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In this tutorial review I discuss the significant impact that surface science has had on our

understanding of the catalytic phenomena associated with automobile exhaust depollution

catalysis. For oxidation reactions it has generally been found that reactions are self-poisoned at

low temperatures by the presence of strongly adsorbed reactants (such as molecular CO and NO),

and that the rapid acceleration in rate at elevated temperatures (often called ‘light-off’) is due to

the desorption of such adsorbates, which then frees up sites for dissociation and hence for

oxidation reactions. In some circumstances such autocatalytic phenomena can then manifest

themselves as oscillatory reactions which can vary in rate in both space and time. For NO

reduction, the efficiency of depollution (by production of molecular nitrogen) is strongly affected

by the nature of the metal used. Rh is extremely effective because it can dissociate NO much

more readily than metals such as Pd and Pt, enabling oxygen removal (by reaction with CO to

CO2) even at room temperature. Rh is also very selective in producing predominantly N2, rather

than N2O. NOx storage and reduction (NSR) is an important recent development for removal of

NOx under the highly oxidising conditions of a lean-burn engine exhaust, and the strategy

involves storing NOx on BaO under oxidising conditions followed by the creation of reducing

conditions to de-store and reduce it to nitrogen. By the use of STM it has been shown that this

storage process is extremely facile, occurring fast even under UHV conditions, and that the

storage occurs on BaO in the vicinity of Pt, with most of the oxide being converted to nitrate.

1 Automotive catalysis

Since legislation was initiated in California in the early

1970s,1,2 it has extended both globally and in terms of the

severity of the requirements for the removal of pollutants from

the exhausts of automobiles. At first catalytic amelioration

was simply related to reducing CO and hydrocarbon emis-

sions, achieved with relatively straightforward oxidation cata-

lysts such as Pt/alumina.1,2 The next stage was to include NOx

emissions in the legislation and to tighten the limits for

CO and hydrocarbon emissions. This involved catalyst devel-

opment in several respects. Firstly, oxygen storage compo-

nents were required in order to enhance CO and hydrocarbon

conversion during the rich part of the engine cycle, and

secondly NOx conversion was required, which was achieved

at that time by the incorporation of Rh in such catalysts.1–4 Rh

is particularly effective for NOx reduction reactions with CO

or H2. Most of this technology was applied to normally-

aspirated petrol engines, where the air : fuel ratio is kept close

to stoichiometric, that is around neutral in terms of oxidising

or reducing power of the exhaust. More recently fuel efficiency

has come to the fore in internal combustion engines and so

both lean-burn petrol and diesel engines have increased their

market penetration. These both present new problems because

such lean-burn engines result in a net oxygen-rich exhaust gas.

It then becomes extremely difficult to reduce NOx emissions by

conversion to benign N2. Toyota presented a very clever

solution to this problem in the early 1990s,5–7 which consisted

of adding a NOx storage medium (usually a Ba salt) to the

washcoat catalyst. This stored the unconverted NOx (essen-

tially due to the net conversion of BaO to Ba(NO3)2) during

the lean operation. An integral part of this innovation was to

operate the engine in a fuel-rich mode periodically for a short

period of time, producing a reducing gas consisting of CO and

H2, among other compounds. These then react with the

barium nitrate, forming N2, CO2 and H2O, and regenerating

the initial Ba salt. Effectively the fuel acts as a reductant and to

convert the nitrate back to oxide and NOx, the NOx being

reduced to N2 over the now-reduced precious metal compo-

nent(s). Reviews of such catalysis have appeared recently.8,9
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Most of the reaction events involved in these processes

occur at the surface, and therefore the surface science ap-

proach has been, and continues to be, an important way to

obtain a detailed understanding of these phenomena. In what

follows we will outline some of the developments that have

occurred in this field over the past thirty years or so. The work

in surface science in this area has, to a degree, stemmed from

the developments in the catalysis and so in what follows we

will outline developments in the three main phases mentioned

above, that is, simple oxidation (highlighted by the CO

oxidation reaction), NOx removal and then NSR.

