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Abstract

The concept of nanostructure is applied to catalysts for nitrogen oxide control and specifically in relation to the development of;novel NO
storage—reduction (NCBR) catalysts, as well as tuning metal particle size through metal-support interaction. In particular, the characteristics
and reaction mechanism of Toyota-type NER catalysts are examined. Control of the nanostructure makes it possible to design samples
with improved performance based on hydrotalcite starting materials. In Rh-on-zirconia catalysgfafellomposition, the addition of
small numbers of trivalent ions, inducing controlled oxygen vacancies in the zirconia support, allows the metal particle size to be tuned, thus
promoting surface reactivity in §O decomposition even in the presence of two or three orders of magnitude higher concentratipns of O
with respect to NO. The concept of controlling the nanostructure of the catalysts finds application in a wide range of situations of interest
for catalytic technologies for environmental protection.
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1. Introduction acterized by reduced CGCemissions per km with re-
spect to current gasoline engines working at a stoichio-
The use of catalytic technologies for protection of the metric air to fuel ratio, but for which current three-way

environment has always been a major marketing area for ~ catalysts are not effective in reducing N@missions
catalysts, accounting for about one-third of sales (about $9 __ Pelow the levels required by law) [S]; _ _
billion US in 2000), but historically it has been limited (i) Abatement of particulates from diesel engine emis-
to a few major applications such as N@ontrol (mobile __ sions [6];

and stationary sources) and sulfur and VOC abatement [1]. (i) Ozone abatement;

However, in the past decade the increasing necessity to(lV) Production of ultra-low-sulfur fuels [7].

reduce polluting emissions has stimulated the search for ) i )

applications of catalysis to new areas [2]. Relevant examples ' "€réfore, in the past decade social, environmental, and
are the development of new catalytic technologies for liquid C°NOMIC factors have been the driving forces for new or
waste treatment [3] and for greenhouse gas abatement OI1mprov_ed solid cata_lysts in the area of technologies for
conversion [4]. Even in the case of established catalytic protection of the environment. . .
technologies, such as those for the treatment of emissions Differently from catalysts for chemical production and

. . . refinin talysts in environmental protection lication
from mobile sources, new social requirements have renewedoeliten r%’ug?oa )(/asraste uﬁ der?norg ezrggeeé;ctigﬁio%%igois
research efforts on several aspects: P

(very low or very high temperatures, in the presence of
nonremovable poisons, with very high space velocities, with
ultralow concentrations, etc.) and sometimes also must be
able to operate efficiently with a range of different feeds
or in the presence of fast changes in feed composition [8].
* Corresponding author. Minimizing the pressure drop is also often a critical aspect
E-mail address: centi@unime.it (G. Centi). of catalyst properties. These challenging demands have

(i) New catalysts for the abatement of N@ the presence
of Oz in lean burn or diesel engines (both engines char-
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stimulated the search not only for more active or selective unifying aspect is the dimensional scale which determines
catalysts, but also for new catalytic materials: the catalytic behavior. This may be viewed in other terms
as the passage from the molecular scale of reaction at a
e Having special stability characteristics (for example, catalytic site to the supramolecular level which considers
resistance to hydrothermal treatments, to mechanicalhow the environment around an active site determines the
stress, and to the presence of plasmas or corrosiveeffective behavior of the active site.
environments),
e Minimizing heat or mass transfer limitations, or
e Having a multifunctional behavior (for example, com- 2. Nanostructured NO, storage—+eduction catalysts
bining separation and reaction, or acting during sequen-
tial cycles in part as adsorbents and in part as catalysts).2.1. Background

In order to meet these requirements, research interest on Vehicles equipped with catalysts have been commercial-
these catalytic materials has been focused on both the moleized for over 20 years, but the growing number of vehicles
cular aspect (i.e., understanding the reaction mechanismsn use (over 600 million worldwide) and increasing con-
and structure—activity or selectivity relationships) and the cerns about the global environmenthave created a demand to
overall catalyst structure, leading to the development of so- lower CO, emissions in addition to further reductions in CO,
called structured catalysts (monoliths, membranes, fibers,HC, and NQ emissions. Current three-way catalysts require
and cloths) [9]. These catalytic materials were originally de- the engine to operate in a very narrow air to fuelErange
veloped for environmental protection applications [10,11], near the stoichiometric valué /F = 14.7), because only at
but later their use was expanded to chemical processes.  that A/F value can CO, HC, and NChe removed simulta-
Between this macroscale level of catalyst design/optimi- neously. However, at A= = 14.7 the engine is not operating
zation and the molecular scale typical of reaction mecha- economically with regard to fuel consumption. Significant
nisms on active sites, a third level of catalyst design has fuel economy can be obtained when the engine operates
emerged in recent years as a critical factor in developing cat-under lean conditions (A about 20-25), especially when
alysts meeting the demanding characteristics necessary fodiesel engines are used. The latter allow a potential fuel
environmental applications: the nanoscale level [12,13]. The saving of about 30-35% compared to equivalent gasoline
various aspects involved in studies regarding the nanoscaleengines working near the stoichiometrigiAratio, but the
level for solid catalysts can be summarized as follows: presence of @in the emissions prevents current three-way
catalysts (TWC) from efficiently reducing NO to;NThere-

(i) Control and tuning of the local environment around fore, the objective of lowering noxious gas emissions (INO
the active sites, in order to modify the diffusion and (as required, for example, in the emission levels proposed
sorption characteristics of the reactants, products, or by Tier 2 in the US and Euro V in Europe) together with
poisons of the reaction. greenhouse gas emissions (£ ®,0) (objective of the Ky-

(i) The architecture of active species at a nanoscale level, oto protocol) requires developing new catalytic solutions to
in order to optimize performances in multistep reac- selectively reduce NO to Neven in the presence of,0O
tions or develop activity patterns in the catalyst which One of the most advanced approaches is based on
make it possible to optimize performance under a wider the NO, storage-reduction (NGSR) concept originally
range of experimental conditions. developed by Toyota researchers [14-17]. These catalysts

