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(57) ABSTRACT 

A spark ignition engine With an exhaust system having a 
catalyst, Which includes a three-Way catalyst (TWC) and a 
NOX storage component, and an engine control unit is 
provided. The engine control unit is programmed to control 
the air-to-fuel ratio of the engine to run at the stoichiometric 

air-to-fuel ratio during normal running conditions and to run 

lean of the stoichiometric air-to-fuel ratio during a de?ned 

portion of an engine speed/load. The engine control unit also 
determines the amount of NOX contacting the TWC during 
lean running operation in response to data input from a 
sensor means, thereby a remaining NOX storage capacity of 
the TWC is determined. The control unit is programmed to 
return the air-to-fuel ratio to stoichiometry When the NOX 
storage capacity is beloW a pre-determined value. The 
engine and its components are arranged such as to substan 
tially prevent passing more NOX to atmosphere during an (51) Int. Cl. 

F01N 3/00 (200601) engine cycle compared With a spark ignition engine run 
F 01N 3/10 (2006.01) continuously at stoichiometric conditions. 
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SPARK IGNITION ENGINE INCLUDING 
THREE-WAY CATALYST WITH NOX STORAGE 

COMPONENT 

[0001] The present invention relates to a spark ignition 
engine comprising an exhaust system comprising a catalyst 
and an engine control unit programmed to control the 
air-to-fuel ratio of the engine to run at the stoichiometric 
air-to-fuel ratio during normal running conditions and to run 
lean of the stoichiometric air-to-fuel ratio during a de?ned 
portion of an engine speed/load map. In particular, the 
present invention relates to such an engine Wherein the 
catalyst is a three-Way catalyst (TWC) including a NOx 
storage component. 

[0002] A heterogeneous catalyst capable of simultaneous 
conversion of nitrogen oxides (NOx), carbon monoxide 
(CO) and unburnt hydrocarbons (HC) in exhaust gas from a 
stoichiometrically operated, spark-ignited combustion 
engine is knoWn as a three-Way catalyst (TWC). NOx 
reduction readily occurs over the TWC When the air-to-fuel 
ratio is rich of stoichiometric, Whereas CO and HC reactions 
are hindered by insufficient oxygen (O2). On the lean side, 
the CO and HC conversions are high, but NOx reduction is 
dif?cult because of the excess of oxidising species. Accord 
ingly, effective three-Way conversion occurs in a relatively 
narroW air-to-fuel ratio window. In practice an oxygen 
sensor is used to detect the lambda composition of the 
exhaust gas upstream of the TWC and to adjust the air-to 
fuel ratio accordingly to equilibrate the exhaust gas. 

[0003] A typical TWC comprises platinum (Pt) and/or 
palladium (Pd) as an oxidation catalyst and rhodium (Rh) as 
a reduction catalyst on a suitable high surface area oxide 
support, such as alumina (AM2O3), and an oxygen storage 
component (OSC), eg a ceria-Zirconia mixed oxide. Vari 
ous minor amounts of base metal catalyst promoters, stabi 
lisers and hydrogen sulphide suppressers can be included. 
For ?irter details, see WO 98/03251 (incorporated herein by 
reference). 
[0004] A consequence of using detected oxygen concen 
tration to control the air-to-fuel ratio is that there is a time 
lag associated in adjusted air-to-fuel ratio. This results in 
perturbation around the control set point. Thus, When oper 
ating rich, there is a need to provide a small amount of O2 
to consume the unreacted CO and HC. Conversely, When the 
exhaust gas goes slightly oxidising, the excess 02 needs to 
be consumed. One development in TWC technology 
adopted in order to reduce the problem of emissions asso 
ciated With perturbations Was to incorporate an O2 storage 
component in the TWC composition. This component 
adsorbs (or absorbs) O2 in the lean environment and releases 
it in the rich environment, thus effectively extending the 
time at Which the exhaust gas is at the set point Where more 
signi?cant amounts of HC fuel are required to maintain the 
air-to-fuel ratio, such as during acceleration, this can be 
provided eg by adjusting the fuel injection period. 

[0005] More recently, there has been a move toWards 
running gasoline combustion engines lean, for example, in 
gasoline direct injection engines. The rationale is to improve 
fuel economy (thus decreasing the emissions of CO2) by 
running lean of stoichiometry. The principal problem in 
pursuing this strategy is that the lean environment inhibits 
NOx reduction in the TWC. One technology Which has been 
developed to meet this problem is called, variously, a NOx 
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absorber/catalyst, lean NOx trap (LNT) or NOx trap and is 
based on acid-base Washcoat chemistry. It involves adsorp 
tion (or absorption) and storage of NOx in the catalyst 
Washcoat during lean driving conditions and release under 
rich operation. The released NOx is catalytically converted 
to nitrogen just as it is in TWCs. 