2 Catalytic oxidation—the CO–O2 reaction

Ertl was one of the first to study the simplest of these

automobile-exhaust treatment reactions (CO oxidation) using

the methods of surface science, and published a number of

elegant and seminal papers in the 1970s using mainly mole-

cular beam methods to understand more about the kinetics

and mechanism of the reaction.10–14 One of the important

aspects of this is one which is generally important in the field

and can be illustrated by Fig. 1a.15 Here it can be seen that

there is a maximum in reaction rate with increasing tempera-

ture and that there is a relatively sharp increase in rate at the

onset of reaction. This increase is related to the so-called ‘light-

off’ phenomenon in exhaust catalysis where there is also a

sudden increase in rate. An example of real data from Engel

and Ertl10 is given in Fig. 1b, showing the same general form,

with the onset for one set of data being at B470 K. This

behaviour can be explained in the following way. As stated by

Engel and Ertl,14 these reactions are of the Langmuir–

Hinshelwood (LH) type,15,16 with no evidence for Eley–Rideal

(ER) reactions. By definition, LH reactions occur between

relatively strongly adsorbed species, bound to the surface of

the catalyst, whereas ER reactions occur by direct reaction

between one surface species and a colliding gas phase

molecule. The simplest form of the Langmuir–Hinshelwood

equation is:

RateCO2
= kyCOyO (1)

where k is the rate constant for the surface reaction and y is the
coverage of each adsorbed species, molecular CO and atomic

oxygen in this case.

The explanation for the ‘light-off’ described above is that it

is an autocatalytic phenomenon. This is illustrated particularly

nicely by the time-resolved XPS data of Fig. 2.17,18 These show

stacked XPS spectra (as closely packed horizontal lines, with

intensity represented by colour variation). Here it can seen

that as the sample is heated in the presence of gas phase CO

and oxygen, CO dominates the surface at low temperature,

with no dissociated oxygen (binding energy B530 eV), but

that there is a sudden change atB400 K. At that point there is

a switch in surface coverage from adsorbed CO to mainly

adsorbed atomic oxygen; this is the point of light-off (Fig. 2

and 3 at B360 K). Fig. 3 also shows the coverage values

determined from the XPS as a function of temperature to

illustrate these points further. The surface is dominated by CO

at low temperature (Fig. 3, K), but it begins to desorb at

B350 K, and at that point oxygen can begin to dissociate,

inducing a further reduction in CO coverage by reaction, so

that oxygen dominates the surface above 400 K (Fig. 3, J)

where the lifetime of CO is relatively short. The combined

surface coverage by adsorbed CO and oxygen atoms is always

high (Fig. 3, &) during these changes. Since the catalyst

surface is essentially poisoned by adsorbed CO at the low

temperature end of these curves, then the overall surface

reaction can be written as follows:

2COa + O2g + 2S - 2CO2g + 4S (2)

This results from a combination of elementary reactions, as

follows:

O2g + 2S - 2Oa

2COa + 2Oa - 2CO2g + 4S

On the left hand side of eqn (2) we show gas phase molecular

oxygen adsorbing on a surface with adsorbed CO present, as is

the situation before light-off. It requires two free sites (S) to be

available for oxygen to dissociate and, since once the oxygen

dissociates the reaction is fast, CO2 is quickly produced and, in

so doing, produces four free sites. Thus a reactant (site S) is

Fig. 1 (a) Schematic diagram of the light-off phenomenon in cata-

lysis. (b) A specific example from the work of Engel and Ertl.14 The

curves are for reaction of an oxygen molecular beam with background

CO on Pd(111), for three different background CO pressures. In order

of increasing rate the three CO pressures were 1 � 10�7, 3 � 10�7,

1 � 10�6 torr, with a fixed oxygen pressure of 4 � 10�7 torr.
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produced in excess on the right hand side and so the reaction

becomes self-accelerating. Such a positive feedback process is

an essential part of the kinetic oscillations described in great

detail by Ertl in later publications19–24 and cited in the Nobel

Prize award.25

Note that in Fig. 3 the product of the CO and O coverages

(m) follows the shape of the rate curve for CO2 production

determined in other measurements. Thus it is clear that in

terms of the Langmuir equation above (eqn (1)), the product

of the coverages dominates the shape of the light-off curve and

not the surface reaction rate constant, which increases expo-

nentially with temperature. An excellent review of the tem-

perature and pressure dependence of CO oxidation on single

crystal precious metals has been presented by Santra and

Goodman.26

When using high area catalysts under ambient conditions,

this light-off is usually even more noticeable, because the

reactions are exothermic and so there is a further feedback

process of heating to enhance the rate even more (and some-

times resulting in so much heat release that the catalyst glows,

hence the term ‘light-off’). It is well-known that the

CO desorption peak in TPD from group 10 metals is at

B450 K, and that desorption starts earlier,27 which correlates

well with the beginnings of light-off shown above. Due to the

presence of high pressures of CO in the exhaust, the coverage

only drops low enough to allow O2 adsorption at somewhat

higher temperatures in the real exhaust situation than on single

crystals at low pressure. It is interesting to note that Au shows

the ability to oxidise CO at much lower temperatures, even as

low as 230 K,28–31 at least partly due to the fact that CO is

bound much more weakly on gold and therefore it is not so

easily self-poisoned.