(i) The nanostructure of the active species (size, structure,are based on the addition of BaO as the ,Nsforage
defects of nanosized oxides or metal particles). Nano- component (about 15 wt%) to a /&lumina catalyst, but
sized particles often show novel reactivity properties, new generation catalysts also contain metal alkaline oxides
but the critical question is how to stabilize these nano- to promote high-temperature behavior, 3i@anoparticles
sized particles during the catalytic reaction. to enhance regenerability, and 1O, to promote in-situ

(iv) Long-range effects in catalysis, which include sev- generation of H during periodic high-temperature (about
eral aspects such as electron and ion bulk or surface650°C) regeneration [17]. Fundamental research on SR
transport, creation of defects and related dynamic re- catalysts [18—23], however, has been limited to the study of
construction effects, particles to support interaction, Pt—Bgalumina materials.
and gas-to-solid interaction effects (accumulation of  The principle of operation of these catalysts is based on
species on the catalyst, spillover of hydrogen or oxy- a periodic change in the composition of the exhaust gases

gen, bulk subsurface diffusion, etc.). of the engine from lean (excess air) to rich (excess fuel)
(v) Interface between different nanoparticles or nanoparti- conditions by special engine management. During the longer
cles and the support. lean period NO is oxidized to Nfand stored on the catalyst

in the form of nitrates, which are reduced to nitrogen during
Some of these aspects are already well recognized inthe subsequentrich period. Since the nitrate reduction rate is
catalysis, while others have received less attention. Themuch faster than the rate of surface N€orage (around two
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orders of magnitude), a net saving of fuel is possible. Such
catalysts are a good example of nanostructured catalysts
having different functionalities: (i) the Pt for oxidation of
NO during the lean period and reduction of nitrate during
rich period, (ii) the alkaline or alkaline-earth oxide as an
NO, storage element, (iii) the oxide supportto maintain high
dispersion of the noble metal and N®torage component,
and (iv) the other components (titania, nO,) to promote
regenerability.

To meet the need for (i) a continuous transfer of oxidized
NO, species from the metal to the storage component
during the lean period and back during the rich period N S S S
and (ii) fast processes (rich spikes are in the few hundred 100 200 300 400 500 600 700 800
milliseconds range), the nanostructure of the catalyst is a key Temperature, °C
aspect to improve catalyst performance. In particular, a close
interaction between the Pt particles and the ,N€orage
component is necessary, but on the other hand the contact
between the Pt particles and the metal alkaline-earth oxide
(BaO) deactivates the Pt oxidation activity by an electronic
effect [14,15]. This causes lowering of the activity at low
temperature (below 250C), a critical problem especially
for emissions from light-duty diesel engines, since a large
part of the testing cycle is characterized by low-temperature
emissions, typically in the range 120—-20D.

CO, mass ion current (E-10)
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2.2. Nature of active species and reaction mechanism
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The effective NQ storage component is not BaO, but
BaCQ; spread over the support. Temperature-programmed
desorption tests on BaG®upported on alumina evidence
two decomposition temperatures with formation of gaseous
COg, the first very broad in the 250—-60@ temperature
range (with a shoulder near 35Q) and the second at higher
temperatures (630—72C temperature range) (Fig. 1a), cor-
responding to decomposition on noncrystalline and crys-
talline BaCQ, as confirmed by high-temperature XRD data.
The total amount of BaCg&detected on samples equilibrated
at room temperature in air nearly corresponds to the nomi-
nal amount of BaO (Fig. 1b), although it is always slightly
lower and considerably deviates for amounts of BaO higher
than about 15 wt%, due to the presence of crystalline BaO as
detected by X-ray diffraction analysis. Above about 15 wt%
the higher temperature desorption peak (above*@)Galso
becomes relevant.

Reported in Fig. 1cis the mean N@onversion observed Nominal BaO, % wt
during the lean period in these samples. The,@nversion
changes during each period with a lean composition (2 min), F9- 1. (&) Formation of C@ during temperature-programmed desorp-
because the NDstorage capacity of the catalyst is progres- tion (ramp 10°C/min) experiments with 20 wt% BaGgon y-Al2Og

. R (100 n?/g) sample. (b) Amount of BaCfdeterminated (as equivalent
sively saturated. The NQOconversion is thus averaged oVer pao wtos) during temperature programmed desorption experiments on Pt
the lean period. Furthermore, the value is averaged over sev{1 wit%)-BaQy-Al,03 catalysts with different nominal composition in
eral cycles in order to obtain more reproducible data. The terms of BaO loading: total amount of Bag@nd single peak in the
maximum conversion of NQis observed in the range 300— 200-600°C temperature range. (c) Mean NQ@onversion at 300 and

500°C during the lean period in a sequence of 20 lean—rich composition cy-

o . .
400°C, because at lower temperatures the effectiveness 'Scles as a function of the nominal BaO loading in Pt (1 wt%)—Baa\l ;03

limited by the rate of NO'QXidaﬂon tO_ NO and a.t higher  catalysts. Lean period composition: 0.1% NO, 5% ©0% CG, remain-
temperatures by the stability of the nitrate species over theder He for 120 s. Rich period composition: 2% ,6H0% CG in He, 5 s.
catalyst. However, the nature of the barium compounds alsoSpace velocity: 4800 b2,

Mean NOx conversion, %
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100,00

