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Summary
Noble metals are important in catalysis. They typically determine the cat-
alysts activity and selectivity. To gain maximum activity out of the noble
metals, they are finely dispersed on a support. Although the support is
chemically inert, it plays a crucial role in the catalyst performance as it
can promote the catalyst performance, enhance or inhibit spillover phe-
nomena.

With a two nozzle Flame Spray Pyrolysis unit (FSP) a variety of ma-
terial combination was prepared. With the two flames individual particles
can be made in each of the two flames, which then mix continuously in the
upper part of the flame. By this means, the formation of mixed oxides can
be avoided and the noble metal position controlled: By adding noble metal
to one of two flames, selective deposition of the noble metal was achieved.
The angle between the two flames changed the meeting distance of the
two flames. The physical properties and catalytic performance was tested
under different production angle between the flames for Pt/Ba/CeO2 with
selected Pt location. When Pt was deposited on CeO2 more PtOx was
formed, having a lower performance due to higher C3H6 light off temper-
atures. When Pt was deposited selectively on CeO2 a constant light off
temperature at 325 ◦C was observed. For Pt deposited on the Ba sites, the
light off temperature depended on the angle between the two flames: the
earlier the Pt/BaCO3 particles mixed with CeO2 the higher was the light
of temperature. This showed that close contact of Pt to CeO2 can be a
disadvantage and this is also reflected in the catalyst performance.

Here, catalysts for nitrogen oxides (NOx) storage and reduction were
investigated, a technology used in mobile applications for NOx abatement
under lean exhaust conditions. These catalysts work under alternating
cycles; one of them is fuel lean the other fuel rich. In the fuel lean cycle
NOx is stored on a storage material, typically Ba or K, and in the form
of metal nitrates. In the subsequent fuel rich cycle, the storage material is
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regenerated and the released NOx reduced to N2. When Pt was in close
contact with CeO2 the C3H6 reduction activity was reduced and therefore
the catalyst performance dropped. For other supports, like γ-Al2O3, this
is not the case; Enhanced NO2 formation was observed with Pt/Ba/Al2O3

catalysts when the Pt was deposited on the Al-sites. It was found that the
forward spill-over was not limiting the catalyst’s performance. However,
Pt deposited on Ba promoted the regeneration of the nitrates and steady
state and continuous storage and reduction was observed. A close contact
of the noble metal to the storage material enhances the regeneration of
the nitrates. When depositing preferentially Pt by FSP the other catalysts
properties changed only minimally. This was shown by measuring the spe-
cific surface area (SSA), X-ray diffraction (XRD), elemental analysis with
laser ablation-inductive coupled plasma-mass spectroscopy (LA-ICP-MS)
and scanning transmission electron microscopy combined with energy dis-
persive X-ray spectroscopy (STEM-EDX). The latter also showed that the
noble metal was effectively preferentially deposited. The preferential loca-
tion of the noble metal, however, could only be catalytically differentiated
when the performance was below 80% conversion per cycle. At higher tem-
peratures all chemical processes were enhanced and the difference between
the catalysts became minimal.

High storage performance was observed when using potassium (K)
as storage material. The NOx storage was very fast and regeneration very
efficient: at 300 ◦C about 80% of NOx inlet was reduced during more than
50 cycles and at 400 ◦C no effluent NOx was measured. When sintering the
particles at elevated temperature (600 ◦C) the original high storage activity
was lost partially, however, it still performed with 40% NOx conversion.
The crystal structure of the K2CO3 was initially amorphous but slowly
underwent crystallization. With Raman spectroscopy this amorphous to
crystalline transition could be accelerated using a 25 mW power laser beam.
This measurement also proved that the initial K2CO3 was amorphous as



x Summary

the signal was irreversible.
This results motivated to investigate K2CO3/Al2O3 systems further

by adding palladium (Pd). Palladium is known for enhancing the NOx

reduction at lower temperature. Different mono metallic Pt or Pd cat-
alysts were made but also bimetallic combinations of Pt and Pd. For
the bimetallic metal catalysts the metals could be sprayed together, or,
in different flames. Different metal weight loadings were tested at 250 and
300 ◦C. For Pt, higher loading resulted in higher NOx conversion with in-
creasing temperature. For Pd this was also true at 300 ◦C, but at 250 ◦C
higher loading did not increase the catalyst activity. Combinations of Pd
with Pt lowered the catalysts activity at 250 ◦C, as Pd inhibited the Pt
performance. The advantage of Pd became evident only at elevated tem-
peratures, e.g. 350 ◦C in Pd/Pt/Ba/CeO2 system where Pt on CeO2 and
Pd on BaCO3 showed the highest performance.

The NSR catalysts are easily poisoned by sulfur dioxide (SO2). To
investigate the sulfation process a new test bench was built. Combination
of rhodium (Rh) and Pt in Rh/Pt/Ba/Al2O3 catalysts were investigated
as Pt is tolerant against SO2 poisoning for NO oxidation while Rh was
found to be SO2 tolerant for NOx reduction. Therefore Pt and Rh were
combined. Mono- and bimetallic Rh/Pt combinations were tested without
and in the presence of 25 ppm SO2. All catalysts performed well without
SO2. With SO2, however, the Pt catalysts were immediately poisoned and
the presence of Rh was essential for a good NOx reduction performance.
The Rh alone catalysts had the lowest dispersion but performed best. Car-
bon monoxide Diffuse Reflectance Infrared Fourier Transformation (CO-
DRIFT) spectrometry showed distinct difference between Pt and Rh when
deposited either on Al2O3 or BaCO3. Bimetallic catalysts containing Pt
and Rh showed similar performance as Rh-alone catalysts.



Zusammenfassung
Edelmetalle sind in der Katalyse wichtig: Ihr Einsatz definiert häu-

fig die Aktivität und die Selektivität einer Reaktion hin zum gewünschten
Produkt. Das Aufbringen sehr fein verteilter Edelmetall-Partikel auf einem
Trägermaterial erhöht die Aktivität pro Edelmetallmasse, da die kataly-
tisch aktive spezifische Oberfläche erhöht wird. Das Trägermaterial selbst
nimmt nicht an der chemischen Reaktionen teil, kann aber die Effizienz
des Katalysators massgeblich beeinflussen, da es die Umgebung des Edel-
metalls bestimmt und oft den Oxidationszustand des Edelmetalls bestimmt.
Mit der zwei Flammen Spray Pyrolyse (FSP) Einheit konnten verschiedene
Mehrkomponentenverbindungen hergestellt werden. Die beiden Flammen
erlauben es zwei Materialien unabhängig voneinander zu produzieren. So
kann die Entstehung von Mischoxiden gezielt vermieden werden. Die beiden
Partikel beladenen Gas-Ströme werden kontinuierlich in der Luft, oberhalb
der Flammen, gemischt. Weiter eröffnet dieses Verfahren die Möglichkeit
Edelmetalle gezielt auf ein Trägermaterial zu applizieren: Wurde das Edel-
metall in den Ausgangstoff (Precursor) der Einen der beiden Flammen zu-
geführt, so wurde das Edelmetall selektiv auf dem entsprechenden mitpro-
duzierten Material gebildet. Abhängig von der Ausrichtung beider Flam-
men zueinander kann die Flugbahn der Partikeln, und somit die Zeit bis
zur Vermischung beider Partikelströme, variiert werden. Die bestimmende
Grösse war der Winkel zwischen den beiden Flammen. Grössere Winkel
erhöhen die Distanz bis sich die Partikel der beiden Flammen vermischten.
Um diesen Effekt zu zeigen, wurden Katalysatoren aus Pt/Ba/CeO2 mit
präferentieller Pt-Position unter verschiedenen Winkeln hergestellt und ih-
re physikalischen und katalytischen Eigenschaften getestet: Wenn Pt mit
Ce produziert wurde, entstand vermehrt PtOx mit einer C3H6 Anspring-
temperatur (light off temperature) von 325 ◦C, welche unabhängig vom
Winkel zwischen den beiden Flammen war. Für Pt, welcher mit dem Ba
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produziert wurde, war die Anspringtemperatur abhängig vom Winkel zwi-
schen den beiden Flammen: Wenn sich die Pt/BaCO3 Partikel früher mit
dem CeO2 mischten, erhöhte sich die Anspringtemperatur. Der Kontakt
von Pt zu CeO2 kann deshalb ein Nachteil sein, welches sich auch in der
Effizienz des Katalysators niederschlägt. In dieser Arbeit werden Katalysa-
toren zur Stickstoffoxid (NOx) Speicherung und Reduktion untersucht. An-
wendung findet diese Technologie in der Abgasnachbehandlung von sauer-
stoffreichem Abgas (z.B. Magermotoren). Die Katalysatoren arbeiten unter
wechselnden Bedingungen: Brennstoffarme und brennstoffreiche Konditio-
nen wechseln sich zyklisch ab. In brennstoffarmer Umgebung wird NOx auf
einem Speichermaterial (meist Ba oder K) als Metall-Nitrat eingelagert.
Im darauf folgenden brennstoffreichen Zyklus, wird das Speichermaterial
regeneriert und das freigesetzte NOx zu N2 reduziert. Ist Platin in Kon-
takt mit einer CeO2-Oberfläche, verschlechtert sich die C3H6 Verbrennung
und somit auch die Leistung des Katalysators. Bei anderen Trägermateria-
lien, wie beispiels/-weise γ-Al2O3, ist dies nicht der Fall. Für Pt/Ba/Al2O3