Relating to the feedback mechanism, Ertl23–25 and

others32,33 have spent considerable effort on studying the

effects on reaction kinetics, hence why Ertl’s Nobel Prize

citation includes ‘‘for groundbreaking studies in surface chem-

istry’’ and ‘‘for his thorough studies of fundamental molecular

processes at the gas–solid interface’’.25 One of the most re-

markable of these is the ability of the reaction, under the

correct (and usually very narrowly defined) conditions

Fig. 2 Temperature-programmed XPS experiments, showing the abruptness of the light-off phenomenon very clearly. In the left and right panels

are shown the XPS intensity (in terms of colour, light being high intensity, dark being low) as the surface is heated in the presence of CO and

oxygen gas. The peaks at 286 and B533 eV are due to adsorbed molecular CO, while that at 530 eV is due to atomic oxygen. In the centre panel

detailed XPS spectra in the O(1s) region are shown, representing the various phases of surface composition during the experiment. In that panel the

numbers on the right represent the time in seconds since the start of exposure to CO and oxygen, while on the left is the temperature of the surface.

Note the change in surface coverage under near isothermal conditions in region C, indicative of an autocatalytic reaction.

Fig. 3 Changes in surface coverage of CO (K) and atomic oxygen

(J) as a function of temperature, derived from the XPS measure-

ments. Also shown is the sum of the coverages (&), the total coverage

always being at least 0.5 monolayers and the product of the coverages

(m), which relates to the Langmuir–Hinshelwood mechanism (eqn (1)

in the text). The major transition in coverage occurs at 390 K.
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(temperature, pressure, CO : O2 ratio) to become unstable and

to go into periodic oscillations, either in a regular manner, or

in a chaotic manner. In turn this can also be spatially periodic,

reminiscent of older discoveries such as the Belousov–

Zhabotinskii reaction in which malonic acid is oxidised in

aqueous solution.34 Ertl used PEEM (photoelectron electron

microscopy) to image these types of oscillations on various

surfaces with the startling results of the type shown in Fig. 4.21

Here there is spatial and temporal variation of the contrasting

regions, the contrast being due to areas of differing surface

concentrations of CO. In the case of Fig. 4, light areas are

regions of adsorbed CO, whereas dark areas comprise ad-

sorbed oxygen atoms. The differences are measured by the

electron emission from these areas, which relates to the work

function, and in turn again relates to the coverage of CO and

oxygen.23,24

3 NOx conversion and the CO–NO reaction: why

Rh is so effective

Similar considerations to the above simple reaction apply

to the CO–NO reaction, but there are some important

differences:

(i) The NO molecular bond is stronger than that in O2.

(ii) The molecular states of NO are much more strongly

bound than are those of molecular oxygen.

(iii) It is a hetero-atomic molecule.

These facts have important consequences for the reaction.

Relating to (i) it is more difficult to dissociate the NO bond

than the O2 bond (gas phase bond dissociation energies are

630 kJ mol�1 and 500 kJ mol�1, respectively). In relation to

precious metal adsorption, then, it is recognised that it is much

easier to dissociate NO on Rh than it is on Pt and Pd. As a

consequence of (ii) there may be competition between mole-

cular and dissociative NO adsorption states, which does not

occur for oxygen under exhaust conditions, and item (iii)

above leads to the possibility of more reaction products. In

particular, we might produce N2 and N2O, and possibly even

NO2 as reaction products, depending on the exact condi-

tions.35,36 Fig. 5 clearly shows the differences between Rh

and Pd for the CO–NO reaction. Rh dissociates NO at

ambient temperature,35 as a result of which CO2 is produced

upon subsequent CO exposure, whereas Pd does not dissociate

NO under these conditions and no CO2 is produced.
36,37 It is

notable, however that for Pd both CO and NO adsorb on the

surface very efficiently (sticking probabilities are 0.5 and 0.4,

respectively), but that CO is displaced from the surface by NO,

which ends up dominating the surface coverage and further

Fig. 4 PEEM experiments showing oscillations in time and space of

the CO oxidation reaction on Pt(110) at a surface temperature of

427 K.21 The image sizes are 0.2 � 0.3 mm, with pressures of CO of

3 � 10�5 mbar and oxygen 3 � 10�4 mbar. The time intervals between

images is 4.1 s, except for the last two it is 30 s. The contrast seen

reflects areas of high CO coverage (bright) and high atomic oxygen

coverage (dark), which also reflects the differing work functions for the

two adsorbates.