90.00 = NO+CO2 NO, after being oxidized to N®over the Pt (a fast
80,00 aNO process at temperatures above aboutZQreacts with the
. 70,00 4 Ba carbonate, forming Cand Ba nitrate. The mechanism,
f;- 60,00 however, is more complex, as indicated by the fact thaz,CO
i 50,00 even in large amounts (typically around 11% in the exhaust
§ 40.00 from motor vehicle engines), does not have a major effect
20,00i4 on the NQ storage capacity of the catalyst, even if the
fggg NO concentration is around 100 times lower than that of
0:00 ‘ ‘ . . . ‘ the CQ. Figure 2 shows that similar behavior is observed
0 200 400 600 800 1000 1200 independent of the presence of £€during the lean period. It

time, s should be noted that in these tests, in order to better analyze
. . the behavior of the more active species, the regeneration
Fig. 2. NO; conversion on a Pt (1%)-BaO (15%8) ,O3 catalyst at 300C Lo . .
during a sequence of cycles in lean-rich conditions and in the presence orperIOd n m.:h cqndltlons Wf”ls quite short and thus only the
absence of 11% Cfin the feed. Lean period composition: 5%.C10.8% more reactive nitrate species could be reduced. Therefore,
(or 0%) CQy, 954 ppm NO, remainder He; 120 s. Rich period composition: the fresh sample initially loses activity during the first 5-6
3.3% CO, 1.1% 4, 6000 ppm GHg, 5% O, 10.8% CQ, 954 ppm NO, cycles of 120 s each, but then the activity becomes constant.
remainder He; 0.2 s. If the reactivity of the catalyst in NOstorage is deter-
mined from the equilibrium between carbonate and nitrate
affects performance. At 50C, good correlationis observed  surface compounds, a considerable influence of the presence
between total amount of BaG®n the catalyst (Fig. 1b) and  of CO, in the feed can be expected, different from that ob-
mean NQ conversion (Fig. 1c). However, at a lower temper- served. On the other hand, Ba carbonate is relatively ther-
ature (300°C) the correlation is instead observed with the mally stable on alumina, as indicated in Fig. 1a. Indeed, the
amount of BaC@ present in the lower temperature broad thermal stability is not significantly different from that of
peak (temperature range) (200—-6@) and attributed to the  supported Ba nitrate.
BaCQ; spread over the alumina surface. This is in agree-  In situ DRIFT experiments (Fig. 3, left graph) evidence
ment with other literature data [24] indicating that over the that immediately after the addition of the NOO; feed,
catalytic surface, the well-dispersed barium phase can playnitrites (M-O-NO) form (band at 1206 crh), but these
an important role in the NQtrapping properties of these species quickly transform into mono- (M-O-NOand
catalysts. Crystalline BaO plays a minor role in determining bidentate (M—20-NO) nitrates (1322 and 1535 ¢){25].
NO, storage performance, because due to the expansion oNo further changes occur with increasing time on stream,
the crystalline unit cell in passing from BaO to @#03)>, apart from an increase in the intensity of the bands. However,
immediately after formation of the first adsorption layers the the spectrum is affected by negative bands which develop
rate of accumulation becomes governed by bulk diffusion, a at the same time in the region around 1400-¢mdue
process too slow to contribute significantly to the behavior to the transformation of Ba carbonate to Ba nitrate and
of these catalysts in practical conditions of reaction. the evolution of CQ, which can be monitored in the

0.5
NOx storage Reduction of stored NOx species

0.4 1

Clean-up with 5' He (100cc/min).

0.3 7

0.2 1

0.1

Absorbance Units

0.0 1z

2000 1800 1600 1400 1200 2000 1800 1600 1400 1200
cm!

Fig. 3. In situ DRIFT experiments of the process of accumulation of Idfecies over a Pt (1%)-BaO (1584),03 catalyst (350°C, flow of 0.1% NO,
0.8% & in He) (left graph) and subsequent reduction at the same temperature (flow of @.6%4€) (right graph). The time in the figure for the different
curves indicates the time in minutes after the switch from a pure He feed to the mixture indicated above.
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Fig. 4. Transient reactivity experiment on Pt (1%)-Ba (10—20%yO3 catalysts (10 wt% BaO: 1Pt-10Ba; 15 wt% BaO: 1Pt-15Ba; 20 wt% BaO: 1Pt—20Ba)
at 300 and 500 C: change in the concentration of NO (upper graphs) and l@ver graphs) as a function of time during a rectangular pulse ofHNO)»
(0.1% NO, 1% Q in helium) followed by a flow of pure helium.

gas phase. Indeed, when the surface carbonates are full800°C at the end of this rectangular pulse (1-2 ppm), which
removed from the catalyst by treatment at temperaturesimmediately stops after shutting down the NQOO, feed.
above 500°C, a further intense band is noted centered at However, completely different behavior is found for NO.
1413 cnr?, indicating the presence of monodentate nitro Immediately after the NG- O, feed is shut down there is
(M—NO2) compounds. The subsequent reduction of this an overshoot in the concentration of NO, which then slowly
sample with H (Fig. 3, right) gave rise to a decrease in decreases to zero. The trend is similar for all three catalysts
the intensity of the bands associated with nitrates, but nowith increasing amounts of BaO. At 50C a similar trend
other changes are noted, indicating that the reduction occurdgs observed, but in this case the most active sample is
without intermediate formation of nitrites or adsorbed NO  that with the highest amount of BaO. The sample with the
Varying the reaction temperature or contacting the catalyst lowest amount of BaO (1Pt-10Ba) becomes saturated more
with NO2 only did not provide markedly different results. quickly and a much higher amount of NQup to 25 ppm)
Further indication of the nature and stability of NO forms. This suggests that well-dispersed Ba carbonate reacts
species was obtained from transient reactivity rectangularfaster with NQ (formed by oxidation on Pt), and other
pulse experiments (Fig. 4). In these tests, the catalystBa compounds (crystalline Ba carbonate and BaO) react
reactivity was monitored during sequences of rectangular slower, but form nitrate species that are more stable at higher
variations in the concentration of the reagents, bup @@s temperature. For this reason, at higher temperatures 1Pt—
not cofed in order to monitor all nitrogen oxides. Figure 4 20Ba shows better behavior than 1Pt-15Ba. This differs
shows the NO conversion and the formation of NG@n from the results at lower temperatures, in good agreement
three 1%Pt-Ba@Al,O3 samples with increasing amounts with the indications from Fig. 1.
of BaO from 10 to 20%. The graphs on the left refer to Also, at 500°C, the formation of N@ drops to zero
a reaction temperature of 30@, and the graphs on the quickly after the NO+ O, feed has been stopped, while
right to a reaction temperature of 50Q. During the 140 s NO formation shows a large overshootimmediately after the
of the rectangular pulse of N& Oy, the conversion of  feed has been switched from NGD, to He, and then slowly
NO is initially complete (no NO in the reactor outlet), and decreases to zero. If the desorption of NS determined
then decreases. The sample with lower residual NO is thatby a surface equilibrium, no overshoot is expected and a
with the intermediate amount of BaO, in agreement with different trend of the desorption of NO and N3 expected.
the data in Fig. 1. Only traces of NQare detected at  This suggests that part of the adsorbed,N®present as a
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Fig. 5. Proposed mechanistic scheme for,N§orage during lean condi- — ‘* i
tions and presence of GOn the feed. w,wB ..f o m il
200 W -' A -‘ gl 1™ A
b w s
. 1004
weak NO- O, surface complex. Probably the, @pecies are E h‘”w