Katalysatoren wurde eine erhöhte NO2 Umsatzrate gemessen, wenn Pt
auf den Al2O3 Partikeln abgeschieden wurde. Der Vorwärts Spill-Over li-
mitierte nicht die Leistung des Katalysators. Anderseits unterstütze der
Kontakt von Pt zu Ba die Ba(NO3)2 Regeneration (von Ba(NO3)2 zu
BaO bzw BaCO3) und es stellte sich bald ein lang anhaltender stationäre
Zustand zwischen Speicherung und Regeneration ein. Mit der Flammen-
synthese kann das Edelmetall präferentiell abgeschieden werden ohne die
anderen Katalysatoreigenschaften zu verändern. Dies wurde durch folgen-
de Messungen bestätigt: Spezifische Oberflächen-Messung (SSA), Röntgen-
beugung (XRD), Elementaranalyse (ICP-MS) und Elektronenmikroskopie
(STEM, TEM). Mit der Elektronenmikroskopie kombiniert mit Energiedi-
spersiver Röntgenspektroskopie (EDX) konnte die präferentielle Positionie-
rung visuell bestätigt werden. Der Unterschied zwischen Katalysatoren mit
präferentieller Edelmetallablagerung konnte nur bei Umsätzen unter 80%
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zugeordnet werden, da bei höheren Umsätzen (z.B. bei erhöhter Tempe-
ratur) die chemischen Prozesse beschleunigt werden und die Unterschiede
somit nahezu verschwinden. Kalium (K) wies eine erhöhte NOx Speicherka-
pazität und eine verbesserte Regenerationsfähigkeit im Vergleich zu Barium
auf. Auch konnte die Reaktionsgeschwindigkeit des NOx Speicherungsvor-
gangs durch den Einsatz von K beschleunigt werden. Bei 300 ◦C wurde über
mehr als 50 Zyklen hinweg ca. 80% der NOx Masse im Einlass umgesetzt.
Bei 400 ◦C konnte kein NOx im Eduktstrom nachgewiesen werden. Über-
höhte Prozesstemperaturen (600 ◦C) lassen die Partikel zusammensintern
und führen somit zum Verlust eines Teils ihrer Aktivität. Selbst im gesin-
terten Zustand wurden jedoch noch 40% des eingesetzten NOx reduziert.
K2CO3 weist nach Herstellung in der Flamme eine amorphe Struktur auf
welche sehr langsam kristallisiert (Jahre). Der Kristallisationsprozess kann
durch Zufuhr von Energie, beispielsweise durch den Laserstrahl (25mW)
eines Ramanspektrometers beschleunigt werden. Die Veränderungen des
K2CO3 Signals während der Messung war nicht reversibel, somit war die
Ausgangsstruktur des K2CO3 amorph. Das Edelmetall Palladium (Pd) ist
für seine hohe NOx Reduktionsaktivität bekannt. Durch den Einsatz von
Pd wurde eine Verbesserung des K2CO3/Al2O3 Systems angestrebt. Kata-
lysatoren mit je einem der Edelmetalle als aktive Komponente wurden mit
entsprechenden Katalysatoren bestehend aus einer Kombination der bei-
den Edelmetalle verglichen. Die Herstellung der aktiven Platin-Palladium
Phase erfolgte sowohl gleichzeitig in einer Flamme als auch separat je in
einer der Flammen. Die resultierenden Pulver wurden bei 250 und 300 ◦C
getestet. Die Erhöhung der Pt-Beladung auf dem Trägermaterial und/oder
der Reaktionstemperatur führten zu einer Verbesserung des NOx Umsat-
zes. Für Pd gilt dies ebenfalls bei 300 ◦C, bei 250 ◦C jedoch führte die
Erhöhung der Gewichtsbeladung nicht zu einer merklichen Steigerung der
Aktivität. Die Untersuchungen der Pt-Pd-Katalysatoren zeigten, dass Pd,
abhängig von der Temperatur, die Aktivität im Vergleich zu reinen Pt Ka-
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talysatoren senken oder steigern kann. Hohe Reaktionstemperaturen führ-
ten zur angestrebten Verbesserung des Umsatzes durch den Einsatz von
Pd. Pt/Pd/Ba/CeO2 - Katalysatoren zeigten beispielsweise bei 350 ◦C den
höchsten Umsatz an NOx. BaCO3 diente als Trägermaterial für die Pd-
Partikel, Al2O3 als Träger der Pt-Partikel.

NSR Katalysatoren können durch Schwefeldioxid (SO2) vergiftet wer-
den. Um den Vergiftungsprozess besser zu verstehen wurde eine neue Ka-
talysetestanlage aufgebaut. Edelmetallkombinationen aus Rh und Pt als
aktive Phase sind interessant für SO2 resistente Katalysatoren: Rh kann
NOx auch in Gegenwart von SO2 gut reduzieren, während Pt die NO
Oxidation zu NO2 unterstützt und dabei nicht durch das SO2 gehindert
wird. Mono- und bimetallische Rh und Pt Katalysatoren wurden mit der
2-FSP Einheit hergestellt und sowohl bei Abwesenheit als auch bei Anwe-
senheit von 25 ppm SO2 im Gasstrom katalytisch getestet. Bei Abwesenheit
von SO2 konnten mit allen Katalysatoren gute NOx-Umsätze erreicht wer-
den. Die Anwesenheit von SO2 führt zu einer sofortigen Vergiftung der
Pt-Katalysatoren. Somit ist Rh essentiell für eine gute NOx Reduktion.
Obwohl die gemessene Verteilung der Rh-Partikel (=Dispersion) auf der
Oberfläche des Trägermaterials schlechter war, im Vergleich zu beispiels-
weise Pt-Katalysatoren, hatte Rh die höchste katalytische Leistung. Weiter
konnte der Unterschied zwischen verschieden deponiertem Pt und Rh auf
dem Al2O3 beziehungsweise BaCO3 gut mit Infrarot spektroskopischen Me-
thoden (CO-DRIFTS) unterschieden werden. Kombinationen von Rh und
Pt wiesen einen ähnlichen NOx Umsatz auf wie reine Rh Katalysatoren.
Ein Teil des eingesetzten Rh lässt sich somit mit Pt ersetzen und zeigt
keine Abhängigkeit von der SO2 Präsenz. Der entsprechende Katalysator
behielt seine Aktivität auch nach der 750 ◦C Entschwefelungsbehandlung.
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Introduction

The main topic of this thesis is the elimination of toxic NOx from a hot
exhaust gas using a method called "NOx storage and reduction" (NSR).
To demonstrate the commercial and industrial importance of such catalysts
the chemistry and occurrence of NOx will be explained: This introduction
will show how NOx is formed (formation mechanisms), and where NOx

is emitted (NOx sources). Governments all over the world regulate NOx

emission by legislation. To meet lower emission tolerance thresholds, scien-
tists have developed several innovative NOx abatement strategies (DeNOx

catalysis). The main focus here are NSR catalysts and although these cata-
lysts are very efficient, the user might keep in mind to choose an abatement
technique suitable to their specific problem e.g. it does not make sense to
heat up cold exhaust gas to several hundreds degrees Celsius just to get the
catalyst working. Therefore in this introduction a variety of NOx reduction
strategies will be presented.

