sulfur. Pd is less noble than Pt, and thus more
prone to interact with poison species. Gandhi et al. [16], for
example, studied the affinity of lead for Pt, Pd, and Rh, de-
posited as sputtered films on various catalyst supports, and
found that Pd was unique among the three metals in its ten-
dency to form solid solutions with Pb (Fig. 3). Pt, in contrast,
did not react directly with the Pb, but catalyzed its reaction
with SO, (SG) to form relatively inert PbS@ Similarly,
25 SO poisoning of Pd is more severe than that of Pt owing to
40 2 ! the tendency of Pd to incorporate S into the bulk under inert
; or reducing conditions, with subsequent removal requiring
high-temperature treatment [17]. In general, the poisoning

100

80—

60— HC

Conversion Efficiency (%)

20— of automotive catalysts by sulfur is a complex phenomenon,
involving both the noble metals and other washcoat com-
ponents, and differing greatly in impact depending on the

0 R 88 particular reaction and operating conditions such as temper-
13 14 16 ature and exhaust gas composition. Detailed reviews have

Air/Fuel Ratio been published by Gandhi and Shelef [18] and Truex [17].

Fig. 2. Conversion efficiency vs air—fuel ratio (B) plot with typical
air—fuel traces (showing actual variations in air—fuel ratio under closed-loop 4. Rh-support interactions
control) from 1986 and 1990 cars (reproduced from [8] with permission
from Elsevier Science). The stoichiometric air—fuel ratio is about 14.7

(14.7 g o air for each gram of fuel) One of the main challenges in the early TWCs, and in-

deed, one that persists today, is how to most effectively
support Rh. Rh undergoes a strong deactivating interaction
with alumina at temperatures ca. 60D and above [19,20].
feedback control sensor can be seen in Fig. 2 to result in sig-Fig. 4, for example, shows the loss in Rh reducibility that ac-
nificant deviation from ideal three-way operating conditions, companies aging of a 0.5% Rp-Al >0z catalyst at succes-
particularly at the control levels typical of the mid-1980s. To sively higher temperatures [21]. Most of the reducibility (as
compensate, oxygen storage components were added to thmeasured by temperature-programmed reduction) is lost af-
catalyst to buffer the impact of the perturbations on the cat- ter 1 h oxidation at 700C, but can be almost totally restored
alyst. Nickel and iron oxides were used in some early for- by reduction at 808C. A number of explanations have been
mulations, but the industry quickly settled on ceria, which proposed for the nature of the high-temperature oxidizing
remains the oxygen storage component of choice in today'sinteraction including rhodium aluminate formation [22], dis-
catalysts. solution of Rh into the alumina [19,21,23], encapsulation of
Early TWCs were relatively simple in formulation: for the Rh by the alumina [23,24], and spreading and interaction
example, Pt and Rh dispersed at a weight ratio:bfdh an of Rh oxide over the alumina support surface [25]. Although
alumina-coated cordierite monolith (or alumina pellets) with the mechanism is still unresolved, the strategy for avoiding
ceria added for oxygen storage. Processing was kept simplethe deleterious interaction between Rh and alumina has been
to reduce cost, but resulted in little control over factors such to seek alternative supports. Ideally, Rh should be supported
as uniformity of metal distribution within the washcoat, ex- on ceria for best CO and NQperformance, and one of the
tent of alloying or bimetallic particle formation between Pt reasons the High-Tech TWCs of the mid-to-late 1980s em-
and Rh, and distribution of the Pt and Rh between ceria andployed high loadings of ceria—sometimes up to 50% of the
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Fig. 4. Temperature-programmed reduction profiles for 0.5%/RAl,03
- o & _ after 1-h oxidation treatments at different temperatures (reproduced
g 3 % Ky from [21] with permission from Elsevier Science). The profile labeled
@ g &« HTO-HTR-RO was obtained after regeneration, performed by heating the
o — 20 sample that had been oxidized at 1075 K (HTO) in 5%&t1075 K (HTR),
\M followed by heating in 5% @at 775 K (RO).
5. The emergence of Pd
I T T T I O T O
45 40 35 Steady decreases in the concentration of residual lead in
28 US unleaded fuel throughout the 1980s resulted by the end