spillover oxygen generated by interaction of ®ith Pt and 10 F R R z‘r. a0
form peroxocarbonate by reaction with carbonate. They are et
dynamically formed when ®is present in the gas phase,
but when the @ concentration stops their concentration
progressively decreases and NO desorbs from the catalys . 5%
surface. The mechanism (see Fig. 5 for a schematic drawing)’ .
is thus of dissociation of @ over Pt to generate atomic
oxygen, which may react either directly with NO to form
nitrite and later nitrate or with carbonate species to form
peroxocarbonate, which then oxidize NO, forming a NoR
surface complex stabilized by Ba. The hypothesis is not in
contrast with IR data, because the bands observed in infrarec®
spectroscopy (see Fig. 3) are quite broad and the bands 1'%
for the NO- O, surface complex are expected in the same
region. The two pathways of reaction coexist during catalytic 0
tests, but the predominance of one pathway over the other
depends on the presence and concentration of @Qhe

feed. This hypothesis should be further examined; however,Fig. 6. Lower graph: effect of the reaction temperature on thg N@an
it does explain why the behavior of these catalysts cannot conversion (over 20 cycles) of 1Pt-15@d,03 calcined at 650 C, before

be explained on the basis of only an equilibrium between (4) and after (B) hydrothermal treatment at 800 (24 h, 3% FO in air).
Lean period: 120 s, 5%4)10.8% CQ, 954 ppm NO, remainder He. Rich

carbonate and nitrate Ba surface compounds. period: 6 s, 3.3% CO, 1.1% 46000 ppm GHg, 5% Oy, 10.8% CG,

The reaction mechanism is consistent with other literature gs4 ppom NO, remainder He. Z0 h1. Upper graph: X-ray diffraction

data. Schmitz and Baird [26] also observed that nitrate patterns of the same A and B samples before the catalytic tests. No relevant
formation may occur via oxidation of surface adsorbed changes are noted after the catalytic reaction.

species and not only over noble metal surface. Paterson et

al. [27] found that spillover of activated oxygen and/or an tion of the reaction temperature before and after treatment
activated form of N@ may be required for the storage step of the catalyst under hydrothermal conditions (typically at
and for the samples to behave as effective storage materialsg00 °C for several hours using humidified air). Reported
Prinetto et al. [28] argued for the possible formation of Ba in Fig. 6 (upper graph) are the X-ray diffraction patterns
oxycarbonate. Other authors [29] instead indicate thag CO of the Pt (1 wit%)—BaO (15 wt%alumina sample calcined
has a marked inhibiting effect on the storage of N&hd  at 650°C before (A) and after (B) the hydrothermal treat-
BaO is the active species. However, this is in contrast with ment. In the sample before the hydrothermal treatment, to-

L

400 e e e

300 G

AT AT

200

eaction temperature, °C

. A: 1Pt-15Ba calc. 650°C
w4 B: after hydrothermal
treatment

! R TR R R T S S

0 20 40 60 80 100

Mean NOx conversion, %

other results, as shown below. gether with the reflections of alumina, there are sharp and
intense reflections for BaCytogether with less intense and
2.3. The question of hydrothermal stability broader reflections for BaO. After hydrothermal treatment,

the reflections for BaC@completely disappear, while those

An important characteristic of NOstorage—reduction for BaO increase in intensity and become sharper. The XRD
catalysts is their hydrothermal stability, because the temper-reflections of BaC@ were not observed in the sample af-
ature of the catalyst during full loading operations may reach ter hydrothermal treatment and further catalytic tests, even
temperatures above 650—70D and the steam concentration though the concentration of GGn the feed was about 11%.
in the emissions is around 10%. A typical test to check hy- BaCG; is probably present at least in part as a well-spread
drothermal stability of these catalysts is to analyze the meanXRD undetectable compound, but the decrease of the sharp
NO, conversion (as reported before, the mean,NMOnver- reflections of crystalline BaC£and the parallel increase of
sion during a single period in lean conditions, which is fur- those of crystalline BaO indicates that retransformation of
ther averaged over a series of lean—rich cycles) as a func-crystalline BaO to BaC®is not a fast process. The transfor-
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mation is reversible, but requires longer times. In fact, when 100+
the sample is left in open air for a long time and analyzed 991
again, the reflections of BaGQre detected again. 801

The reactivity in NQ storage markedly changes after :z
hydrothermal treatment (Fig. 6, lower graph). The activity 8 .|
at temperatures lower than about 3%Ddecreases to values 404
of about one-third of the original value and the maximumin § so-
activity shifts from about 300C to 400°C. This confirms