In combustion engines mainly fossil fuels are combusted. During op-
timal combustion, only carbon dioxide (CO2) and water (H2O) are formed
as products. At high combustion temperature and because of suboptimal
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mixing of reactants and kinetic limitations, undesired products are formed,
such as soot, CO, unburnt hydrocarbons (HC) and NOx species. For CO
and HC good oxidation catalysts (oxiCat) have been developed which are
currently in use. Therefore recently more attention was given to environ-
mental pollutants such as soot and NOx. In classical engine combustion
theory, NOx emission and soot emission can be optimized by itself but not
together. To eliminate soot, higher combustion temperatures are needed,
that increases the NOx formation and vice versa. Current trends in in-
dustry try to minimize soot formation, as higher combustion efficiencies
can be reached. Additionally NOx species are reduced with an additional
catalyst. The additional reductant and pressure loss over the catalysts can
be described as a fuel penalty, that is hopefully lower than the fuel gain
by better combustion, as less fuel is needed for the same energy produced.
To get a better combustion, additional air can be introduced to the com-
bustion chamber; this however leads to NOx in the presence of oxygen rich
conditions. This condition makes NOx reduction more challenging as the
previously developed "three way catalyst" (TWC) cannot be used. The
operation window of TWC is limited to almost stoichiometric conditions.
In order to reduce NOx even in an oxygen rich environment, special cat-
alysts have been developed: Firstly, the selective catalytic reduction with
NH3 (SCR) and secondly the NOx storage reduction catalysts (NSR). This
thesis will focus on the latter strengths and weaknesses and highlight its
potential.

1.1 Problem of NOx emissions

Nitric oxides (NOx) are formed in natural processes and during extreme
situations such as light exposure. Produced amounts however are minimal
compared to anthropogenic NOx from chemical and combustion processes
as well as emissions from motor vehicles, which was recognized as a poten-
tial problem already in the 1950s [1]. Smog and acidic rain were identified
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as a serious problem, causing "forest dieback" [2]. In 1985 Bach [2] summa-
rized the document "forest dieback" which urged the scientific and political
community to take measures to reduce SO2 and NOx emission as:

"In contrast to the carbon dioxide/climate change problem
whose likely adverse effects will have to be born by our progeny,
the ongoing forest dieback is quite evident now and the bill for
the imminent socio-economic damage will have to be paid by
the present generation. It is therefore high time to implement
those control measures available now." [2]

In the following, three such method were suggested [2]:

- pollution reduction through more efficient energy use: By using less
energy and use this energy efficiently will automatically reduce pol-
lution. In the last three decades efficiency of combustion engines and
end user electronics had increased, however, the energy demand also
increased because of a higher population and higher living standards.
By better insulation of houses the energy produced by an equivalent
of 5 nuclear plant could be saved according to the calculations of
Bach [2].

- pollution reduction through abatement techniques: With regulation
introduced in 1992 the byproduct of NOx formation per automobile
was reduced by more than 10 times. At the same time the number
of cars increased as well. Therefore the emission limits were raised
on a regular bases. To address the sulfur problem, low sulfur fuels
were developed in order to protect the environment and advanced car
catalysts.

- pollution reduction through substitution with less polluting sources:
Here renewable energy sources were suggested, and are still. Unfor-
tunately, science and engineering has so far not advanced enough to
replace fossil fuels completely.



4 Chapter 1: Introduction

1.2 Regulations

In Figure 1.1 the development of regulated emissions of particulate matter
(PM) and NOx for passenger cars in Europe, Japan and US are summa-
rized. Additionally also CO and HC are regulated, however, these can
be abated reasonably well with nowadays catalysts [4]. Since 2011, ad-
ditionally to the PM weight, the concentration is fixed to a maximum of
6·1011 #/km. According to the Carnot efficiency at higher combustion
temperatures higher (fuel) efficiencies are reached. Higher temperatures
promote soot combustion, by setting free additional energy. High tempera-
tures however favor N2 dissociation and NOx formation. The regulation of
maximal CO2 emission (e.g. 100 gCO2

/km) forces the car industry to build
cars with a better fuel efficiency. The NOx is therefore typically removed
using a catalyst. However, NOx formation consumes potential energy from
the fuel, and the catalysts and supporting equipments represent an extra
weight that need to be transported. Therefore the priority is to optimize
the internal combustion [5]. The inevitable remaining NOx can afterward
be reduced with a catalyst.

1.3 Engine emissions challenges of soot and

NOx reduction

Gasoline is finer refined compared to diesel fuel and is therefore emitting
less soot [6]. A "Three Way Catalyst" (see chapter 1.5.1) can reduce NOx

from gasoline engines operating close to stoichiometric combustion. Diesel
engines always operate under fuel lean condition, by design, and there-
fore the TWC cannot be used. With structural measures like exhaust gas
recirculation (EGR) [7] the NOx can be reduced, however, typically soot
production is increased. Therefore self regenerating soot filters have been
developed [8]. Furthermore, oxygenated fuels producing less soot were pro-
posed, however, they increase NOx emission [9]. The trend nowadays is to
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Figure 1.1: Development of the regulations of passenger cars in Japan
US and Europe. Especially the NOx emissions are becoming stricter in
the recent years. (In US the fleet average emission is regulated). Adapted
after [3].
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optimize combustion to get a high fuel efficiency and low CO2 [10]. The
CO2 emission are not yet regulated in Switzerland, however, politicians
are discussing to implement by 2015 a 130 g/km CO2 emission limit [11].
New vehicles will therefore need optimized combustion engines with high
combustion efficiency that most probably will lead to high temperature
combustion. High combustion temperatures also lead to an increased NOx

formation rate (see chapter 1.4). As emissions are regulated by governments
NOx needs to be abatted using a catalyst (see chapter 1.5).

1.4 Formation of nitrogen oxides

Two different NOx sources were identified: 1. Thermal NOx: where nitro-
gen from the air is oxidized, and 2. Fuel NOx: with the nitrogen source
from the fuel itself that is oxidized .

1.4.1 Thermal NOx

For nitrogen free fuels two main chemical mechanism for NOx formation
have been identified [12]:

i) Thermal or Zeldovich mechanism.

ii) Prompt or Fenimore mechanism.

1.4.1.1 (i) Thermal or Zeldovich mechanism

At high temperatures N2 can react with O2 forming the NOx species ac-
cording to Zeldovich mechanism [13].

O+N2 ←→ NO+N (1.1)

N+O2 ←→ NO+O (1.2)

The extended Zeldovich mechanism also includes
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N+OH ←→ NO+H (1.3)

The high activation energy for these reactions (319.05 kJ/kmol for
Eq. 1.1) implies that the thermal mechanism is taking place above 1800 K.
Thermal NO is considered to be formed in the post flame gases.

1.4.1.2 (ii) Prompt or Fenimore mechanism

This mechanism is linked to the combustion of hydrocarbons. Fenimore [14]
discovered that NOx was produced in flames that cannot be explained by
the thermal mechanism. Hydrocarbon radicals react with molecular nitro-
gen forming cyano compounds which are then converted into NO according
to:

CH+N2 ←→ HCN+N (1.4)

C+N2 ←→ CN+N (1.5)

For equivalence ratios less than 1.2 the conversion of HCN to NO
can be described in following chain sequence:

HCN+O ←→ NCO+H (1.6)

NCO+H ←→ NH+CO (1.7)

NH+H ←→ N+H2 (1.8)

N+OH ←→ NO+H (1.9)

1.4.2 Fuel NOx

If fuels contain nitrogen in its molecular structure, the nitrogen in the fuel
can be converted into HCN which follows the reaction mechanism of prompt
fuel. The NOx formed is proportional to the nitrogen content for small
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concentration (< 700 ppm) and independent of the nitrogen source [15].
Oxygenated Diesel fuel can be used to reduce the soot emissions by 30%, at
the same time 10% more NOx is produced [16]. Furthermore, in industrial
flame production, where metal nitrates are used, NOx formation has been
observed. To limit environmental pollution, catalysts reducing NOx species
need to be installed at combustion exhausts.