Fig. 3. X-ray diffraction traces of P&\, O3 catalyst after exposure to Pb of the decade in levels less than 0.00al and negligi-
for 72 h at 700°C (A) and following subsequent oxidation in air at 70D ble effect on Pd performance under three-way conditions.
(B) (from [16]). Exposures were performed in a pulsed-flame combustor This opened the door for partial substitution of Pt by Pd,
burning isooctane doped vyith 159 Eb (derive_d from tetraethyllead) per gnd in early 1989, Ford introduced ARh catalyst technol-
gallon and 0.03 wt% S (derived from diethy! sulfide). ogy in the California market. From a catalyst formulation
standpoint, the introduction of Pd was significant in that
it introduced a level of complexity largely absent in previ-
washcoat composition—was to maximize the likelihood of OUS formulations. Specifically, Pd segregates as PdO on the
Rh particles ending up in contact with ceria rather than alu-
mina. However, Rh also deactivates by forming rare earth
rhodate species in oxidizing environments, and cerium rho- &
date, in particular, resists reduction at temperatures up to §'
450°C [26]. Yao and co-workers [20] showed that Rh on ©°
botha-Al>,03 and Zr& can be oxidized at temperaturesup ~ ° L \ ’ , . , l
to 900°C while still retaining substantial CO adsorption ca- 800 1000 800 1000 800 1000 1200
pacity, in contrast to Rh op-Al,O3 (Fig. 5). Thus, the trend CALCINATION IN AR FOR 5 HOURS AT TEMPERATURE, °K
in recent years has been to support Rh on oxides other thar]:ig. 5. CO chemisorption on Rh on various supports (reproduced from [20]
y-Al203, and in the case where ceria is used, to employ with permission from Elsevier Science). (4}Al503, (B) ¢-Al,03, and
mixed oxides of ceria and zirconia [27]. (C) Zr0y.
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surface of PdRh alloys (typical of automotive concentra- tage of research discoveries made during the late 1970s and
tion ratios) under oxidizing conditions up to temperatures early 1980s. For example, studies at Ford [31] showed the
ca. 1000 K where PdO decomposes [28]. The surface segtendency of noble metals to deposit in a highly dispersed
regation of Pd results in strong suppression of,N@nver- state up to a threshold loading characteristic of the particular
sion in TWC applications where Rh is called on to carry on support and then, at higher loadings, to nucleate into larger
most of the NQ reduction activity [29,30]. Thus, the PRh particles with bulk-metal characteristics. Not only did this
formulations brought the first real need to segregate the no-provide guidelines for the optimum loading of noble metals,
ble metals on different support particles. This, in turn, added but it allowed, within one catalyst formulation, the possi-
considerable processing complexity to automotive catalysts, bility of having both a dispersed metal phase (for structure-
since it demanded either multiple coating passes (with calci- insensitive reactions) and an agglomerated metal phase (for
nation in between) or methods of “fixing” the noble metals structure-sensitive reactions such as alkane oxidation).
onto separate support phases while in the slurry state. Onthe Although the PdRh TWCs were the only Pd-containing
other hand, the new processing techniques opened the dooTWCs to achieve commercialization during the 1980s,
for more highly engineered products that could take advan- considerable research was invested in exploring the potential
of Pd as substitute NQOcatalyst for the more expensive
Rh. As noted above, early work at Ford [32] noted the
possibility of using Pd with clean fuels containing little
or no Pb and low levels of sulfur. Also, both Pt—-MgO
Al,03 [33] and Pd-W@-AI»03 [34] catalyst formulations
were investigated as substitutes for Rh-containing,NO
catalysts and found to have excellens Belectivity. The
MoOs catalyst showed NQ reduction activity nearly as
good as Rh; nevertheless, neither was commercialized due to
problems with high-temperature volatilization of the MpO
as well as a tendency of the M@@o react with alumina
at elevated temperatures to form aluminum molybdate.
142 4.6 150 Subsequent work by Muraki and co-workers at Toyota
100 showed the potential for using Pd as a N@eduction
catalyst, especially when promoted by La [35-37], as can
be seen in Fig. 6. Note, however, the narrowness of the
HC NO, window for the Pd and Pd-La formulations compared
to that for Rh (i.e., NQ conversion drops more rapidly
50} 5 on both the rich and lean sides of the stoichiometric ratio
NOy &Py near 14.6). Muraki et al. [36] offered various suggestions for
the promoting influence of La and concluded that its main
(ofs) effect was to decrease the inhibition of N@eduction by
hydrocarbons. Thus, the research of the 1980s showed that
Pd had potential as a substitute for Rh in TWCs, but needed
additional development prior to commercialization.