%

Mean NOx conv.,

20+
previous indications that at temperatures around 3D®Ba 101 - 1PE-HT
carbonate is the species which reacts faster with N@ile 0 00 150 200 250 300 400  s00 0@
at higher temperatures BaO plays a major role, essentially Reaction Temperature, °C

due to the higher thermal stability of the nitrate formed on it.
Fig. 7. Comparison of the mean NCconversion as a function of the

reaction temperature during NOstorage—reduction tests on fresh Pt
(1%)-Ba (15%)Al,03 catalysts (1Pt-15Ba) and Pt(1%)-HT catalysts,
where HT indicates a hydrotalcite starting material having &g 3+
ratio of 6634. Experimental conditions as in Fig. 6.
Can the above discussed reaction mechanism be used to
design new improved catalysts having better hydrothermal
stability? There are some recent indications of this possi- concentrations typical of emissions from car engines. This
bility [30,31] using novel NQ storage—reduction catalysts memory effect” originates from the fact that atoms in the
based on Mg—Al hydrotalcite precursors. heat-treated HT more or less retain their original positions,
Hydrotalcite anionic clays (HTs) are characterized by making reconstruction of the HT structure possible.
positively charged two-dimensional sheets with water and ~ According to the previous discussion of the reaction
exchangeable charge-compensating anions in the interlayemechanism and reactivity of the different Ba surface com-
region [32]. The general formula is pounds, it is necessary to keep the Ba well dispersed on
the catalyst surface and avoid sintering of the BaO parti-
cles. The “memory effect” present in materials derived from
where M+ and M** represent divalent and trivalent cations ,HT allows a (_’Y”amic, effect of reconstruction _Of HT and
in the brucite-type layers. Although various divalent and tS deécomposition during catalytic reaction, which in prin-
trivalent cations can be introduced, the most common, ciple make it possible to maintain well-dispersed Ba surface
present also in the mineral hydrotalcite, are magnesium compqundsand Iimittheirsintering.This.mechanism should
and aluminum, whereas the anions are carbonate groups&SPecially promote low-temperature activity. In agreement,
e.g., MgAl2(OH)16COs - 4H20. The HT structure closely ~ comparison of the performances of a Toyota-like catalyst
resembles that of brucite, M@H),. In brucite, magnesium ~ (1P-15Ba) with that of the sample derived from a Mg
cations are octahedrally coordinated by hydroxyl ions, hydrotalcite precursor (Mg /Al** ratio = 66:34) (Fig. 7)
giving rise to edge-shared layers of octahedra. In HT, part indicates an effective promotion of the low-temperature ac-
of the Mg+ ions is replaced by Af ions, resulting in  tivity, a relevant aspect especially for light-duty diesel en-
positively charged cation layers. Charge-balancing anions 9ine applications, as indicated previously.
(usually CQ?") and water molecules are situated in the ~ After hydrothermal treatment the behavior of 1Pt-HT
interlayer spaces between the stacked brucite-like cationcatalyst is analogous to that of the 1Pt-15Ba sample (con-
layers. siderable deactivation), in apparent contrast to the expected
At temperatures around 65 hydrotalcite transforms ~ stabilization effect due to dynamic reconstruction/decompo-
to a MgO-type mixed oxide having small MgO or MggO sition of the HT structure [32]. Characterization of the sam-
particles supported on the Mg—Al mixed oxide. The latter ple after hydrothermal treatment [32] indicated significant
transforms to a spinel-like phase at temperatures aroundsintering of the Pt particles, which causes a lowering of the
900°C. NO, storage—reduction performance due to a decrease in the
The interesting characteristic of HT-derived materials as rate of NO oxidation and/or generation of spillover oxygen.
NO, storage—reduction catalysts is the formation of well- Therefore, on HT-derived samples it is necessary to improve
dispersed MgO particles which can act as JN€iorage stability against sintering of the noble metal. One possibility
components. The characteristics of these materials depends to add a compound such as copper which forms an alloy
on the Mg/Al ratio and the presence of other elements in with Pt and limits its sintering.
the structure [32], properties which can be easily altered. The 1Pt—-CyHT was prepared in the same way as the
A further characteristic of these materials is the possibility 1Pt—HT discussed above, but before Pt was loaded us-
of reconstructing the HT structure during catalytic reaction ing a P{NH3)2(NO2)2 precursor, the HT support was im-
due to the “memory effect” in the Mg(Al)O mixed oxides pregnated with an aqueous solution containingNeDg)> -
[32,33], especially in the presence of the high water and CO 3H,0, in order to have a loading of copper equivalent to

2.4. Reaction mechanism, nanostructure and catalyst
design

[MZE M3 (OH),]™ — (A%7,) - mH20, (@)

x/n
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4 wt% as CuO. After calcination at 55, Pt was then
added and the sample further calcined [32].
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used in preparing 1Pt—CHIT) instead lowers the activity
before and after the hydrothermal treatment. For example, at

The nature of the Pt phase and the influence of copper300°C the NQ. mean conversion for fresh 1Pt—Cu (4%)—
on its properties were analyzed by CO chemisorption on Ba (15%)Al,O3 was about 60% and around 20% after

samples that were either oxidized or reduced atZ5With

H> [32]. On the 1Pt—CyHT prereduced sample the band
due to CO linearly bonded on Pt shows a red shift (from
2065 to 2010 cm?) with respect to those in PHT, while

a blue shift (from 2108 to 2116 cm) was observed for
the band of CO chemisorbed on Cusites with respect to
the CyHT samples. These findings indicate that electron
transfer from Cu to Pt atoms occurs, thus increasingsthe
donation from CO to Cu and the back-donation from Pt

hydrothermal treatment.