1.5 NOx abatement catalysts

To reduce NOx a reducing agent is needed. The air to fuel ratio describes
the condition these catalysts work at:

(A/F ) = (mair/mfuel) (1.10)

The equivalence ration φ is used to quantify whether a mixture is
rich, lean, or stoichiometric. The equivalence ratio is defined as:

φ =
(A/F )stoic
(A/F )real

=
(F/A)real
(F/A)stoic

(1.11)

The φ is for fuel rich mixtures φ > 1, and for fuel lean mixtures, φ < 1. For
stoichiometric mixture, equals unity. Sometimes also λ (lambda) is used
to the describe the combustion condition. It corresponds to the inverse
equivalence ratio:

λ = φ−1 (1.12)
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1.5.1 Three-Way Catalyst

1.5.1.1 Working principle

The "Three Way Catalysts" (TWC) was introduced in 1970s [17] to reduce
NOx emissions. Previously, NOx was found to cause acid rain and smog
formation [2]. The "three" in TWC refers to three off gases, that can
be eliminated by those catalysts, namely, CO, HC and NOx. For TWC
typically Rh is implemented, because it is less sensitive towards poisoning
by CO and sulfur compounds [18]. Especially CeO2 containing catalysts
are popular because CeO2 was found to store oxygen efficiently [19]. Other
noble metals like Au and Ir have been tested too [20].

The TWC needs to operate close the stoichiometric (φ ≈1) condi-
tion. At oxygen rich conditions NOx will not be reduced and at fuel rich
condition CO cannot be oxidized. Therefore in petrol engines a lambda sen-
sor measures the oxygen content in the off gas and regulates the throttle
valve regulating the amount of air entering the engine.

1.5.1.2 Chemical reactions

The three main reaction of the TWC are:

2CO +O2 −→ 2CO2 (1.13)

2CxHy + (2x+ y/2)O2 −→ 2CO2 + yH2O (1.14)

2NOx −→ xO2 +N2 (1.15)

But also

2CO + 2NOx ←→ 2xCO2 +N2 (1.16)
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1.5.2 NOx storage reduction catalysts

1.5.2.1 Working principle

In NOx storage reduction, the catalyst NOx is typically stored by alkali or
earth alkali metal compounds in the form of nitrite or nitrates. Periodically
these catalysts need to be regenerated, whereas the NOx is released from
the catalysts and reduced over a noble metal to harmless N2 and water,
similar to the TWC principle. In industrial catalysts fuel lean and rich
cycles are made either by changing the air to fuel ratio in lean burn engines
(gasoline engines) [21] or by injecting fuel directly into the catalyst bed [22].
The latter is applied in injection engines as those engines always operate
at fuel lean conditions. A schematic of the working principle is shown in
Figure 1.2.

1.5.2.2 Chemical reactions

The key property of NSR catalysts is their ability to store NOx on the
storage material (Ba, K etc.) under O2 rich conditions and the reduction
of the released NOx under reducing conditions [23]. The side reactions
making undesired NH3 or N2O are discussed here as well as a possible
chemical reactions on the support and noble metal.

1.5.2.3 Storage

The overall reaction of NOx storage on BaCO3 can be written as:

BaCO3 + 2NO2 + 0.5O2 ←→ Ba(NO3)2 +CO2 (1.17)

For the storage additional oxygen is needed. In the experimental
studies, however, NO2 was also stored without O2, at the same time efflu-
ent NO was detected [24]. Therefore one oxygen from NO2 according to
following reactions was used:
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Figure 1.2: Schematic illustration of the NOx storage and regeneration
process. NOx is reduced in two steps, first the NOx is stored on the BaCO3
forming Ba(NO3)2 during the fuel lean phase, The stored NOx is released
and reduced with HC, CO and/or H2 to harmless N2, CO2 and H2O.
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BaO +NO2 ←→ BaO−NO2 (1.18)

BaO−NO2 ←→ BaO2 +NO (1.19)

BaO2 + 2NO2 ←→ Ba(NO3)2 (1.20)

Equations 1.18 - 1.20 can be summarized as:

BaO + 3NO2 ←→ Ba(NO3)2 +NO (1.21)

This 3NO2 consumption and one NO release was observed in several studies
[24, 25]. Also NO can be stored. Typically it is first oxidized to NO2:

NO+ 0.5O2
Pt−→ NO2 (1.22)

Without oxygen or noble metal, NO storage could not or only in small
amounts be observed. The formation of Ba-nitrites was suggested according
to: [26]

BaO +NO ←→ Ba(NO2)2 (1.23)

Typically these reaction occurs, however, is very limited to the Ba-
surface.

1.5.2.4 Regeneration

Hydrocarbon can reduce trapped NOx according to the overall reactions:

Reductant propene C3H6

Ba(NO3)2 + 5/9C3H6 −→ N2 +BaCO3 + 6/9CO2 + 15/9H2O

Reductant CO

Ba(NO3)2 + 5CO −→ N2 +BaO + 5CO2 (1.24)
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Reductant H2

Ba(NO3)2 + 5H2 −→ N2 +BaO + 5H2O (1.25)

1.5.2.5 Undesired side reaction, NH3 and N2O formation.

Especially during the reducing conditions several uncompleted reactions
can occur: this starts with the release of NOx or CO but also adds poisonous
byproducts (e.g. NH3, CO) or very strong green house gases (e.g. N2O)
can be formed:

Ba(NO3)2 + 3H2 −→ BaO + 2NO+ 3H2O (1.26)

Ba(NO3)2 + 4H2 −→ BaO +N2O+ 4H2O (1.27)

Ba(NO3)2 + 8H2 −→ BaO + 2NH3 + 5H2O (1.28)

1.5.3 Selective catalytic reduction SCR

The three-way catalyst does not work at oxygen rich conditions. When
enough reducing agent is available in the off gas, the HC preferentially
oxidizes with O2 instead of reducing NOx [27] and selective HC-SCR is
needed [28]. They often operate in a selective and narrow temperature
window [29], show limited tolerance against poisons [30] or were simply not
active enough [31].

To overcome this problem, selective NO reduction catalysts have
been developed using a reduction agent, which typically is NH3 (reducing
NO according to 4NH3 + 4NO + O2 −→ 4N2 + 6H2O) or urea, which is
easier to transport and will decompose to NH3 in two steps:
(NH2)2CO −→ NH3 + NHCO and NHCO + H2O −→ NH3 + CO2 at
200 ◦C [32]. However, in a solution, decomposition can start earlier, than
on solid surface [33]. In stationary applications, SCR are well established,
as well as for trucks. The drawback of SCRs is the additional reducing
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agent, and the extra mounting space needed for the catalyst.

1.6 Challenges in NSR catalysts

By design, NSR exhibits disadvantages that need to be addressed in tech-
nical application. The following characteristics are critical: The catalyst
should be easy to regenerate with little fuel penalty for many cycles, with
a life expectancy similar as the one of a car. Furthermore, the catalyst
should be tolerant to harsh conditions, e.g. high peak temperatures during
car acceleration periods. They also should be resistant to catalysts poisons
such as SO2 and contain cheap materials easy to manufacture and handle.

1.6.1 Regeneration and fuel efficiency

In order that the NSR catalysts can store much NOx it must be well re-
generated [34]. For NSR catalysts typical fuel penalty is in the range of
5-10% [35]. Ideally the fuel needed to regenerate the catalysts should be
provided in a short time [36]. This regeneration time can be adapted de-
pending on S-content of the fuel, high temperature regeneration need to be
done more frequently for high S-contents in the fuel thereby increasing the
fuel penalty [37].