100
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6. Advanced TWC formulations

The early 1990s brought a new wave of emission regula-
tions to both the US and Europe. In California, especially,
a series of low-emission vehicle (LEV) standards were en-
acted which started the progression toward a 10-fold reduc-
tion in HC emissions and 20-fold reduction in N@om
levels prior to 1990. Conversion of hydrocarbons during the
period immediately following cold start was quickly recog-

R . nized as the chief challenge presented by the new stan-
14.2 146 180 dards. Initially, the strictest standards were expected to re-

A/F quire new technology for converting or storing HC under
Fig. 6. Conversion efficiencies as a function of/of engine exhaust gas  €0ld-start conditions. Hydrocarbon trapping systems (zeolite
for (a) Pd-La, (b) Pd, and (c) Rh catalysts (reproduced from [35] with based), electrically heated catalysts, and exhaust gas burner
permission from Elsevier Science). systems were all investigated [38]. However, most manufac-

50}

Conversion (°,)
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turers soon realized that extremely fast light-off of the cat- cles with loss of contact area between the two. For exam-
alytic converter could be achieved through a combination of ple, analysis of a 50,000-mile-aged/Rh catalyst from a
modified combustion strategy and fast light-off catalysts (ei- 1990 Crown Victoria vehicle in our laboratory showed that
ther mounted close to the engine exhaust manifold or down-the mean Pt particle size increased from 1.2—1.6 nm (fresh)
stream with insulated exhaust pipes). to 11+ 2 nm (aged), while the ceria particle size increased
Along with the new emission standards of the early from about 9 nm (fresh) to 18 nm (aged) [39]. Moreover,
1990s, new durability requirements were enacted. Useful TPR analysis showed the growth of high-temperature fea-
life requirements were increased from 50,000 to 100,000 tures characteristic of pure ceria in the aged sample versus
miles (120,000 miles for light-duty trucks). In addition, both  low-temperature features associated with the noble metals in
federal and California regulatory agencies began to place contact with ceria in the fresh sample.
more emphasis on emission audits of in-use vehicles rather Clearly, advances were needed in two areas—light-off
than prescribed driving cycles, thus discovering that the ap- performance and thermally stable oxygen storage compo-
proved durability driving cycles at the time were not as se- nents. Fortunately, breakthroughs occurred in both, although
vere as typical field aging. These factors, combined with the at the requirement of much more complex and sophisticated
higher operating temperatures of the fast light-off catalyst catalytic materials and formulation strategies than employed
systems, revealed inadequate thermal durability of the cata-in the past. Considering the light-off issue first, research on
lyst formulations typical of the late 1980s and early 1990s. Pd as an alternative to /Rh for NO, control had shown that
The shortcomings were manifested in “breakthrough” emis- excellent NQ reduction could be achieved with Pd formu-
sions of CO and N@ (and sometimes HC) during transient lations when suitably promoted (as noted above) and when
driving modes (accelerations and decelerations) and coulddeployed at loadings higher than those formt [40,41].
be traced to loss of oxygen storage capacity (OSC) with time Simultaneously, it was recognized that segregating a por-
in service. Post-mortem analyses of catalysts from the field tion of the Pd from ceria produced better low-temperature
showed that deactivation was linked to the “shotgun” method performance (including light-off) [42]. This led to a trend
by which most of the catalysts were made. Most formula- quickly adopted by all of the major catalyst suppliers—
tions still utilized one-step processing in which salts of both deploying the noble metals in different layers or on differ-
cerium and the noble metals were impregnated simultane-ent support particles within a single washcoat layer, not just
ously onto alumina with the expectation that a substantial to avoid deleterious metal-metal or metal-support interac-
fraction of the noble metal would end up in contact with ce- tions, but to optimize specific functions demanded of the cat-
ria. While this was true in the fresh catalyst, thermal aging alyst. Fig. 7 shows an example of a layered washcoat struc-
promoted growth of both the noble metal and ceria parti- ture. In this case, the view taken into the corner of a single