Fig. 5 Molecular beam experiments highlighting the differences in

behaviour of Rh(110) and Pd(110) for reaction between CO and NO.

In (a) CO in the beam reacts with a pre-adsorbed layer of NO on

Rh(110), and instantaneous CO2 production proves that NO has

dissociated. In contrast, for Pd(110) (b), when a beam of CO and

NO are introduced together onto the surface, both adsorb very

efficiently (the pressure drop at 3.8 min when the beam is allowed to

hit the surface), but no CO2 is produced due to the inability of the Pd

surface to dissociate NO at 300 K. It is also notable that CO is

displaced from the surface after a little while (at B5 min) by more

strongly adsorbed NO.

This journal is �c The Royal Society of Chemistry 2008 Chem. Soc. Rev., 2008, 37, 2204–2211 | 2207



implies a stronger binding of NO to the surface than CO. As

can be seen in Fig. 6, using time-resolved and temperature-

programmed XPS (TPXPS), dissociated states of NO are seen

only aboveB430 K after exposing the surface to NO and then

heating it in a vacuum.18 As a result no reaction occurs when

CO is introduced to the surface at low temperature and shows

that an essential requirement for this reaction is prior dis-

sociation of the NO. However, even on Pd the reaction

proceeds reasonably well if the surface is heated, as shown in

molecular beam experiments, Fig. 7.18,36,37 This is also re-

flected in TPXPS of the reaction, Fig. 8.18,37 Here it is clear

that, at first, CO adsorbs with NO (C(1s) binding energy at

B286 eV) at point A on the figure, but it is NO which out-

competes CO for surface sites (as also shown again by CO

displacement from the surface at 5 min in Fig. 7), and so

dominates the surface above 350 K (point B). At B440 K NO

desorption begins, which opens up sites for NO dissociation

(point C); evidence for this in Fig. 6 and 8 is the appearance of

the O(1s) signal at about 530 eV binding energy due to atomic

oxygen, after heating to B430 K and higher. This is the light-

off point for this reaction, and is again due to a positive

feedback due to the following overall reaction, which produces

new, free sites:

2NOa + 2COg + 2S - N2g + 2CO2g + 4S (3)

Fig. 6 TPXPS showing the dissociation of molecular NO on Pd(110)

during heating.18 The transition from molecularly adsorbed NO

(binding energies 400 eV and 532.5 eV) to the dissociated state

(binding energy for atomic oxygen 530 eV) occurs at about 420 K;

note that N is lost to the gas phase upon dissociation of molecular NO

as N2O and N2.
39

Fig. 7 A molecular beam experiment for the adsorption and

temperature-programmed reaction between NO and labelled 13CO

on Pd(110).18 The adsorption stage at A is similar to that in Fig. 5b,

showing only molecular adsorption of NO and CO, with displacement

of CO from the surface at about 5 min. However, evidence of NO

dissociation is seen at 10 minutes (point B), during the heating

sequence. Here carbon dioxide, nitrogen and nitrous oxide are all

seen to evolve, reaching peak rate at point C.

Fig. 8 The CO–NO reaction observed using TPXPS. Upon initial exposure of the Pd(110) surface to the mixture both CO (286 eV binding energy)

and NO (400 eV binding energy) adsorb (point A), but CO is quickly displaced from the surface and is replaced by NO (point B). At point C the

light-off of the CO–NO reaction begins as NO begins to desorb and dissociate. After this the surface is dominated by adsorbed atomic oxygen

(530 eV binding energy).
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As for eqn (2) above these can be broken down to elementary

steps as follows:

2COg + 2S - 2COa

2COa + 2NOa - N2g + 2CO2g + 4S

It must be noted that similar considerations apply for this

reaction at higher pressures,38 though there may also be other

kinds of surface intermediates involved in the reaction, parti-

cularly the isocyanate species identified in IR measurements.