1.6.2 Aging

Automobile catalysts should withstand the lifetime of a typical automobile,
which should be around ten years [38]. Ideally, in this time, the catalyst
should not need any or only a minimal maintenance. During the lifetime
of the catalysts, it is exposed to different environments, like high air hu-
midity during raining days, low temperature during winter season, or high
temperatures when accelerating on the highway [39]. These different con-
ditions expose the catalyst to thermal stress [40] destroying the catalysts
support structure. The chemical activity can be lost due to fouling, when
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undesired material, such as soot, covers or blocks the catalysts [41]. The
multi-composite catalyst is made of several materials not being in a ther-
mal equilibrium, because they harbor high noble metal dispersions. Thus,
at high temperatures, the cluster sinter together [42]. This undesired ef-
fect needs to be accounted for. Therefore, catalysts are artificially aged by
exposing them to elevated temperature [43]. The catalyst performance is
compared before and after "aging" and extrapolated to the lifetime applica-
tion. Automobiles in Europe have to perform an emission test on a regular
basis to guarantee the functionality of the catalyst. This is especially im-
portant when new catalysts enter the market and/or the user accidentally
fills low quality fuels, typically containing catalyst poisons such as SO2 or
Pb [44]. Certain catalysts lose their performance with time, while in other
catalysts the Pt can be regenerated using an appropriate procedure [45].

1.6.3 Catalyst poisoning with SO2

Sulfuric acid mist in the exhaust was identified even before implement-
ing the first catalytic converters [46]. As a consequence, precious metal
catalysts being less sensitive to S-poisoning, were considered as a catalyst
material for NOx reduction from the very beginning [47]. The gasoline acts
as a sulfur source, which contains residual amounts of about 300 ppm or-
ganic sulfur [48]. The Pt catalyzes the oxidation of SO2 to SO3 [49], which
further reacts with water to sulfuric acid (H2SO4). Sulfuric acid got much
attention in the 1970’s to be toxic for humans and animals [50], causing
trouble in the forest ecosystem [51] and, dissolving historical buildings [52].
Sulfur dioxide decomposes spontaneously or by thermal activation on all
metal substrates (Fe, Ni, Cu, Mo, Ru, Rh, Pt, Zn, Sn, Cs) [53] except
for Ag [54]. Because of the toxic characteristic of SO2, desulfated gasoline
became popular and is supported by governmental restrictions. Typical
sulfur content in the fuel is below 15 ppm [55] these days. However, in the
catalysts off-gas still about 20 ppm SO2 is measured, so the main S source
is not the fuel but lubricant oils [56]. Much effort is made to replace those
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S species until S free off gas will be achieved. Thus currently, catalysts
with higher sulfur resistance are investigated [57].

1.6.3.1 SO2 poisoning of noble metals

Sulfur oxides poison the catalysts [58], through inhibition of the chemisorp-
tion of small molecules such as H2 [59], NO [60],CO [61], or even larger
molecules like C3H6 [62]. The poisoning (blocking) prevents other reac-
tions to take place, and depends on the sulfur coverage [63]. In addi-
tion it has an electronic effect as e.g. observed for CO2 methanation [64].
Adsorbed S on Pt surface can decreases the adsorption energy of CO by
8 kcal/mol [65] or decrease conversion temperature by 260 ◦C for the com-
bustion of C3H8 [66]. At room temperature SO2 chemisorbs on Rh(111)
creating atomic S (SO2,gas → Sa+2Oa) and forming SO3 and SO4 species
(SO2,gas +nOa → SO2+n,a with n=1 or 2) on the metal surface [67]. Sul-
fated catalysts can be regenerated with H2 while H2O promotes and CO2

has no effect on Pt/Al2O3 catalysts [68].

1.6.3.2 SO2 poisoning of the storage sites

In NSR catalysts SO2 also poisons the storage sites, forming metal sulfates.
As the sulfates are typically stronger bounded than nitrates, potential stor-
age sites are lost. The process can be written as follows [69]:

SO2 +
1

2
O2 −→ SO3(l) (1.29)

BaCO3 + SO3 −→ BaSO4 +CO2 (1.30)

BaO + SO3 −→ BaSO4 (1.31)

For the regeneration of the BaSO4 following reaction were proposed
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to be most favorable from a thermodynamically point of view [70]:

BaSO4 +H2 −→ BaO +H2O+ SO2 (1.32)

BaSO4 + 4H2 −→ BaO +H2S + 3H2O (1.33)

BaSO4 + 4H2 +CO2 −→ BaCO3 +H2S + 3H2O (1.34)

The stability of the sulfate decreases with increasing atomic weight,
while alkali metals (K, Rb, Cs etc.) are more stable than alkaline earth
metals, with the exception of Li. The stability of the metal-sulfates was
calculated to be in the following order: K ≈ Rb ≈ Cs> Na > Ba > Sr> Li
> Ca > Mg [70]. Lithium doped γ-Al2O3 showed interesting behavior and
improved the sulfur tolerance [71].

1.6.3.3 SO2 poisoning of the support

The band gap of a metal oxide was found to correlate inversely with the
sulfur uptake [67]. Alumina is not so much poisoned by sulfur [72] com-
pared to ZnO or CuO2 [73] which get sulfided. Furthermore, CeO2 was
found to store SO2 in the form of sulfates [74]. Higher sulfur tolerance
was announced for CePO4 [75], which is mainly reported as an aging side
product [76]. Studies with metal supported on oxide carriers showed that S
containing species preferred to interact with the supported metal [77]. The
sulfites in the metal oxides were found to diffuse well allowing for example
to make core shell Fe2O3-CaO absorber feasible [78].

1.7 Material selection for NSR catalysts

Different material components for NSR catalysts have been evaluated. Among
those the noble metal is the most important as it defines the catalyst’s re-
duction and oxidation performance, but often determines also the price of
the final product. Another key component is the storage material, defin-
ing how much and how fast NOx can be stored and released during fuel
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lean/rich cycles. Also the support material is important, because it can
promote the catalysts performance, increase the cycle life of the catalysts,
and keep the noble metal well dispersed.

1.7.1 Noble metals

The terms "precious metals" and "platinum group metal" can be used as
synonyms for noble metals1. In automobiles, catalysts such as Pt, Rh, Pd,
Ag, Ir, and Au are typically used. Reasons for this are because only precious
metals are able to a) remove pollutants fast enough from the exhaust gas,
b) resist sulfur oxide poisoning, and c) are less prone (but not entirely
immune) to high temperatures treatments [79]. Characteristic chemical
properties attributed to them are:

Rh (rhodium): Rhodium was discovered in 1803 by William Hyede
Wollaston [80]. Later on, Rh was found to reduce
NOx [81] and thus used as a main compound in TWC
catalysts [58]. This noble metal became very popu-
lar when it was discovered, that it exhibits a high
sulfur tolerance compared to other noble metals for
NO reduction [18]. However, Rh became unpopular
for technical catalysts when in 2008 the market price
increased by four times (see Figure 1.3).

Pd (palladium): Being cheaper than Pt and Rh, makes Palladium very
attractive to work with (see Figure 1.3). Pd is well
known to be less active than Rh and has a narrower
air to fuel ratio window for high NO conversion [82].
However, Pd was found to be less SO2 resistant [18].
By addition of small amounts to Pt, Pd can stabilize
Pt’s particle size [83].

1By definition platinum group metal refers only to Ru, Rh, Pd, Os, Ir and Pt as they
tend to occur in the same mineral deposits.
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Ag (silver): Being used for centuries as an antibacterial agent [84],
silver is nowadays also used in technical catalysis, for
example, to oxidize ethylene to ethylene oxide [85].
For selective catalytic reduction Ag was used too with
alcohols as reducing agents [86], or even H2 [87]. For
NOx reduction, Ag showed a higher NOx reduction
performance in the presence of SO2 at 450 ◦C, due to
increased C3H6 reactivity [88], and oxygen forming
AgOx [89].