Fig. 7. Typical layered washcoat structure of current TWC (reproduced from [45] with permission from Imperial College Press). The lower lefichend pa
a backscattered electron image, and the other panels are chemical maps obtained with an electron microprobe.
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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 consentratio
(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.

channel of the monolith shows an alumina-rich underlayer obtained with solid solutions of ceria and zirconia [43,44].
and a ceria—zirconia overlayer. Reference [9] gives exam- Table 1 shows the dramatic improvement in oxygen storage
ples of layered washcoat strategies that have been used foobtained for a model catalyst of 2%Pd on a 70wt%ceria—
trimetal (PYPd/Rh) and Pd catalyst formulations. The Pd 30wt%zirconia solid solution support (P@Z3) compared
formulations demonstrate extremely good light-off perfor- to its counterpart on pure ceria (ReR) [45]. Especially
mance. Fig. 8, for example, compares the HC conversion vsafter “redox” aging at 1050C for 12 h, the ceria—zirconia-
time profiles for 199 ¢ft3 and 54 gft® light-off catalysts  supported Pd retains anywhere from 12 to 30 times more
on an Expedition vehicle during the federal test procedure. OSC than the pure-ceria-supported Pd. Much effort has
Both catalysts light off quickly, reaching 50% conversion be- gone into studying the underlying basis for the improved
tween 13 and 15 s following cold start. However, the higher- oxygen storage associated with the mixed oxide support
loaded catalyst maintains significantly higher conversions, materials [45]. It is generally agreed that incorporating
which translates into substantially lower cumulative emis- zirconia into ceria produces defects that greatly enhance
sions after 60 s (0.52 g) than obtained with the lower-loaded the transport of oxygen from the bulk to the surface of
catalyst (0.77 g). the particle under reducing conditions, even though the
As noted above, fast light-off was one of two advances defects are not readily observed by conventional analysis
required by the emissions and durability requirements of the techniques such as X-ray diffraction. The transport of
1990s. The other was improved oxygen storage materials.oxygen from deep in the bulk is evidenced from electron
Here the breakthrough came from the development of new energy loss spectroscopy (EELS) of a model planar catalyst
“stabilized” cerias that not only provided better surface area consisting of Pd particles supported on a single-crystal film
stability after high-temperature aging, but more importantly, of ceria—zirconia, as shown in Fig. 9 [46]. The peak ratio
promoted oxygen transport from within the bulk rather than of the Ce M5 and M4 lines are characteristic of*Ce
from the surface only. The best results thus far have beenin the case of the oxidized film, as expected, regardless
of whether the analysis is made at the surface of the
Table 1 film or at the interface between the ceria—zirconia and its
Steady-state oxygen storage capacities of fresh and “redox” aged model POUnderIying support (yttria-stabilized zirconia single crystal).
automotive catalysts made with ceria and ceria—zirconia [45] After reduction, in contrast, the peak ratio shifts to that

Catalyst CeQ State Oxygen storage capacity (Lmqigp characteristic of mostly Cé& at the surface of the film,
(Wt%) 350°C 500°C 700°C and even shows some evidence of ceria reduction extending
Pd/C2 100 fresh 270 360 370 down to the interface with the underlying support, a depth of
aged 20 30 80 50 nm. Not only did introduction of the “stabilized” cerias
Pd/CZ3 70 fresh 890 970 1030

greatly increase the thermal durability of the catalyst, but it

d 630 810 1070 . .
ki also greatly enhanced the effectiveness of Pd by solving the
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90 -