[0006] A typical NOx trap composition comprises Pt and 
Rh on a high surface area oxide support, such as A1203, and 
a NOx storage component such as barium oxide (BaO (see, 
eg EP 0758713, incorporated herein by reference)). Gen 
erally, loadings of NOx storage components in NOx trap 
Washcoats can be up to 50 Wt % or even higher 

[0007] A major problem With the use of NOx trap tech 
nology is that it requires very careful and complicated 
control of the engine in order to provide for rich regeneration 
of the NOx storage component Additionally, a number of 
feedback sensors are used to control the function of the NOx 
trap NOx storage capacity, e.g. sensors to estimate cumula 
tive engine-out NOx production utilising stored engine maps 
and NOx trap temperature sensors, because the efficiency of 
the NOx storage component to absorb NOx is temperature 
dependent. 

[0008] It is knoWn in the art of TWCs, to stabilise a 
gamma-A1203 component from sintering during high tem 
perature ageing using small amounts (1-3 percent) of BaO or 
lanthanum oxide (La2O3). Base metal catalyst promoters, 
such as barium (Ba), cerium, lanthanum, magnesium, cal 
cium and strontium can also be used (see WO 98/03251, 
mentioned above). 

[0009] In our WO 99/00177 (incorporated herein by ref 
erence) We describe a catalytic converter for a lean burn 
internal combustion engine, such as a direct injection gaso 
line engine, comprising a catalyst component capable of 
storing NOx. In one embodiment, the catalytic converter 
comprises a supported layered catalyst having a ?rst, inner 
layer containing a ?rst platinum group metal (PGM), e.g. Pt, 
and a NOx storage component, e.g. Ba, and a second, outer 
layer containing a second different PGM, such as Rh sup 
ported on a non-A1203 support, and optionally an OSC such 
as a mixed oxide of ceria and Zirconia. 

[0010] Japanese Unexamined Patent Publication 
(KOKAI) No. 5-3l7,652 (incorporated herein by reference) 
describes a catalyst comprising a substrate, and an alkaline 
earth metal compound and Pt loaded on the substrate. The 
description observes that during urban driving a vehicle is 
frequently accelerated and decelerated. Consequently, this 
can cause the air-to-fuel ratio to vary frequently from the 
range of values adjacent to the stoichiometric point during 
more steady conditions, eg idling, to the fuel rich side. In 
order to loWer the fuel consumption during e.g. urban 
driving conditions, the gasoline engine is run on the fuel lean 
side, such as an air-to-fuel ratio of up to 23:1 (Wt./Wt.). The 
catalyst is designed to adsorb (or absorb) NOx on the 
alkaline-earth metal during lean running conditions and to 
use the natural ?uctuation of the air-to-fuel ratio to the rich 
side to enable stored NOx to be released and reduced, thus 
regenerating the NOx storage capacity of the alkaline-earth 
metal compound. 

[0011] US. Pat. No. 5,575,983 (incorporated herein by 
reference) observes that the NOx absorbing capacity of the 
catalyst of Japanese Unexamined Patent Publication No. 
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5-317,652 is poisoned by sulfate. In order to combat this, it 
proposes a catalyst comprising Pt or Pd and alkali metals, 
alkaline-earth metals and rare-earth elements including lan 
thanum (La) supported on lithium-stabilised A1203. 

[0012] We believe that the use of lean burn gasoline 
engines other than direct injection gasoline engines, such as 
those described in Japanese Unexamined Patent Publication 
(KOKAI) No. 5-317,652 and Us. Pat. No. 5,575,983 has 
not received Widespread acceptance in the vehicle industry 
and that one reason for this is the dif?culty in controlling 
NOx emissions to meet existing and future emission legis 
lation. 

[0013] We have noW found, very surprisingly, that it is 
possible to operate a spark ignition engine, such as a port 
fuel injection gasoline engine, Which engine comprising a 
TWC including a NOx storage component, in such a Way as 
to bene?t from the increased fuel economy available during 
lean running conditions Whilst avoiding the requirement for 
expensive and complicated control systems. 

[0014] According to one aspect, the invention provides A 
spark ignition engine comprising an exhaust system com 
prising a catalyst and an engine control unit programmed to 
control the air-to-fuel ratio of the engine to run at the 
stoichiometric air-to-fuel ratio during normal running con 
ditions and to run lean of the stoichiometric air-to-fuel ratio 
during a de?ned portion of an engine speed/load map, Which 
catalyst comprising a three-Way catalyst (TWC) including a 
NOx storage component, characterised in that the engine 
control unit is further programmed to determine the amount 
of NOx contacting the TWC during lean running operation 
in response to data input from sensor means, thereby to 
determine the remaining NOx storage capacity of the TWC 
and to return the air-to-fuel ratio to stoichiometry When the 
remaining NOx storage capacity is beloW a pre-determined 
value, the arrangement being such as to substantially prevent 
passing more NOx to atmosphere during an engine cycle 
compared With a spark ignition engine run continuously in 
stoichiometric mode. 