Ir (Iridium): Similar like Rh, Ir was found to be very active in NOx

reduction and to be sulfur tolerant [18]. Especially in
combinations with Pt-Ir, the presence of Ir was found
to be useful [90]. Although Ir is cheap (800 $/oz), it is
not investigated for NOx reduction. A possible reason
could be the current unavailability [91], limiting its
usage in large volume applications, because its price
will immediately increase with increased demands.
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Pt (platinum): The flameless catalytic combustion of Pt wire was
found for combustion of coal gas by Sir Davy as early
as 1817 [92], when it was reported as a "discovery of
a new and curious series of phenomena". Sir Davy
found that Pt and Pd catalyzed the combustion of
coal gas2 but other metals like Au, Ag, Cu, Fe, Zn did
not. Furthermore, poisoning of the wire surface with
"carbonaceous matter" and "sulphuret" was found to
lower the combustion activity. The poisoning effect
itself was not yet recognized, but correlated with an
increasing radiate heat loss [93]. Especially for high
temperature application, Pt was found to be the most
promising candidate [94] for several catalysts, and has
been used early on in NSR catalysts [21]. Compar-
ing platinum with other noble metals, it produced
less N2O [95], which is a strong greenhouse gas [96].
Although NSR catalysts can store some NOx with-
out noble metal, the presence of Pt is essential for
a continuous operation [97]. Currently, automobile
catalysts account for about 60% of the worldwide Pt
demand [91], and because the market just supplies the
actual demand, the Pt price is exposed to a possible
risk for speculations or mining volumes [98]. Cheaper
alternative precious metals such as Pd and Ir as well
as noble metal alloys [99] have therefore been investi-
gated.

2coal gas = Popular gas mixture used in the 19th century made from the gasification
of coal containing mainly H2, CO and CH4.
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Au (gold) : Gold was not very attractive for catalysis until highly
dispersed nanoparticles supported on ceramics were
found as an application: For example, in hydrogena-
tion of mono-olefins [100], oxidation of acetylene [101]
or water-gas shift reaction at low temperatures [102].
Soon Au also found an application in automotive sys-
tems [103] for example as oxidation catalysts for CO
at low temperatures [104], with activity as low as
-70 ◦C for Au supported on Fe2O3 [105]. These cat-
alysts, however, cannot withstand high temperatures
and therefore need to be operated using a by-pass
during the engine start [106]. Preparation methods
that inhibit the Au mobility on the support and re-
duced sintering at elevated temperatures (600 ◦C)
can make gold catalyst feasible for technical appli-
cations [107]. The major CO mechanism controversy
lied in the concept of where and how O2 is activated
on the catalyst. This was investigated by DFT inves-
tigation [108]. For propene SCR, Au/CeO2 has been
efficiently used [109]. NOx conversion was found to
depend on the particle size with maximal NOx ac-
tivity for 15-30 nm particles [110]. Smaller particles
favor propene combustion with lower NOx reduction
activity [111].

In technical catalysts the use of noble metals is minimized because of
their high cost. The noble metal prize is defined by the market and depends
on the present supply and demand. The supply is defined by the amount of
new noble metal mined from ores and the recycling of used noble metals as
in jewelry or automobile catalysts. In 2010 more than 32% of the used noble
metal was coming from recycling [91]. The demand depends the amount
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Figure 1.3: Price development of noble metal Rh, Pt, Au, Pd, and Ir
during the last 10 years. In last years the prices of the noble metal price
increased continuously. In 2008, Rh showed a peak price of 10’000 US$.
In technical catalyst price developments can decide on which catalyst will
be used. Data Source: http://www.heraeus-trading.com/

of e.g. number of car catalysts produced and therefore increases when the
market growths. The noble metal price also rises during the economical
stagnation phases, because noble metals, especially gold, belong to a typical
alternative investment good. As a matter of fact, the gold price can be used
as an indicator of fear in the current economic situation [112]. The price
can be a limiting factor for technical catalysts, especially if a certain noble
metal type is highly requested. For example, the Rh prices has raised to
over 5’000 US$/troz3 from 1990-1991 and from 2006-2009 with a maximum
of 10’000 US$/troz, as seen in Figure 1.3.

The price of the noble metal typically limits the use of noble metal
or drives the research to use alternative metals, metal combinations or even
alloys.

3troz = troy ounce: unit of weight used in noble metal trading. 1 troy ounce ≈ 31.1 g
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1.7.2 Storage material

The storage material stores NOx in the form of a metal nitrate. For this es-
pecially alkaline and alkaline earth metals were found to be very attractive.
Other metals can also form nitrates, but are typically limited to surface-
nitrates and therefore show limited capacity and regeneration speed. The
alkalinity was found to determine the NOx trap performance in the order:
K > Ba >Sr ≈ Na > Ca > Li [113]. Whereby mainly K and Ba [114] and
combinations of both were found to be attractive [115]. Combinations with
Sr [116] have been investigated and the strontium-based catalysts were re-
generated easier than the barium-based catalysts due to the lower stability
of strontium sulfate [117]. Sometimes also Mg was found to be interest-
ing as a potential storage site [118] but not always as free substrate, but
directly coupled to the support [119].

1.7.3 Support materials

Various supports (Al2O3, SiO2, Al2O3-5.5wt% SiO2, and Ce0.7Zr0.3O2)
were investigated for their influence on water and CO2 [120] or the effect
of SO2 storage and regeneration [121]. The support material keeps the
storage and the noble metal well dispersed, is essential to store NOx on
BaCO3 [122], and reduces sintering of it at high temperatures [123]. Com-
binations of Ce1-xZrxO2 were found to withstand 800 ◦C while pure CeO2

support even increased the storage capacity [124]. The support determines
the acidity on the surface and influences the catalytic performance [125]
as well as the storage capacity for NOx [126]. The support adsorption
also influences the vulnerability against sulfur poisoning and the addition
of MoO3 poisons the Ba sites faster [127]. Storage materials not only ad-
sorb SOx on their surface, they also store NOx, but typically only little
amounts [128].
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1.8 Scope of this thesis

In this thesis entitled "The location of noble metal clusters on multicom-
ponent and multifunctional aerosol-made heterogeneous catalysts" the re-
moval of NOx on solid catalytic materials (Al2O3/CeO2 and BaCO3/K2CO3

and Pt/Pd/Rh) from a hot exhaust stream is elucidated. The focus lies on
the noble metal and how it interacts with the support. The catalysts were
made using an aerosol route by means of a two nozzle flame spray system.
Selective deposition was enabled by adding the noble metal precursor to
one of the two flames.

First, the synthesis parameters of the two-nozzle FSP units were
elaborated (in chapter 2) focusing on the geometry of the particle synthesis
and allowing separating the noble metal location. Using CeO2 as a support
is ideal, as Pt on CeO2 tends to form PtOx and is therefore less active for
NO to NO2 oxidation. Also the color of the catalyst powders changed for
preferential located noble metals.

The direct comparison of CeO2 with Al2O3 supports revealed a much
higher NOx storage performance. Conclusions derived from CeO2 experi-
ments could not be applied directly and therefore the storage and reduction
process needed to be analyzed in more detail. For Pt located on Al2O3 im-
proved significantly the storage process but the reverse spill-over became
the rate limiting factor for the catalytic process. A good regeneration was
therefore needed (chapter 3).

To further improve the NSR performance, different storage materials
were investigated among which K was found to perform best under the
conditions used. In chapter 4, the performance of K containing catalysts is
presented at different temperatures.

Combining the superior performance of K with the preferential lo-
cation of Pt was extended with combinations of different materials like Pd,
which is shown in chapter 5. While Pt is known to be a good oxidation
catalyst, Pd is favorable for reduction. Combining Pt and Pd did not have
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a positive effect at low temperatures, but when increasing the temperature
(this necessitates CeO2 support) the combination of Pt and Pd performed
better than a corresponding single catalyst.