CeM5 . ma Another, though less dramatic, example of exposure to
804 high temperature is illustrated in Fig. 11 [48]. The Pd—
70+ Rh alloy particle shown in this TEM micrograph formed
60 as a result of the transport of the pure metals, initially
2 501 4 loaded onto distinct support phases in a model bimetallic
= catalyst, over distances of order 10 um (from one support
3 40‘_ 3 particle to another) during 12 h of laboratory redox-aging
30 ) 2 at 105C°C. Careful analysis of the alloy particle by energy
20 ’ dispersive X-ray spectroscopy (EDS) shows that its surface
104 , _ is enriched in Pd, which is undesirable due to a loss
in NO, performance. The avoidance of alloy formation
%oo 850 900 950 1000 1050 in this case can only be accomplished by segregating

the noble metals axially along the monolith, a recently
implemented practice known as zone coating. Though more
Fig. 9. EELS spectra of Ce acquired from the ceria—zirconia/yttria- complex in terms of processing, this advance in washcoat
stabilized zirconia interface (1, 3) and the ceria—zirconia film surface (2, 4) technology can allow for greater flexibility in the design
of a model planar catalyst sample pefore (1_, 2) and after (3, 4_1) reducing of catalyst systems. Further, zone coating, like the serial
treaFment (reprc_)duced from [46] with permission from the Microscopy arrangement of discrete bricks, is beginning to lead to
Society of America). o ! .
more efficient use of the noble metals. For example, high
metal loadings, needed for close-coupled catalyst operation
pr0b|em5 of the narrow A: Operating window inherent in in order to maintain sufficient metal surface area at the
the early Pd-only formulations. low metal dispersions obtained (and desired for best light-
off performance) due to severe particle coarsening, are
applied in a short front zone. Much lower metal loadings
(as little as ¥10), which suffice for downstream operation
where higher metal dispersions can be maintained due to
i i the lower temperatures, are applied in a longer rear zone.
The advanced TWC formulations developed during the £ qre catalyst development will undoubtedly refine such a

1990s, with subtle modifications, are representative of the yisiributed approach in order to further optimize noble metal
TWCs in use today. Typical catalysts are those that contain ijization.

multiple noble metals supported on different phases with e efficient use of noble metals looms as a challenge in
various stabilizers and additives to ensure high performance,, emerging area of automotive catalysis, so far not men-
and durability. As with most technological developments in joned in this article, the treatment of lean-combustion ex-

stringent emissions requirements of the 1990s and beyond,

were met with relatively complex and expensive catalyst
technology. Some of the catalyst formulations are quite
complicated and can contain up to three noble metals, three
or four support phases, Ni as an$istorage agent, and four

or five additional promoters and stabilizers. Given the high
temperatures and wide-ranging exhaust compositions that
are experienced over the life of the vehicle, this complexity
can lead to multitude of solid-state reactions between the
various components of the catalysts. Fig. 10, for example,
shows a NiAl20s3,, (x < 1) nanotube (N) attached to a Pd
particle at one end and a larger crystal of NioOz, at the
other end [47]. This structure was observed by transmission
electron microscopy (TEM) during analysis of a Pd-only
catalyst that had been aged on an engine dynamometer for
120 h under a cycle that simulates 100,000 miles in the
field. Nickel oxide is incorporated into the catalyst as a$H ‘ 50nm
scavenger, but it somehow underwent reaction with alumina I
(present elf[her as a support phase or binder materla.l) a'tFig. 10. TEM image of a NiAl2O3,, (x < 1) nanotube (N) attached to
the Pd particle to form the observed structure during aging. 5 pyg particle and a larger crystal of il 203, found in a dyno-aged
Clearly, this morphology does not reflect the intended metal— pd catalyst (reproduced from [47] with permission from Kluwer Acad-
support combination. emic/Plenum Publishers).

Electron Energy Loss (eV )

7. Future perspective
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Fig. 11. TEM image and EDS analyses of a large Pd-Rh alloy par-
ticle found in a laboratory-aged model bimetallic catalyst following
high-temperature aging (reproduced from [48] with permission from
Kluwer Academic/Plenum Publishers).

in the presence of oxygen far exceeding the concentra-
tion of reductants available. A novel approach, pioneered
by Toyota, involves first converting the NO to a solid ni-
trate which is stored in the “NQOtrap” (under lean con-
ditions), then reducing the stored nitrate to nitrogen un-
der a stoichiometric or rich pulse [49]. More traditional
means of NO removal, selective catalytic reduction with
or without added reductant, are employed in diesel appli-

441

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

Acknowledgments

Carolyn Hubbard, Haiping Sun (of the University of
Michigan), and Jon Hangas kindly provided Figs. 8, 9,
and 10, respectively, prior to their publication.