[0015] By “engine cycle” herein We mean the period 
betWeen key on and key off. 

[0016] The present invention takes advantage of the natu 
ral ?uctuation in the composition of an exhaust gas of a 
spark ignition engine operated at the stoichiometric air-to 
fuel ratio to rich lambda values, eg during acceleration, to 
regenerate the NOx storage component. NOx stored on the 
NOx storage component is generally not released, and the 
NOx storage component is not regenerated, under lambda=l 
conditions, i.e. conditions rich of lambda=1 are required. We 
have also devised a catalyst that facilitates the regeneration 
of a NOx storage component in a TWC, Which catalyst is 
used in a preferred embodiment according to the invention. 

[0017] The present invention provides a number of very 
substantial advantages. One such advantage is that it enables 
a vehicle poWered by a spark ignition engine to be run at a 
fuel saving over a similar vehicle operated continuously at 
substantially stoichiometric conditions. Such increased effi 
ciency can result in loWer CO2 emissions in a legislative test 
cycle for a vehicle. LoWer CO2 emissions in a legislative test 
cycle translates to loWer CO2 emissions in “real World” 
driving conditions. Accordingly, a vehicle according to the 
invention can be more “environmentally friendly”. Further 
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more, in countries Where vehicles are taxed depending on 
the amount of CO2 they emit (a so-called “green tax”), such 
as the UK, it can reduce the tax burden to the consumer. 

[0018] A second such advantage is that it can alloW 
existing vehicles including spark ignition engines to receive 
the bene?t of the invention by retro?tting certain compo 
nents. This can be done by simply replacing the existing 
TWC With a TWC including su?icient NOx storage com 
ponent and the engine control unit for one programmed: (i) 
to run the engine lean of the stoichiometric air-to-fuel ratio 
during a de?ned portion of an engine speed/load map; and 
(ii) to determine the amount of NOx contacting the TWC 
during lean running operation in response to data input from 
sensor means, thereby to determine the remaining NOx 
storage capacity of the TWC and to return the air-to-fuel 
ratio to stoichiometry When the remaining NOx storage 
capacity is beloW a pre-determined value, thereby substan 
tially to prevent passing more NOx to atmosphere during an 
engine cycle compared With a spark ignition engine run 
continuously in stoichiometric mode. 

[0019] According to a particularly preferred embodiment, 
the de?ned portion of the engine speed/load map is engine 
idle. This is a particularly advantageous arrangement in that 
it provides a fail-safe system for regenerating the NOx 
storage component This is because the only thing that can 
happen to the engine after idle is that it is accelerated, 
folloWing Which the exhaust gas contacting the TWC is 
temporarily rich before the engine control unit returns the 
exhaust gas to equivalence. Even if the engine is switched 
off folloWing idle, NOx can be stored to key on, folloWing 
Which the engine Will be accelerated. Accordingly, this 
preferred arrangement takes advantage of the natural ?uc 
tuations in the composition of the exhaust gas to the rich side 
during acceleration to regenerate the NOx storage compo 
nent For similar reasons, the de?ned portion of the engine 
speed/ load map can comprise loW speed driving Wherein the 
level of NOx emitted by the engine is up to ten times more, 
such as ?ve times or tWice more, than at engine idle. 

[0020] A very substantial advantage of this preferred 
arrangement is that it avoids the requirement for compli 
cated and expensive sensors and controls in order to meet 
emission legislation that presently burdens the adoption of 
NOx traps. 

[0021] A number of means for inputting data to the engine 
control unit to determine the amount of NOx contacting the 
TWC, and hence the remaining NOx storage capacity of the 
NOx storage component, can be used either singly or in any 
mechanically/electronically viable combination. Many of 
the sensor means required to collect this information are 
already included in the engine and/or vehicle ?tted With the 
engine and are used by the engine control unit for controlling 
other functions of the engine and/or vehicle. This is one 
reason Why it is possible to adopt the invention by retro?t 
ting the vehicle engine control unit, together With a TWC 
including a NOx storage component. 