As sulfur poisoning is a big concern in nowadays NSR catalysts, a
new test unit was built. Using the expertise for preferential noble metal
deposition, combinations of Rh and Pt were tested. Both noble metals
were expected to be resistant to SO2: Rh for NO reduction and Pt for
NO oxidation [129]. Both metals combined and deposited on the support
showed the best NOx reduction performance, as shown in chapter 6. For
preferential noble metal deposition, combinations of Rh and Pt were tested.
Both noble metals were expected to be resistant to SO2: Rh for NO reduc-
tion and Pt for NO oxidation [129]. Both metals combined and deposited
on the support showed the best NOx reduction performance, as shown in
chapter 6.
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Chapter

TWO

Effect of the proximity of Pt to Ce or

Ba in Pt/Ba/CeO2 catalysts on NOx

storage-reduction performance1

Abstract

The effect of Pt location in Pt/Ba/CeO2 catalysts for NOx storage reduc-
tion (NSR) was analyzed. The Pt location on BaCO3 or CeO2 support was
controlled by changing the angle in the range of 100◦- 160◦ and the mixing
distance (m) from 7 to 34 cm between the flames generating these two com-
ponents. As-prepared flame-made catalysts contain PtOx which must be
reduced during the fuel rich phase to become active for NOx storage and re-
duction of NOx. For Pt on BaCO3 this process was significantly faster than
for Pt on CeO2. The increased reduction ability of Pt on Ba is reflected
in the light off temperatures: for Pt on CeO2 temperatures around 330 ◦C
were needed to combust 20% of C3H6 in air while for Pt on BaCO3 only

1Parts of this chapter are published in Top. Catal., 52 (2009) 1709-1712.
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250 ◦C were required for the same conversion. The ability to control the
location of Pt or other noble metals is therefore essential to optimize the
catalysts for a given Pt/Ba/CeO2 weight ratio. The best performance was
observed when most of the Pt constituent was located near Ba-containing
sites.

2.1 Introduction

Catalysts for NOx storage-reduction (NSR) are attractive for exhaust gas
treatment from fuel lean engines [10]. Under such conditions, exhaust NOx

is oxidized over a noble metal (Pt) and then trapped (stored) on an alkaline-
earth or alkali metal (e.g. Ba or K ) in the form of metal-nitrates [1]. During
the subsequent short fuel rich period, NOx originating from decomposition
of the metal-nitrates are reduced on the noble metal to N2 and the storage-
reduction cycle restarts [3]. The major drawback of NSR catalysts is the
high sensitivity to sulfur poisoning as sulfates of the storage material are
formed (i.e. BaSO4) which are more stable than the corresponding nitrates,
requiring high regeneration temperatures (>800 ◦C) to decompose them [4].
At these temperatures, thermal deterioration occurs by particle growth, loss
of surface area and formation of mixed oxides (i.e. BaAl2O4) with a low
NOx storage capacity [5].

This problem can be circumvented by using support materials that
either do not form mixed oxides with the storage material or only form
mixed oxides that easily decompose in the presence of CO2 or NOx [5].
The proximity between Pt and Ba in Pt/Ba/Al2O3 NSR affects the storage-
reduction behavior through the spillover of NOx [6]. With a 2-nozzle flame
spray pyrolysis (FSP) system active NSR material can be produced [9]
controlling the Pt deposition on the support or storage material [10]. Here,
we elucidated the effect of Pt location in Pt/Ba/CeO2 catalysts on their
NOx storage-reduction behavior by controlling the angle between the 2-
nozzles in the FSP process. Ceria is well known for its ability to store and
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release O2 [9] but is also promoting PtOx formation [24].

2.2 Experimental

2.2.1 Apparatus and preparation

Catalysts of Pt/Ba/CeO2 were prepared using a two-nozzle FSP set up
[9]. The inter nozzle distance (d) was constant 6 cm while the angle was
changed from 100◦ to 160◦ corresponding to a mixing distance (m) of 7 cm
to 34 cm, with m = d·tan(ϕ/2). The individual spray nozzles were de-
scribed previously in detail [11]. The Ce-precursor solution consisted of
Ce 2-ethylhexanoate (Alfa Aesar, 49% in 2-ethylhexanoic acid) dissolved
in a 1:1 vol% mixture of toluene (Riedel-de Haën, 99%) and 2-ethyl hex-
anoic acid (Riedel-de Haën, 95%). The Ce concentration was kept constant
at 0.2 mol/L. The appropriate amount of Ba 2-ethylhexanoate (Aldrich,
98%) was dissolved in 1:1 vol% toluene (Riedel-de Haën, 99%) and 2-
ethylhexanoic acid (Riedel-de Haën, 95%). The Pt-precursor, platinum(II)
acetylacetonate (STREM, 98%), was added either to the Ba or Ce precur-
sor solutions. The concentration of the metals in the two liquid solutions
was chosen to result in a nominal Pt:Ba:CeO2 weight ratio of 1:20:100 in
the powder.

The Ba precursor was fed at 3 mL/min through the first nozzle and
the Ce-precursor was fed at 5 mL/min through the second nozzle. Each
solution was dispersed with 5 L/min oxygen (PanGas, 99.95%) forming a
fine spray being ignited by a supporting premixed methane/oxygen flame
with a CH4/O2 ratio of 0.5 and a total gas flow of 3 L/min. The produced
powder was collected on a glass fiber filter (Whatman GF6, 25.7 cm in
diameter) with the aid of a vacuum pump (Busch, Seco SV 1040C). The
notation for the powder names used here writes the Pt next to the compo-
nent it is deposited on: catalyst with Pt on Ba is referred to as Ce-BaPt,
and Pt on CeO2 as PtCe-Ba.
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2.2.2 Materials characterization

The specific surface area (SSA) of the as-prepared powders was determined
by a 5-point nitrogen adsorption isotherm at 77 K using the BET method
[12]. X-ray diffraction (XRD) patterns were recorded with a Bruker D8
Advance instrument (40 kV, 40 mA, λ = 0.154 nm) at a scan speed of
0.5 ◦/min at 10◦ < 2θ < 70◦ and analyzed based on the fundamental pa-
rameter approach and the Rietveld [13] method with the TOPAS 3 software
using BaCO3 (ICSD 63257) and CeO2 (ICSD 72155). The Pt dispersion
was measured by CO-pulse chemisorption at 40 ◦C on a Micromeritics Au-
tochem II 2920 [14]. The NSR measurements were performed with 20 mg
of catalyst in a fixed-bed reactor (with an inner diameter of 4 mm) for a
constant NO inlet. The reactor was connected to a valve device allowing
rapid switching between oxidizing (6.6% O2 and 666 ppm NO in He) and
reducing conditions (1’333 ppm C3H6 and 666 ppm NO in He) [21]. The
NOx and NO concentrations in the effluent gas were monitored using a
chemiluminescence detector (ECO Physics, CLD 822S). The NOx conver-
sion for a full cycle (one storage and one reduction) was derived from the
corresponding NOx outlet concentration according to the following equa-
tion:

2.3 Results and Discussion

2.3.1 Powder characterization

Figure 2.1 shows the 2-FSP setup used for synthesis of Pt/Ba/CeO2. The
angle ϕ between the two nozzles was changed and Pt was added either
to the Ce or to the Ba precursor. X-ray diffraction (XRD) analysis (not
shown) indicated that neither the angle nor the Pt position had an influ-
ence on the crystal structure of the powders [10]. The crystals detected
were face centered cubic CeO2, with an average crystal size of 9 nm, and
monoclinic BaCO3, with a crystal size of 12 nm. No Pt was detected, as its
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Figure 2.1: Schematic of the 2-nozzle FSP unit. Pt is either added to the
BaCO3 or the CeO2 producing nozzle.

concentration and particle size were below the detection limit of the XRD.
The metastable monoclinic BaCO3 transforms within a week into the more
stable orthorhombic BaCO3 as reported previously [23].

The specific surface area was decreasing for smaller angles (Fig. 2.2),
the smallest specific surface area was 117 m2/g for ϕ= 100◦ and the highest
for ϕ= 160◦ was 130 m2/g. With decreasing ϕ the distance m is decreased
exposing the particles to higher temperatures favoring their growth by coag-
ulation and sintering. The addition of Pt had no influence on the specific
surface area as shown in Fig. 2.2 where the PtCe-Ba and the Ce-BaPt
curves overlap. The Pt dispersion, however, was higher for Pt on Ce (30%)
compared to Ce-BaPt (25%). This was attributed to the lower SSA of the
BaCO3 species [10] as a similar tendency was observed for Pt/Ba/Al2O3

[10].
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Figure 2.2: SSA of produced catalysts and the corresponding Pt dispersion
for different angles ϕ.
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2.3.2 Catalytic performance

For a constant NO inlet Fig. 2.3a shows the NOx outlet concentration for
PtCe-Ba and Ce-BaPt at ϕ = 160◦, while changing between fuel lean and
fuel rich atmospheres (cycles) at a reactor temperature of 350 ◦C. For Ce-
BaPt the NOx outlet concentration starts at zero after each fuel lean/rich
cycle and about the same amount of NOx was stored during the fuel lean
cycles as Pt is known to promote Ba(NO3)2 regeneration by decreasing
its thermal stability [17]. PtCe-Ba in contrast showed higher outlet NOx

concentrations and after the fuel rich cycle did not return to zero, an indica-
tion that the the stored nitrate were not, or only insufficiently regenerated.
Overshooting as seen in PtCe-Ba indicating a higher Pt activity. Such high
peak concentration, however, are undesired in technical catalysts, as they
are lowering the NOx conversion efficiency and furthermore peak concen-
trations are typically restricted by federal laws.