Control of the in situ phenomena of sintering of noble
metal and NQ storage—reduction catalysts by modification
of the catalyst nanostructure is thus a promising direction
to develop a new generation of catalysts for this application.
Other research groups have recently found interesting results
along this line by adding transition metals such as iron [36].

Hydrotalcite-based NCBR catalysts also show improved
properties of resistance to deactivation by,§82,33] with

to CO. Similar behavior has been observed for alumina- respect to 1Pt—15Ba. Resistance to deactivation byisS@
and silica-supported Pt—Cu catalysts and ascribed to thecritical problem in the development of these catalysts [37].

formation of Pt, Cu alloys [34]. As expected, due to the high
Cu/Pt atomic ratio in the Pt—-GHT samplegCu/Pt=12),

In conclusion, the analysis of both the reaction mecha-
nism and the nanostructure of the N&R catalysts makes it

the effect of the charge transfer is larger on the Pt than on thepossible to design samples with improved performances in
Cu carbonyls. The band of the Pt carbonyls also has a lowerthe demanding conditions of application of these catalysts,

intensity than on the PHT samples. This can be ascribed to
the diffusion of a part of the Pt from the surface to the bulk
of the copper particles during the thermal activation of the
samples, thus further confirming the formation of a Pt, Cu

i.e., continuous periodic cycling between reducing and ox-
idizing conditions, variations in reaction temperature from
about 150 to over 650C, high and variable space veloci-
ties, presence of high concentrations of Cihd water, and

alloy. Indeed, Pt, Cu alloys have been reported to form upon presence of poisons such as;S@urther improvements are
annealing to temperatures above 550 K of Cu epitaxially necessary, and a better understanding of the dynamic behav-

grown on Pg111) surfaces [35].
Reported in Fig. 8 is the catalytic behavior of this
sample in comparison with that of 1Pt-15Ba during ,NO

ior at the nanoscale level and of the interaction of the dif-
ferent components forming the active site (noble metal, sup-
port, NO, storage component(s), modifiers, and promoters).

storage—reduction tests at different reaction temperatures

and before and after hydrothermal treatment. Although the

addition of Cu slightly decreases the activity of the fresh
sample in NQ storage-reduction with respect to the 1Pt—
HT (compare Fig. 7 and 8), 1Pt—@dT shows significantly
better NQ SR performances than both YPT and 1Pt—
15Ba. At 300 and 400C the mean NQ conversion in
1Pt-CyHT after hydrothermal treatment is about 50%
higher than that of 1Pt-15Ba after similar treatment. At
500°C the activity of 1Pt—CyHT is lower than that of 1Pt—
15Ba, although activity can be promoted by adding metal
alkaline oxides. The addition of Cu to 1Pt-15Ba (adding Cu
before the Pt addition using a methodology similar to that

1Pt-15Ba 1Pt-Cu / HT

100- 1

A: fresh
B: after hydrothermal
treatment

%

80+

60+

40+

20+

Mean NOx conv.,

300
Reaction temperature, °C

400

Fig. 8. Comparison of the mean NQconversion at different reaction
temperatures for (i) 1Pt—-QHIT [Pt (1%)-HT modified by the addition
of 4% CuO prior to the loading of Pt] and (ii) 1Pt-15Ba [Pt (1%)-Ba
(15%)/Al,03] calcined at 650 C before and after hydrothermal treatment.

3. Tuning metal particle size through metal-support
interaction

The concept of the novel and unique physical and
chemical properties of nanosized supported metals is well
recognized in the literature [38—40]. Nanosized gold parti-
cles [38], for example, show reactivity properties very differ-
ent from those of large particles, an example which is often
used to emphasize the role of nanotechnology in the devel-
opment of novel materials. Enhanced “composite” charac-
teristics also may be obtained in nanocomposites consisting
of nanometric metal particles dispersed in an oxide matrix.
The physical (electrical, optical, magnetic) and mechanical
properties of these nanocomposites are different from those
of the analogous materials in which the metal is present as
larger particles [41].

Nanosized metal particles can be obtained using a vari-
ety of methods, and usually the preparation methodology
has a marked influence on the reactivity of these nanopar-
ticles. It is also known that the nature of the support influ-
ences the size and stability of these metal particles, but a
question often not considered in detail is how control of the
electronic metal-support interaction affects the size of the
supported metal particles. This question falls within the gen-
eral problematics of nanostructured catalysts, because the re-
activity and characteristics of the metal particle can be mod-
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ified through changes in the environment around the parti- all trivalent ions, although enhanced for ¢eand SB*,

cle and the metal-support interaction at a nanoscale level.the modification of the surface reactivity is associated
The example discussed refers to modification of the reactiv- with modification of the bulk zirconia properties induced

ity and properties of Rh particles supported on zirconia for by trivalent ions, more than modification of the surface
the decomposition of pD [42,43], but it is of more general  properties. In agreement, if the trivalent ion is added by
validity in terms of both the nature of the noble metal and impregnation on preformed zirconia, it depresses activity
the type of support. The metal-support interaction discussedinstead of promoting activity [42]. The effects for various

refers to the electronic interaction and change in the Fermi types of trivalent ions having different redox characteristics
level, and is different from the SMSI (strong metal-support or electronic properties (€&, SB*+, Y3+, and APt) but

interaction) effect [44,45]. analogous ionic radii are similar. This indicates that the
N promotion effect is related to a structural effect more than to
3.1. N20 decomposition redox or electronic properties specific to the doping agents.