[0022] Such detected data that can be used to monitor 
remaining NOx storage capacity in the TWC of the inven 
tion include: predetermined or predicted time elapsed from 
the start of lean running operation, by sensing the status of 
a suitable clock means; air?oW over the TWC or manifold 
vacuum; ignition timing; engine speed; throttle position; 
exhaust gas redox composition, for example using a lambda 



US 2006/0075740 A1 

sensor, preferably a linear lambda sensor; quantity of fuel 
injected in the engine; Where the vehicle includes an exhaust 
gas recirculation (EGR) circuit, the position of the EGR 
valve and thereby the detected amount of EGR; engine 
coolant temperature; and Where the exhaust system includes 
a NOx sensor, the amount of NOx detected upstream and/or 
doWnstream of the TWC. Where the clock embodiment is 
used, the predicted time can be subsequently adjusted in 
response to data input. 

[0023] The spark ignition engine can be any capable of 
operating during normal running conditions at the stoichio 
metric air-to-fuel ratio. In one embodiment, the engine can 
be poWered by gasoline and the engine can be of the port fuel 
injection or direct injection type. Optionally, the engine can 
be fuelled using an alternative fuel such as liquid petroleum 
gas (LPG), natural gas (NG), methanol, hydrocarbon mix 
tures including ethanol or hydrogen gas. The invention can 
be used on all grades of sulfur-containing fuel, but With 
particular e?iciency With grades containing less that 50 ppm 
by Weight of sulfur, and most preferably less than 10 ppm by 
Weight of sulfur. 

[0024] The present invention can utilise any knoWn TWC 
composition provided that su?icient NOx storage compo 
nent is included in order to perform the desired function. 

[0025] A typical TWC composition comprises at least one 
PGM, and can be selected from the group consisting of Pt, 
Pd, Rh, ruthenium, osmium and iridium and any combina 
tion of tWo or more thereof. 

[0026] Many NOx storage components are disclosed in the 
prior art, and any can be utilised in the present invention. 
Typical NOx storage components comprise alkali metals, 
such as potassium or caesium, alkaline-earth metals, e.g. 
magnesium, calcium, strontium or Ba, rare-earth metals 
lanthanide group metal, preferably La, or any viable com 
bination, eg a mixed oxide, of any tWo or more thereof. 

[0027] A common component of state-of-the-art TWCs is 
the OSC and these too can be included in the TWC, With 
utility, according to the present invention. Indeed, it is trite 
knowledge of the person skilled in the art that NOx trap 
compositions do not include OSC, because an OSC assists 
in the combustion of HC at the stoichiometric point and 
slightly rich thereof. This property runs counter to the 
requirement of a system including a NOx trap composition 
Which is to regenerate the NOx storage component using 
reducing species, such as HCs in the exhaust, resulting from 
air-to-fuel ratio modulation. Accordingly, the presence of an 
OSC in a NOx trap composition Would cause increased fuel 
consumption for the same amount of NOx storage compo 
nent regeneration relative to an OSC-free NOx trap compo 
sition. 

[0028] Known OSC include optionally stabilised ceria, 
perovskites, NiO, MnO2, manganese-based compounds sup 
ported on Al2O3-containing mixed oxides (see PCT/GBOl/ 
05124, incorporated herein by reference) a mixed oxide of 
manganese and Zirconium (see WO 99/34904, incorporated 
herein by reference), Pr2O3 or a combination of any tWo or 
more thereof. The ceria stabiliser can be Zirconium, lantha 
num, aluminium, yttrium, praseodymium or neodymium. 

[0029] A preferred TWC for use in the present invention 
comprises a ?rst PGM, preferably Pt, and the NOx storage 
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component in a ?rst, inner layer and an OSC and a second 
PGM, preferably Rh, in a second, outer layer. 

[0030] This arrangement is advantageous for the folloW 
ing reasons. During stoichiometric running the Rh/OSC 
component is active for NOx reduction and other reactions 
While the Pt component is active for oxidation reactions. 
During oxygen rich conditions the Rh is relatively inactive, 
the Pt is active for NO, HC and CO oxidation While the NO2 
produced is stored in the adsorber as nitrate. 

[0031] On subsequent return to lambda=l, the OSC com 
ponent in the second layer prevents the stored NOx “seeing” 
reducing gas so that the NOx remains stored as nitrate. The 
Rh is active for NOx reduction by CO and the Pt is active 
for oxidation of HC and CO. 

[0032] On acceleration the gas mix becomes rich biased, 
reducing the OSC material so that the stored NOx is 
released, as the nitrate becomes thermodynamically 
unstable. The released NOx is then reduced by the Rh layer 
With the excess reductant, 

[0033] According to a further aspect the invention pro 
vides a vehicle comprising an engine according to the 
present invention. 