The rate of such reactions is strongly affected by adsorbate–

adsorbate interactions which decrease their strength of

adsorption as the coverage increases, and usually make the

reaction easier. Adsorbate–adsorbate interactions have very

significant effects on the stability of adsorbed molecules and

atoms. It is particularly important for the oxygen, where

strong interactions reduce the heat of adsorption on Pt

single crystals from B350 kJ mol�1 at low coverage to

B140 kJ mol�1 at high coverage.39,40 An example of this is

the adsorption on NO on Rh(110). Fig. 9a presents TPD

results after the adsorption of NO, while molecular beam data

are shown in Fig. 9b. The TPD shows clearly that the N atoms

from NO dissociation are strongly held on Rh at low coverage

(peak temperature of 550 K), but desorb much easier at high

coverage (peak at 420 K), due to much weaker binding to the

surface at high coverage,41 largely because of repulsive inter-

actions with the oxygen atoms that are left. Thus, in the

molecular beam experiment of Fig. 9b, as NO adsorbs, so

there is a delay until N2 evolves into the gas phase. This is due

to the decreasing heat of adsorption as increasing amounts of

nitrogen atoms and oxygen atoms are deposited onto the

surface, and hence the easier desorption of N2. In the highest

temperature molecular beam experiment the situation is a little

more complicated. This temperature (576 K) is clearly in the

range of desorption of the strongly-held state in Fig. 9a and so

nitrogen desorption begins immediately. It then starts to

reduce because the sticking probability for NO decreases as

the coverage increases. However, at some point the coverage

of oxygen and nitrogen atoms goes above a certain critical

level (probably half of a monolayer of atoms) and the nitrogen

atoms are suddenly destabilised (into the state shown in

Fig. 9a, desorbing at 420 K), and so the rate of nitrogen

evolution increases again before finally stopping once all the

dissociative adsorption sites have been blocked by atomic

oxygen. Obviously then, in the exhaust situation nitrogen will

evolve significantly more quickly when the surface coverage is

high, though NO dissociation itself will be impeded at satura-

tion oxygen coverage.

4 Lean-burn engines, NOx storage and reduction

As described in Section 1 above, Ba is now incorporated into

some exhaust catalyst systems for use in NSR—so-called ‘NOx

storage and reduction’ catalysis. Surface science can have a

significant impact on this relatively new area of science,

particularly with respect to the mechanism of the reactions

involved at the molecular scale and to the nature of the

interaction between the active metal phase and the barium

compound in the process. In recent studies we have looked at

this system using what has been called the ‘inverse catalyst’

approach.42,43 Here we use Pt(111) as a base on which to dose

BaO to investigate the NOx storage phenomenon. As shown in

Fig. 10 it is possible to make a variety of structures of BaO in

this way. Fig. 10a is an STM image of a relatively low coverage

Fig. 9 (a) TPD after NO adsorption on Rh(110) for several different

coverages. The coverages were (a) 0.3 L, (b) 0.6 L, (c) 1.5 L, (d) 1.8 L,

(e) 2.1 L, (f) 3 L, (g) 4.2 L, (h) 5 L, (i) 6 L, (j) 12 L. As the coverage

increases, so there is a critical decrease in the desorption energy of N2

due to strong interactions with co-adsorbed oxygen atoms; (b) iso-

thermal nitrogen desorption from Rh(110) observed while beaming

NO onto the surface at several different crystal temperatures; in order

of increasing nitrogen evolution they are 380, 411, 470 and 576 K.

Fig. 10 (A) STM images of model catalysts of BaO on Pt(111). (a) A

thin layer BaO film showing the (2� 2) reconstruction (24.8� 24.8 nm

image size); (b) is a ball model of that surface. Dark spheres are surface

Ba, light spheres are Ba atoms below the surface layer and black

spheres are oxygen atoms.43 (B) A higher coverage of BaO, showing

additional nanoparticles of BaO; (a) is the as-prepared surface whereas

(b) is after treatment in an equimolar NO and O2 mixture (dosed into

the chamber from separate lines) at 573 K and 3� 10�7 mbar pressure.

The particles have expanded due to the formation of nitrate, which has

a much higher unit cell volume. Image sizes 90 � 90 nm. The circles

highlight the same particles in the images before and after reaction.
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of BaO on the surface, and shows that such layers are

reconstructed in a (2 � 2) fashion.44,45 In the unreconstructed

state BaO(111) is a polar surface and is therefore theoretically

unstable due to excess surface charge. The (2 � 2) reconstruc-

tion lowers the surface energy of the system by, crudely,

equalising the cation/anion distribution at the surface

(Tasker’s rules46), lowering the excess charge and surface

energy. Effectively, the (2 � 2) produces facets of (100)

surface which has equal numbers of Ba2+ and O2� ions45

and has the lowest surface energy of all the low index faces. At

multilayer coverages of BaO, particulate surfaces are pro-

duced, as shown in Fig. 10b. Important questions in respect

of this system prevail in the catalytic literature, and these include:

(i) Is it NO or NO2 that is necessary in the gas phase for

storage to occur?