In all cases, X-ray diffraction analysis shows the presence
The Kyoto Protocol of 1997 on greenhouse gas (GG) of a substitutional solid solution of the dopant in the
emissions stressed the necessity to control the emissions NOfetragonal zirconia phase, at least for the low levels of doping
only of COp, but also of methane and2®, which con- (maximum 3 wt%) investigated [42].
tribute 7 and 9%, respectively, to the global warming po- The effect of the amount of G& dopant in zirconia on
te_ntial (GWP) (with reference to the Q@qgivalent_emis— the properties of RhZ(Ce,) samples, where = 0—3 wt%,
sions, using GWP values for a 100-year time horizon) [4]. j5 symmarized in Fig. 9a. As an index of catalytic activity in

Only part of the sources of 2D can be addressed by cat- 5 ecomposition of pO in the presence of oxygen, the rate
alytic technologies. The more relevant cases are the off-gas.gstant of NO depletion at 270C is reported in Fig. 9a

from the synthesis anq use of n!tric acid and from combus- [kn,0(270°C)]. The rate constant was estimated assuming a
tion processes (especially of solid waste at temperatures be?irst order rate equation and a plug-flow type reactor model,

ltﬁw 1f(f)00°C)f[4_]t. .In pq(rjur:lulatr, tzz e]wgmatmn of ED fr(‘jomt il hypotheses that were both verified to be valid in the selected
e off-gas of nitric acid plants [46] is becoming an industrial experimental conditions,

problem of increasing importance. In these emission§) N The amount of dopant has a volcano-type influence on
is present in a low concentration and together with other gas R . .
the catalyst reactivity in the decomposition of®l with a

components such as;B, Gz, and NO. NO can be either maximum in activity for a dopant concentration of around

catalytically decomposed or selectively reduced by adding 1.3%, which corresponds to about a*Z1Ce* = 1:0.01
a reductant (hydrocarbons such as propane or methane, 0Fnolar ratio. An analogous trend was observed for the other
ammonia) [47,48]. Both solutions show advantages and dis- 0. gou W v

advantages, but decomposition is preferable, when the ratedc’pantS (SB, for example), with a maximum in good

is sufficiently high and the catalysts are not severely inhib- correspondencg with that shqwn by cerium (Fig. 9{;\) on a
ited by the other components in the gas phase. This impliesmolar basis. This further confirms that the effect primarily

that it is necessary to develop improved catalysts fsDle- mtist be attributed to thg §ubstitution of a trivglent ion for
composition able to efficiently operate at temperatures below 2" more than to a specific role of the dopantitself.
about 450°C, because higher temperatures (such as those re- 1€ replacement of zirconium ions with a trivalent ion
quired by most of the commercial catalysts) make it econom- Should induce the formation of point defects (oxygen va-
ically preferable to use a selective reductant. Rh-on-zirconia- €@Ncies) due to charge balance, but when the number of
type catalysts show interesting properties as low temperaturethese defects is above a certain level, structural reconstruc-

catalysts in NO decomposition [43,49,50]. tion to more ordered phases (or phases having extended de-
fects such as shear-planes) is expected. It is thus reasonable

sequence of the change from a defective zirconia containing
The doping of zirconia with trivalent elements such as localized oxygen vacancies to a more ordered defective zir-
Ce*t, s+, or ARt during the sol-gel preparation of conia, such as when ordered shear planes form.
the support makes it possible to obtain a further relevant ~ The presence of localized oxygen vacancies should also
promotion of the reactivity in MO decomposition [42].  increase catalyst reducibility and thus a maximum in the
However, while all trivalent dopants of zirconia significantly plot of catalyst reducibility vs the amount of dopant is
promote the activity of supported Rh in the decomposition expected. To check this hypothesis, catalyst reducibility was
of N>O with respect to pure zirconia prepared with the analyzed by reducing the catalysts under mild and controlled
same method or doped with a pentavalent ion, cerium conditions and determining the number of oxygen vacancies
and antimony show the more relevant effect. Although in the catalyst by reoxidation at room temperature with
cerium ions are added as the trivalent ion during the N2O. The results as a function of the amount of dopant
preparation, they can be oxidized to “Ceduring the are also summarized in Fig. 9a, which reports the moles of
calcination step. However, the effect being similar for N2O necessary to reoxidize the catalyst at room temperature
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30 [ - - - Rh 350 or 500C, respectively) are also reported in Fig. 9b
a ﬁ ——a——  umol. N,O (H, 200°C) as a function of the amount of dopant.

| N | —%— kulro)s A maximum in the specific surface area of metallic Rh
with respect to the amount of dopant is also observed in
] this case, although the position of the maximum occurs at
a slightly lower cerium concentration (around 0.8%). It is
worth noting that the treatment with hydrogen under more
severe conditions (500C) produced only limited sintering
] of the Rh particles, indicating their strong stabilization
due to the presence of the hypothesized interfacial oxygen
vacancies. While in Rh on pure zirconia the Heatment
at 500°C reduced the Rh surface area to about 50% with
respect to the treatment at 33C, the reduction is only

201

107

needed to reoxidize the catalyst

Rate constant N,O depletion or amount N,O

0 ! 2 : 20% in the Rh—Z (Ce0.8) sample, confirming the enhanced
Amount trivalent ion in ZrQ, % wt. stability towards sintering of the noble metal of doped
S0 ' ' ' zirconia samples.
b —®— mgRh350°C The position of the maximum in the specific surface area
a0f T T mieRns00C | of Rh particles for a different value of dopant concentration

with respect to the maximum in the rate of® depletion in-

dicates that the two effects are distinct, although correlated,

i.e., that the maximum in the rate o6 depletion is not due

to simply a higher specific surface area of the Rh particles.

This was confirmed by analyzing the change in reactivity

and catalyst properties as a function of the Rh loading.

1 In conclusion, this example shows that the addition of

small amounts of the trivalent ion, inducing controlled oxy-

ol , , , gen vacancies in the zirconia support, is a means of tuning
0 1 2 3 the metal particle size through metal-supportinteraction and

Amount trivalent ion in ZrO,, % wt. of promoting surface reactivity in 0 decomposition even

in the presence of a concentration of Wo to three orders

Fig. 9. (a) Effect of the_ amount of G& in tetragonal _ZrQ on th_e amount of magnitude higher than that obI9.
of N2O used to reoxidize the catalyst at r.t. after mild reduction at°2D0

with Hp, and rate constant of #O depletion at 270 C in the presence of
6% Op. (b) Specific surface area of Rh %ngh) determined by pir.t.