[0034] TWC are generally placed in one or both of tWo 
positions in a vehicle according to the intended purpose: the 
close-coupled position, in Which the TWC is disposed as 
close to the exhaust manifold as possible; and the under?oor 
position. The reason for placing a TWC in the close-coupled 
position is to control emissions immediately folloWing cold 
start, as much of the controlled emissions are emitted during 
the legislative test cycle immediately folloWing cold-start. 
By positioning a TWC close to the engine, the catalyst is 
contacted by hot exhaust gases immediately after key on and 
accordingly reaches the light-off temperature for CO and HC 
oxidation sooner than a TWC in the cooler, under?oor 
location. HoWever, once the exhaust system is up to tem 
perature for e?icient three-Way conversion, the under?oor 
catalyst shoulders much of the burden of treating the exhaust 
gas. MeanWhile the close-coupled TWC is exposed to very 
high temperatures eg up to 10000 C. Indeed one vehicle 
manufacturer requires testing of close-coupled TWCs for 50 
hours at catalyst bed temperatures of at least 970° C. and up 
to 10100 C. At these sort of temperatures, catalysts can lose 
activity as materials lose their surface area through sintering 
events, migration of active species into pores and compo 
nent interactions. Accordingly, a TWC in the close-coupled 
position can be expected to lose some of its activity com 
pared With a fresh catalyst. The NOx storage component can 
also lose NOx storage capacity through this high tempera 
ture ageing by loss-of surface area. 

[0035] Whilst loss of NOx storage capacity through high 
temperature ageing, particularly in TWCs located in the 
close-coupled position, is undesirable in the present inven 
tion, the bene?t of the invention is still obtained provided 
that a proportion of NOx storage activity is retained. Accord 
ingly, in an embodiment of the invention, the fresh TWC 
includes su?icient of the NOx storage component to retain 
su?icient NOx storage capacity after high temperature age 
ing, for example in the close-coupled position. 

[0036] According to a further aspect, the invention pro 
vides An engine control unit for a spark ignition engine 
comprising an exhaust system comprising a TWC including 



US 2006/0075740 A1 

a NOx storage component, Which engine control unit is 
programmed to control the air-to-fuel ratio of the engine to 
run at the stoichiometric air-to-fuel ratio during normal 
running conditions and to run lean of stoichiometry during 
a de?ned portion of an engine speed/load map and to 
determine the amount of NOx contacting the TWC during 
lean running operation in response to data input from sensor 
means, thereby to determine the remaining NOx storage 
capacity of the TWC and to return the air-to-fuel ratio to 
stoichiometry When the remaining NOx storage capacity is 
beloW a pre-determined value, the arrangement being such 
as to substantially prevent passing more NOx to atmosphere 
during an engine cycle compared With a spark ignition 
engine run continuously in stoichiometric mode. 

[0037] According to a further aspect, the invention pro 
vides A method of treating exhaust gas of a spark ignition 
engine run at the stoichiometric air-to-fuel ratio during 
normal running conditions, Which engine comprising an 
exhaust system comprising a TWC including a NOx storage 
component, Which method comprising the steps of control 
ling the engine air-to-fuel ratio to run lean of stoichiometry 
during a de?ned portion of an engine speed/load map and 
determining the amount of NOx contacting the TWC during 
lean running operation in response to data input from sensor 
means, thereby to determine the remaining NOx storage 
capacity of the TWC and to return the air-to-fuel ratio to 
stoichiometry When the remaining NOx storage capacity is 
beloW a pre-determined value, the arrangement being such 
as to substantially prevent passing more NOx to atmosphere 
during an engine cycle compared With a spark ignition 
engine run continuously in stoichiometric mode. 

[0038] In order that the invention may be more fully 
understood, the folloWing Examples are provided by Way of 
illustration only and With reference to the accompanying 
draWings, in Which: 

[0039] FIG. 1 is a graph shoWing HC conversion against 
temperature after ageing of a TWC including a NOx storage 
component according to the invention, a state-of-the-art 
TWC and a NOx trap; and 

[0040] FIGS. 2, 3 and 4 are graphs shoWing % conversion 
of CO, HC and NOx against lambda for a TWC including a 
NOx storage component according to the invention, a state 
of-the-art TWC and a NOx trap formulation respectively. 

EXAMPLE 1 

Total Hydrocarbon Light Off 

[0041] Three catalyst Washcoats Were tested. Comparative 
catalyst A is a state-of-the art Pt/Rh TWC on a thermally 
stable, high surface area support at a ratio of 5Pt:1Rh and a 
total precious metal loading of at 60 g ft_3. 