(ii) How does storage occur—just at the surface of the Ba

particles, or throughout the bulk?

(iii) Does the storage occur only at places where BaO and

precious metal are in contact?

The results of Fig. 10b clearly answer points (i) and (ii).

Here the surface has been exposed to NO and O2 (from

separate dose sources) and clearly shows storage without the

presence of NO2 in the gas phase (although surface NO2 may

well be produced at Pt sites), while the degree of expansion of

the BaO particles at the surface shows that the NOx storage is

not confined merely to the surface layer. Regarding (iii) above

there is no doubt that the stored nitrate is catalytically

decomposed by Pt in a solid state, homogeneous manner.47

This was proven by experiments with Pt impregnated barium

nitrate47 and with high surface area catalysts47,48 for which the

nitrate is decomposed atB650 K, whereas in the absence of Pt

the decomposition does not begin until above 750 K.

From such experiments a model of the NOx storage and

reduction process can be presented as shown in Fig. 11. Here

the process is shown in several stages, involving oxidation of

the precious metal component under normal lean-burn (oxy-

gen rich) conditions, during which NOx is not converted (due

to the inactivity of the oxidised metal surface), but is instead

stored on the Ba component as the nitrate. At a point close to

the saturation of this nitrate layer, but before a significant

amount of NOx is released through the catalyst system, fuel-

rich conditions are applied for a very short time, which reduces

the metal component, which in turn then catalyses the decom-

position of adjacent barium nitrate, and reduces the released

NOx to yield N2 (and usually some N2O too). After the

reductant has passed through, the surface then gradually re-

oxidises again, thus closing the cycle. In such catalysis the

main role of Pt is to facilitate oxidation (including possible NO

conversion to NO2), while Rh is mainly there for NOx

reduction.

5 Conclusions

Surface science has had a significant impact on our under-

standing of catalytic phenomena associated with automotive

depollution catalysis.

In oxidation reactions it has generally been found that

reactions are self-poisoned at low temperatures by the pre-

sence of strongly adsorbed reactants (such as molecular CO),

and that the rapid acceleration in rate at elevated temperatures

(often called ‘light-off’) is due to the desorption of such

adsorbates, which then frees up sites for oxygen dissociation

and hence for oxidation reactions. Such autocatalytic phe-

nomena can then manifest themselves as oscillatory reactions

which can vary in surface reactant concentration and rate in

both space and time.

For NO reduction, the efficiency of depollution (by produc-

tion of molecular nitrogen) is strongly affected by the nature of

the metal used. Rh is extremely effective because it can

dissociate NO much more readily than metals such as Pd

and Pt, enabling oxygen removal (by reaction with CO to CO2

for instance) even at room temperature. Rh is also very

selective in producing predominantly N2, rather than N2O.

NSR is an important development in removal of NOx under

the highly oxidising conditions of a lean-burn engine exhaust,

and the strategy involves storing NOx on BaO under oxidising

conditions followed by the creation of reducing conditions to

de-store and reduce it to nitrogen. By the use of STM it has

been shown that this storage process is extremely facile,

occurring fast even under UHV conditions, and that the

storage occurs on BaO in the vicinity of Pt(111), with most

of the oxide being converted to nitrate. The main effect of the

reduction phase is to convert the oxidised metal surface, which

is relatively unreactive, to the reduced surface, which can then

both accelerate the decomposition of the nitrate phase in a

homogeneous catalytic, solid state manner, and can reduce the

NO/NO2 so-produced at the surface.

Fig. 11 A schematic, showing the various steps of the NSR process.

Top left is the catalyst just into the oxidation phase of the exhaust

cycle; in this stage NOx in the exhaust can become stored on the

barium component. Top right the Ba component is converted to

nitrate and is saturated, so NOx would appear in the exhaust stream

unconverted. However, before that point (middle right panel) a slug of

reductant (usually fuel) is injected into the exhaust system, providing a

reducing environment with little oxygen present, so the surface oxide

layer on the metal component is removed. At this point (middle left),

the system is active for the decomposition of the adjacent Ba nitrate,

and the released NOx is reduced on the metal surface to produce

nitrogen (bottom left); as this proceeds, the slug of reductant is no

longer present, and so the cycle is completed and the surface becomes

fully oxidised again.
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