Specific surface area of Rh, m?/g

chemisorption after activation at 350 or 500. 4. Conclusions and per spectives
after controlled reduction with $at 200°C [mol N2O (H; Catalysis was familiar with the concept of nanostructure
200°QC)]. much earlier than the start of current interest in nanotech-

There is a good parallel trend between the rate of nologies and nanoscience. Itis now clear that the concept of
N,O depletion and the catalyst reducibility, which further catalyst nanostructure in terms of an intermediate level be-
supports the hypothesis that the stabilization of oxygen tween the molecular level at a single site and the macrolevel
vacancies by controlled doping of zirconia will also stabilize of overall catalyst structure can be a useful unifying con-
oxygen vacancies at the Rh—zirconia interface. The presencesept for several aspects of catalysis, some of which are well
of these oxygen vacancies, enhancing the effective removalrecognized and others less so, such as those related to how
of oxygen adatoms (formed by,® dissociation) from the  the nanoarchitecture of the active sites and the related dy-
Rh surface (rate-limiting step of the reaction) [43], leads namic effects during catalytic reaction determine the per-
to a parallel enhancement of the rate gfONdissociation, formance, or how the nanoenvironment around the active
notwithstanding the fact that the oxygen concentration is sites influences the reactivity. There are several recent re-
around 1000 times higher than the®l concentration. sults which evidence, for example, that by controlling the

As a consequence of the hypothesis of the presence ofhydrophobicity of the support around an anchored complex
oxygen vacancies at the Rh-zirconia interface increasedor by including the active sites in ordered nanocavities it is
stabilization of the Rh particles is expected. To verify this possible to control the selectivity and/or activity. This finds
stabilization, the surface area of the metallic Rh particles application in areas ranging from fine chemical synthesis to
after reduction with I under controlled conditions at 350 reactions for environmental protection.
and 500°C was determined by a selective chemisorption  In the control of nitrogen oxides, the concept of nanos-
technique (H at r.t.). The results in terms of specific Rh tructured catalysts can be a possibility to approach the tailor-
surface area (A1g) after reduction at 350 or 50@ (m?/g ing of the catalysts or the design of novel materials. Discus-
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sion have been limited here to two specific examples: (i) the However, this is a more general concept for catalysis and
development of catalysts based on hydrotalcite precursors aone of the directions of research also in other areas such as
novel NQO; storage-reduction materials with improved hy- that of selective oxidation catalysts for which the concept of
drothermal resistance and (ii) the control of metal particle “living active surface” was introduced recently [51].
size by creating oxygen vacancies in the zirconia supportin ~ Today, several in situ characterization techniques are
order to develop more active catalysts inONdecomposi-  available which allow a better understanding and demon-
tion. stration of the concepts outlined above, although the time
Also in the reduction of NQ in stationary or mobile resolution is a limit. Often what is considered “stationary”
sources, the concept of nanostructured catalysts find a widebehavior is simply a dynamic situation having a frequency
range of applications. Current commercial catalysts for of periodic changes too fast to be detected. New faster in
these applications are based on multilayered materials withsitu techniques are expected in the next years which will be
graduated catalyst composition in order to optimize catalyst really greatly improve our understanding of the dynamics
performances and stability. The last generation of three-way of catalysis at a molecular and nanoscale level. Theoretical
catalysts for NQ conversion in autoexhaust emissions are methods should also try to make an effort towards a better
based on La- or Ba-doped alumina (doping is necessaryunderstanding of the dynamic behavior at a nanoscale level
to improve hydrothermal stability of alumina) on which instead of focusing activity to the active site level only.
the oxygen storage component (ceria—zirconia) and noble The possibility of controlling nanostructure around the
metals (Pt, Rh, and/or Pd) are supported. The optimal active sites is one of the key aspects and opportunities which
interaction between these three catalyst components or indifferentiate catalysis on solid surfaces from homogeneous
other words the nanoarchitecture of the catalyst is the key catalysis and which make it possible to realize complex
to maximize performances under the rapid transients in feedreactions requiring multifunctional behavior or catalytic
composition present in autoexhaust emission and to realizetransformations not having a counterpart in homogeneous
the high thermal and mechanical stability required from the catalysis.
application. Understanding the catalyst nanostructure is also relevant
The concept of controlling the nanostructure of the cat- closing the gap between catalysis by enzymes and by
alysts finds application in a more wide range of situations solid materials. Cu zeolites, originally developed for the
of interest for catalytic technologies, but is it of special rel- decomposition or selective reduction of NO, were one of
evance in the area of applications to environment protec- the first catalytic example for which the concept of “solid
tion. This research topic of catalysis is one having the faster enzyme” was introduced to explain and model the catalytic
growth in interest over the last decade. behavior [52]. Later, this concept was used in several other
The preparation of nanomaterials with controlled mor- examples.
phology and size attracted a large research interest, because The understanding of the nanostructure level of catalysts
particles at a nanoscale level can show different reactivity and of its dynamic behavior during reaction is thus an area
properties. However, nanosized particles have also a largewhich is expected to give a major contribution to a wider
perimeter area of contact with other phases such as of co-application of catalysis also outside the traditional areas of
catalyst components or a support oxide. This area of contactchemical and refinery applications and especially to the field
is often the determining aspect of the reactivity. The exam- Of catalytic technologies for environmental protection and
ples discussed in this contribution show that the support mayimprovement of the quality of life.
have a direct specific role in the reaction mechanism, in the
dynamic of transformation of the catalyst during the reaction
and in determining catalyst stability. Acknowledgment
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