[0042] Catalyst B is a TWC including a NOx storage 
component according to the present invention supported on 
an identical substrate. It comprised a ?rst, inner layer of a 
high surface area A1203 impregnated With Pt and a NOx 
storage component, such as BaO, and a second, outer layer 
of a mixed oxide OSC impregnated With Rh. The ratio of 
PtzRh and the total precious metal loading Was the same as 
for catalyst A. 

[0043] Comparative catalyst C is a NOx trap composition 
comprising a high surface area Al2O3-based mixed oxide 
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support impregnated With Pt, Rh and a NOx storage com 
ponent. The ratio of PtzRh Was 6:1 and the total precious 
metal loading Was 70 g ft_3. 

[0044] Each Washcoat Was coated on a 4.66><6 inch (11.9>< 
15.2 cm) ceramic substrate of 400 cells per square inch 
((cpsi) 62 cells cm_2) of 0.15 mm Wall thickness and the 
resulting coated substrate Was hydrothermally aged at 8000 
C. for 5 hours under 10% O2/0% H2O balance nitrogen. 

[0045] The catalysts Were ?tted to the exhaust of a four 
cylinder 2.0 litre Port Fuel Injection bench mounted engine 
controlled by a Bosch ME7 control system. The catalyst 
temperature Was increased by adjustment of a heat 
exchanger ?tted to the exhaust line before the catalyst. The 
temperature ramp rate Was 140 C./minute. 

[0046] The results for the HC light-off (the temperature at 
Which the reaction is catalysed to 50% ef?ciency) are shoWn 
in FIG. 1, from Which it can be seen that the HC light-off 
temperature for catalyst B is similar to that of the compara 
tive catalyst A. It can also be seen that the HC light-off 
temperature of comparative catalyst C is approximately 30° 
C. higher than comparative catalyst A. 

[0047] This result shoWs that the TWC including a NOx 
storage component (catalyst B) has very similar activity for 
HC activity compared With a state-of-the-art TWC (com 
parative catalyst A), despite the presence of the NOx storage 
component. The NOx trap (comparative catalyst C) per 
forms less Well than either catalyst B or comparative catalyst 
A, despite having a higher Pt loading. 

EXAMPLE 2 

Perturbed Lambda Scan 

[0048] The same engine as in Example 1 Was used to give 
a catalyst inlet temperature of 4500 C. The lambda scans 
Were done using a 10% perturbation (cycling betWeen a 
value 10% beloW lambda=1, i.e. less 0.147 lambda, to a 
value of 10% above lambda=1 (1.147 lambda)) and at a 
frequency of 1 HZ. These conditions Were chosen to simulate 
the exhaust gas composition at the inlet to a TWC disposed 
in an exhaust system including a lambda sensor upstream of 
the catalyst inlet providing feedback to the engine control 
unit in order to maintain lambda=1 conditions. 

[0049] The results are shoWn in FIGS. 2, 3 and 4. As can 
be seen, the NOx trap (comparative catalyst C) is poorer for 
lambda scan performance (shoWing poorer conversion), 
despite having more Pt While the TWC including a NOx 
storage component (catalyst B) performs similarly to the 
TWC (comparative catalyst A). 

EXAMPLE 3 

Engine Test 

[0050] In a bench test cell, a 4 cylinder, 1.8 litre, 1997 
model year, Mitsubishi direct injection engine from a 
vehicle calibrated for the Japanese market Was installed With 
a direct current dynamometer. A catalyst substrate prepared 
according to Example 1 Was ?tted in the close-coupled 
position approximately 30 cm from the engine exhaust 
manifold. The substrate volume represented of 22% engine 
sWept volume (ESV). Concentrations of NOx, HC, CO2, CO 
and 02 Were measured using a dual bank of MEXA (Motor 
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Exhaust Gas Analyser) 9500 sensors to allow continuous 
measurement of gas concentrations upstream and doWn 
stream of the catalyst The catalyst inlet temperature Was 
measured by thermocouple. 

[0051] The engine Was operated from one of tWo sets of 
maps: one for the homogeneous mode and the other for the 
lean, strati?ed mode. Basic maps for ignition and injection 
timing and duration Were generated by ?rstly logging data 
from the ECU of a vehicle including the same model of 
engine as the one used for the bench test and then basing the 
maps on this information by reverse engineering. In the 
homogeneous mode, the engine Was run at a range of engine 
speeds and loads and a supplementary map to the basic map 
Was generated for the best emissions of NOx, CO and HC 
emissions under }\,=1 operation. The lean, strati?ed mode 
Was mapped by matching the torque achieved in homoge 
neous mode at the same speed and load demand. 