References

[1] M. Shelef, Catal. Rev. Sci. Eng. 11 (1975) 1.
[2] M. Shelef, K. Otto, N.C. Otto, Adv. in Catal. 27 (1978) 311.
[3] J.T. Kummer, J. Prog. Energy Combust. Sci. 6 (1980) 177.
[4] J.T. Kummer, J. Phys. Chem. 90 (1986) 4747.
[5] K.C. Taylor, Catal. Rev. Sci. Eng. 35 (1993) 457.
[6] J.J. Mooney, in: Kirk—Othmer Encyclopedia of Chemical Technology,
Vol. 9, 4th ed., Wiley—Interscience, New York, 1994, p. 982.
[7] R.M. Heck, R.J. Farrauto, Catalytic Air Pollution Control: Commer-
cial Technology, Van Nostrand Reinhold, New York, 1995.
[8] M. Shelef, R.W. McCabe, Catal. Today 62 (2000) 35.
[9] R.J. Farrauto, R.M. Heck, Catal. Today 51 (1999) 351.
[10] M. Shelef, H.S. Gandhi, Plat. Metals Rev. 18 (1) (1974) 1.
[11] H.S. Gandhi, H.K. Stepien, M. Shelef, Paper No. 750177, Society of
Automotive Engineers, 1975.
[12] H.S. Gandhi, H.K. Stepien, M. Shelef, Mater. Res. Bull. 10 (1975)
837.
[13] G.L. Bauerle, J.D. Pinkerton, K. Nobe, Atm. Environ. 8 (1974) 217.
[14] R.J.H. Voorhoeve, J.P. Remeika, L.E. Trimble, Mater. Res. Bull. 9
(1974) 1393.
[15] K.C. Taylor, J.C. Schlatter, J. Catal. 63 (1980) 53.
[16] H.S. Gandhi, W.B. Williamson, E.M. Logothetis, J. Tabock, C. Peters,
M.D. Hurley, M. Shelef, Surf. Interface Anal. 6 (4) (1984) 149.
[17] T.J. Truex, Paper No. 1999-01-1543, Society of Automotive Engi-
neers, 1999.
[18] H.S. Gandhi, M. Shelef, Appl. Catal. 77 (1991) 175.
[19] H.C. Yao, S. Japar, M. Shelef, J. Catal. 50 (1977) 407.
[20] H.C. Yao, H.K. Stepien, H.S. Gandhi, J. Catal. 61 (1980) 547.
[21] C. Wong, R.W. McCabe, J. Catal. 119 (1989) 47.
[22] D. Duprez, G. Delahay, H. Abderrahim, J. Grimblot, J. Chim. Phys. 83
(1986) 465.
[23] J.G. Chen, M.L. Colaianni, J.T. Yates Jr., G.B. Fisher, J. Phys. Chem.
94 (1990) 5059.
[24] R.W. McCabe, R.K. Usmen, K. Ober, H.S. Gandhi, J. Catal. 151
(1995) 385.
[25] D.D. Beck, T.W. Capehart, C. Wong, D.N. Belton, J. Catal. 144 (1993)
311.
[26] C.Z. Wan, J.C. Dettling, Stud. Surf. Sci. Catal. 30 (1987) 369.

cations. An additional problem in the case of diesel in- [27] J.G. Nunan, W.B. Williamson, H.J. Robota, Paper No. 960798, Society

volves the trapping and combustion of soot particles in a of Automotive Engineers, 1996.

catalyzed filter [50]. While strategies for lean-burn gasoline [28] G-W. Graham, T. Potter, R.J. Baird, H.S. Gandhi, M. Shelef, J. Vac-

and diesel have been substantially developed over the pasf uum. Sci. Technol. A 4 (3) (1986) 1613,

5-10 vears. the underlvina technolodies are immature com- 29] J.G. Nunan, W.B. Williamson, H.J. Robota, M.G. Henk, Paper No.
y i ying 9 950258, Society of Automotive Engineers, 1995.

pared with that of the TWC, and there currently appears to [30] v.k. Lui, J.C. Dettling, Paper No. 930249, Society of Automotive

be the need to use relatively large quantities of Pt. Future Engineers, 1993.