[0052] Prior to testing, the engine Was thoroughly Warmed 
up in idling condition. In homogeneous mode, the engine 
Was then run so that the inlet temperature to the close 
coupled catalyst Was 300° C. It Was then sWitched to lean, 
strati?ed operation and the EGR valve position Was adjusted 
until the engine-out NOx Was 300 ppm. The EGR valve 
position Was recorded and Was referred to as the lean set 
point The engine Was sWitched back to homogeneous mode, 
and the EGR valve Was closed. A rich set point Was obtained 
by increasing the fuel injector pulse Width to obtain lambda 
0.80. A series of lean/rich cycles Were run as folloWs. In the 
lean mode, the EGR valve Was at the lean set-point position 
until the NOx ef?ciency of the system had dropped beloW 
75%. The engine Was then sWitched back to homogeneous 
mode for 15 seconds, With injector duration at the rich set 
point. The cycles Were repeated ?ve times and the results 
obtained for each of the cycles Were logged. Exhaust sys 
tems Were ?tted to the engine and the protocol above Was 
folloWed and data collected in the lean, strati?ed mode at 
300° C. catalyst inlet temperature, a typical catalyst inlet 
temperature for a close-coupled TWC in the exhaust system 
of a port fuel injection during idling. 

[0053] Table 1 shoWs the NOx storage ef?ciency With 
Which each of comparative catalysts A and C and catalyst B 
store NOx, and in particular, hoW the ef?ciency With Which 
each catalyst stores 30, 40, 50 and 60 mg of NOx. Thus the 
NOx trap (comparative catalyst C) stores 60 mg NOx With 
97% ef?ciency, i.e. 97% of the NOx contacting the catalyst 
is stored, Whereas the TWC (comparative catalyst A) stores 
60 mg of NOx With 9% ef?ciency, i.e. for the time it takes 
to store 60 mg of NOx, the catalyst has slipped 91% of the 
NOx contacting it. 

TABLE 1 

NOx storage ef?ciencv 

Catalyst B 
Comparative (TWC including Comparative 
Catalyst C a NOx storage Catalyst A 

NOx stored (mg) (NOx Trap) component) (TWC) 

30 98% 77% 18% 
40 98% 73% 16% 
50 97% 68% 12% 
60 97% 64% 9% 
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[0054] The results of Examples 1, 2 and 3 shoW that the 
TWC including a NOx storage component maintains TWC 
performance despite including a NOx storage component, 
and that NOx storage capacity is several times higher than 
a state-of-the-art TWC composition. 

1. A spark ignition engine comprising an exhaust system 
comprising a catalyst and an engine control unit pro 
grammed to control the air-to-fuel ratio of the engine to run 
at a stoichiometric air-to-fuel ratio during normal running 
conditions and to run lean of the stoichiometric air-to-fuel 
ratio during a de?ned portion of an engine speed/load map, 
Which catalyst comprising a three-Way catalyst (TWC) 
including a NOx storage component, Wherein the engine 
control unit is programmed to determine an amount of NOx 
contacting the TWC during lean running operation in 
response to data input from sensor means, thereby a remain 
ing NOx storage capacity of the TWC is determined, and the 
control unit is programmed to return the air-to-fuel ratio to 
stoichiometry When the NOx storage capacity is beloW a 
pre-determined value. 

2. An engine according to claim 1, Wherein the de?ned 
portion of the engine speed/load map is engine idle. 

3. An engine according to claim 1, Wherein the de?ned 
portion of the engine speed/load map comprises driving 
conditions, Wherein a level of NOx emitted by the engine at 
the driving conditions is up to ten times more than the level 
of NOX emitted at engine idle conditions. 

4. An engine according to claim 1, further comprising a 
clock, Wherein the data input sensor means includes a 
predetermined or predicted time elapsed from the start of 
lean running operation. 

5. An engine according to claim 4, Wherein the predicted 
time is subsequently adjusted in response to data input. 

6. An engine according to claim 1, Wherein the sensor 
means detects a value of air?oW over the TWC and the data 
input includes that detected value. 

7. An engine according to claim 1, Wherein the sensor 
means detects a manifold vacuum value and the data input 
includes that detected value. 

8. An engine according to claim 1, Wherein the sensor 
means detects an ignition timing value and the data input 
includes that detected value. 

9. An engine according to claim 1, Wherein the sensor 
means detects an engine speed value and the data input 
includes that detected value. 

10. An engine according to claim 1, Wherein the sensor 
means detects a throttle position value and the data input 
includes that detected value. 

11. An engine according to claim 1, Wherein the sensor 
means is a lambda value sensor, and the data input includes 
the lambda value detected upstream and/or doWnstream of 
the TWC. 

12. An engine according to claim 1, Wherein the sensor 
means detects a quantity of fuel injected in the engine and 
the data input includes that detected quantity. 