442

[31] H. Yao, H. Gandhi, M. Shelef, in: B. Imelik, et al. (Eds.), Metal-
Support and Metal-Additive Effects in Catalysis, Elsevier, Amsterdam,
1982, p. 159.

[32] W.B. Williamson, D. Lewis, J. Perry, H.S. Gandhi, Ind. Eng. Chem.
Prod. Res. Dev. 23 (1984) 531.

[33] H. Gandhi, H. Yao, H. Stepien, in: A. Bell, L. Hegedus (Eds.),
Catalysis Under Transient Conditions, in: Symp. Ser., No. 178, Am.
Chem. Society, Washington, DC, 1982, p. 143.

[34] K. Adams, H. Gandhi, Ind. Eng. Chem. Prod. Res. Dev. 22 (1983) 207.

[35] H. Muraki, H. Sinjoh, Y. Fujitani, Appl. Catal. 22 (1986) 325.

[36] H. Muraki, K. Yokota, Y. Fujitani, Appl. Catal. 48 (1989) 93.

[37] H. Muraki, H. Shinjoh, H. Sobukawa, K. Yokota, Y. Fujitani, Ind. Eng.
Chem. Prod. Res. Dev. 25 (1986) 202.

[38] R.W. McCabe, J.M. Kisenyi, Chem. Ind. (7 August 1995) 605.

[39] R.K. Usmen, R.W. McCabe, G.W. Graham, W.H. Weber, C.R. Peters,
H.S. Gandhi, Paper No. 922336, Society of Automotive Engineers,
1992.

[40] J.C. Summers, W.B. Williamson, M.G. Henk, Paper No. 880281,
Society of Automotive Engineers, 1988; SAE Trans. 97 (1988) 158.

[41] J.C. Summers, J.J. White, W.B. Wiliamson, Paper No. 890794,
Society of Automotive Engineers, 1989; SAE Trans. 98 (1989) 360.

H.S Gandhi et al. / Journal of Catalysis 216 (2003) 433442

[42] J. Dettling, Z. Hu, Y.K. Lui, R. Smaling, C.Z. Wan, A. Punke, in: A.
Frennet, J.-M. Bastin (Eds.), Studies in Surface Science and Catalysis,
Vol. 96, Elsevier, Amsterdam, 1995, p. 461.

[43] P. Fornasiero, R. DiMonte, G.R. Rao, J. Kaspar, S. Meriani, A. Tro-
varelli, M. Graziani, J. Catal. 151 (1995) 168.

[44] T. Murota, T. Hagasawa, S. Aozasa, H. Matsui, M. Motoyama, J. Al-
loys Compounds 193 (1993) 298.

[45] M. Shelef, G.W. Graham, R.W. McCabe, in: A. Trovarelli (Ed.),
Catalysis by Ceria and Related Materials, Imperial College Press,
London, 2002, p. 343.

[46] H.P. Sun, G.W. Graham, X.Q. Pan, C.H.F. Peden, S. Thevuthasan,
Microscopy and Microanalysis (Microscopy and Microanalysis—
2002 Proceedings Supplement), in press.

[47] J. Hangas, Catal. Lett., in press.

[48] G.W. Graham, H. Sun, W.-W. Jen, X.Q. Pan, R.W. McCabe, Catal.
Lett. 81 (2002) 1.

[49] S. Matsumoto, Y. lkeda, H. Suzuki, M. Ogai, N. Miyoshi, Appl. Catal.
B 25 (2000) 115.

[50] P. Hawker, N. Myers, G. Huthwohl, H.T. Vogel, B. Bates, L. Magnus-
son, P. Bronnenberg, Paper No. 970182, Society of Automotive Engi-
neers, 1997.



	Automotive exhaust catalysis
	Introduction
	Why Pt, Pd, and Rh?
	Early three-way catalysis
	Rh-support interactions
	The emergence of Pd
	Advanced TWC formulations
	Future perspective
	Acknowledgments
	References