13. An engine according to claim 1, further comprising an 
exhaust gas recirculation (EGR) circuit, Wherein the sensor 
means detects an amount of exhaust gas recirculation by the 
position of an EGR valve and the data input includes the 
detected amount of EGR. 

14. An engine according to claim 1, Wherein the sensor 
means detects an engine coolant temperature value and the 
data input includes that detected value. 
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15. An engine according to claim 1, wherein the sensor 
means comprises a NOx sensor and the data input includes 
an amount of NOx detected by the NOx sensor upstream 
and/ or downstream of the TWC. 

16. An engine according to claim 1, Wherein the engine is 
a gasoline engine. 

17. An engine according to claim 16, Wherein the engine 
is a port fuel injection engine. 

18. An engine according to claim 16, Wherein the engine 
is a direct injection engine. 

19. An engine according to claim 1, Wherein the engine is 
fuelled by a fuel selected from the group consisting of liquid 
petroleum gas, natural gas, methanol, and hydrocarbon 
mixtures including ethanol or hydrogen gas. 

20. An engine according to claim 1, Wherein the TWC 
comprises at least one platinum group metal (PGM). 

21. An engine according to claim 20, Wherein the at least 
one PGM is selected from the group consisting of platinum 
(Pt), palladium, rhodium (Rh), ruthenium, osmium or iri 
dium and combinations of any tWo or more thereof. 

22. An engine according to claim 1, Wherein the NOx 
storage component comprises an alkali metal, an alkaline 
earth metal or a rare-earth metal or a combination of any tWo 
or more thereof. 

23. An engine according to claim 22, Wherein the alkali 
metal is potassium or caesium. 

24. An engine according to claim 22, Wherein the alka 
line-earth metal is magnesium, calcium, strontium or 
barium. 

25. An engine according to claim 22, Wherein the rare 
earth metal is a lanthanide group metal. 

26. An engine according to claim 1, Wherein the TWC 
comprises an oxygen storage component (OSC). 

27. An engine according to claim 26, Wherein the OSC 
comprises a component selected from the group consisting 
of stabilised ceria, perovskites, NiO, MnO2, manganese 
based compounds supported on alumina-containing mixed 
oxide, a mixed oxide of manganese and Zirconium, Pr2O3 
and combinations of any tWo or more thereof. 

28. An engine according to claim 27, Wherein the ceria 
stabiliser selected from the group consisting of Zirconium, 
lanthanum, aluminium, yttrium, praseodymium and neody 
mium. 

29. An engine according to claim 1, Wherein the TWC 
comprises an inner layer comprising a ?rst PGM and the 
NOx storage component, and an outer layer comprising an 
OSC and a second PGM. 
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30. A Vehicle including an engine according to claim 1. 
31. A Vehicle according to claim 30, Wherein the TWC is 

in a close-coupled position. 
32. Avehicle according to claim 30, Wherein a fresh TWC 

includes a suf?cient amount of the NOx storage component 
to retain suf?cient NOx storage capacity after high tempera 
ture ageing. 

33. An engine control unit for a spark ignition engine 
comprising an exhaust system comprising a TWC including 
a NOx storage component, Which engine control unit is 
programmed to control the air-to-fuel ratio of the engine to 
run at a stoichiometric air-to-fuel ratio during normal run 
ning conditions and to run lean of stoichiometry during a 
de?ned portion of an engine speed/load map and to deter 
mine an amount of NOx contacting the TWC during lean 
running operation in response to data input from sensor 
means, thereby a remaining NOx storage capacity of the 
TWC is determined, and the control unit is programmed to 
return the air-to-fuel ratio to stoichiometry When the NOx 
storage capacity is beloW a pre-determined Value. 

34. A method of treating exhaust gas of a spark ignition 
engine run at the stoichiometric air-to-fuel ratio during 
normal running conditions, Which engine comprising an 
exhaust system comprising a TWC including a NOx storage 
component, Which method comprising the steps of control 
ling the engine air-to-fuel ratio to run lean of stoichiometry 
during a de?ned portion of an engine speed/load map, 
determining the amount of NOx contacting the TWC during 
lean running operation in response to data input from sensor 
means thereby determining the remaining NOx storage 
capacity of the TWC, and returning the air-to-fuel ratio to 
stoichiometry When the remaining NOx storage capacity is 
beloW a pre-determined Value. 

35. (canceled) 
36. (canceled) 
37. An engine according to claim 29, Wherein the ?rst 

PGM is platinum. 
38. An engine according to claim 29, Wherein the second 

PGM is rhodium. 

39. An engine according to claim 11, Wherein the lambda 
Value sensor is a linear lambda sensor. 

40. An engine according to claim 25, Wherein the rare 
earth metal is lanthanum. 