In Fig. 2.3b the NOx conversion is summarized for different ϕ as a
function of the number of cycle at 350 ◦C. On the Ce-BaPt side, the NOx

conversion decreases for small ϕ. This behavior is attributed to the decrease
of SSA (see Fig. 2.2) and the fact that more Pt was deposited also on CeO2

forming undesired PtOx species. At small angles (e.g. ϕ = 100◦) the effect
of the addition of Pt to Ce or Ba precursor was less significant, because Pt
formation was taking place after Ba/Ce were mixed and consequently Pt
deposited on both components indiscriminately. As for the PtCe-Ba, the
NOx conversion was not much affected by the angle and therefore was more
or less constant as PtCe-Ba did not regenerate the stored NOx and only
stored NO until the storage capacity of Ba was reached. The reason for
this behavior could be that the Pt on CeO2 was oxidized and an insufficient
amount of C3H6 was combusted at 350 ◦C.
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Figure 2.3: a) NO outlet concentration for ϕ=160◦ for Pt on CeO2 (PtCe-
Ba) and Pt on Ba (Ce- BaPt) at T = 350 ◦C. b) NOx conversion with Pt
on CeO2 or BaCO3 support at T = 350 ◦C.
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Figure 2.4: Light off temperature to combust 20 mol% C3H6 for catalysts
with Pt desposited on ce (PtCe-Ba) and Pt deposited on BaCO3 (Ce-BaPt)
as a function of the angle ϕ between the two nozzles.
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2.3.3 Combustion of C3H6

The reduction ability of the catalysts was investigated by measuring the
light off temperature (T20) needed to combust 20% of C3H6 in an oxygen
rich atmosphere as shown in Fig. 2.4. Ce-BaPt was more active as its T20

is 100 ◦C lower than that of PtCe-Ba. With decreasing ϕ, the T20 of the
Ce-BaPt increased and consequently less C3H6 was combusted at 350 ◦C.
Thus it can be assumed that at this temperatures also the activity of Pt
for reducing NOx to N2 was insufficient, as seen in Figure 2.3a,b. PtCe-
Ba showed an almost constant T20 of 330 ◦C, possibly because of PtOx

formation promoted by the CeO2 [9, 21]. The different oxidation level of
Pt in PtCe-Ba was further revealed by the powder color, in Figure 2.5:
While PtCe-Ba had a reddish color, catalysts with Pt on the Ba side (Ce-
BaPt) were lightly yellow. As the support CeO2 and BaCO3 color is white,
this color change is associated with the Pt itself. In the reduced form, for
example after H2 treatment, the catalysts could not be distinguished by
the color as they both were silver-black.

2.4 Conclusions

Pt/Ba/CeO2 catalysts were produced with a 2-FSP setup. The best pref-
erential deposition of Pt on Ba or CeO2 was achieved with an angle ϕ of
160◦ between the FSP nozzles, having the highest meeting distance of the
two flame plumes. The specific surface area of the particles decreased up to
10% by decreasing ϕ as the two plums mixed earlier resulting in a higher
temperatures and longer residence time at that temperature increasing the
catalyst particle size. Pt oxides were formed when Pt was deposited on
CeO2 because this support is a good oxidation and oxygen storage agent
limiting the reduction of NOx. For good NOx conversion, however, a fast
regeneration during the fuel rich part of the NSR was essential. Pt in close
proximity to Ba formed much less Pt oxides and therefore showed better
NSR performance and a low light off temperature for C3H6 combustion.
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Figure 2.5: Powder color for different angles ϕ and selective Pt location
on CeO2 (PtCe-Ba) and Pt on BaCO3 (Ce-BaPt).
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Chapter

THREE

Influence of Pt location on BaCO3 or

Al2O3 during NOx storage reduction1

Abstract

Catalysts for NOx storage-reduction (NSR) were made selectively with Pt
on either the Al- or the Ba-components without altering significantly the
Al2O3 or BaCO3 crystal sizes, Al/Ba weight ratio, specific surface area,
porosity, and Pt dispersion using a two-nozzle flame spray pyrolysis (FSP)
unit. In contrast to Pt/Ba/CeO2 (chapter 2) the NOx storage performance
at 300 ◦C was best for Pt located near Al2O3 as it facilitates the oxidation
of NO to NO2 during the fuel lean period but the reduction rate during the
subsequent short fuel rich period was much slower resulting in incomplete
regeneration. This contributed to a gradual decrease of the NOx conversion
at increasing cycling. In contrast, Pt on BaCO3 resulted in an initially
lower NOx storage rate but during ten storage-reduction cycles a stable
NOx conversion of about 50% was reached. When using NO2 instead of

1Parts of this chapter are published in J. Catal., 261 (2009) 201-207.
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NO or higher NOx oxidation-reduction temperatures (e.g. 350 ◦C) the Pt
location did not affect the NSR performance of the Pt/Ba/Al2O3 catalysts.

3.1 Introduction

Anthropogenic NOx is formed typically during fuel combustion contribut-
ing to smog formation and acid rain [1, 2]. New catalysts are needed to
meet stricter emission limits, especially to remove NOx under oxygen rich
conditions of lean fuel and direct injection engines. Among these cata-
lysts, the ones for NOx storage-reduction (NSR) can trap exhaust NOx

on an alkali- or alkaline earth metal (typically Ba or K) in the form of
metal-nitrates [1] without requiring an additional reducing agent, as NH3

or urea in selective catalytic reduction (SCR). During a subsequent fuel
rich period the stored metal-nitrates are reduced to harmless N2 over a
noble metal (typically Pt or Pd) [4]. The storage and the noble metal are
supported on a thermally stable carrier material, usually Al2O3 or CeO2

[5]. Pt-free BaO/Al2O3 mainly stored NO2, whereby releasing one NO
for three NO2 stored [6]. In the presence of Pt, NO is oxidized to NO2

resulting in higher storage capacity and faster NOx uptake [7], involving
NO2 spillover from the Pt to the Ba sites as proposed from simulations [8]
and experimental investigations [9]. Already in 1995 the proximity of Pt to
the storage component of NSR catalysts was proposed to strongly influence
the performance [10] and was recently investigated by comparing ternary
Pt/Ba/Al2O3 catalysts with binary mixtures of Pt/Al2O3 and Ba/Al2O3

[11]. For Pt in close contact with Ba a 5-times higher isotopic exchange
rate between 15NO was measured, indicative of NOx forward and reverse
spillover from Pt to Ba [11].

In contrast to storage, the reduction (regeneration) is less under-
stood mainly due to parallel occurring phenomena such as the desorption
of gaseous NOx at high temperature [12] and the reaction of the stored
nitrate with CO2 [13, 14]. Nova et al. [15] showed that the reduction of ni-
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trates occurs by Pt-catalyzed surface reactions involving (reverse) spillover
processes and concluded that a close proximity of Ba and Pt would be
necessary to increase the Ba-nitrate decomposition. Physical (mechanical)
mixtures of Pt/Al2O3 and BaCO3, Al2O3 and Pt/BaCO3 have been used
to investigate the influence of the NOx spillover distance [11, 15, 16]. As
for the multiple impregnation steps employed in these studies it is difficult
to maintain constant material characteristics for different catalyst compo-
sitions when using alternative preparation routes or techniques.

Here, we investigated the importance of Pt being located close to Ba
or to Al on NSR catalyst performance. The catalysts were prepared by a
two-nozzle flame spray pyrolysis unit as already applied for NSR catalysts
[9] with high storage capacity [18]. By this procedure, Pt can be deposited
preferentially on Al2O3 and/or BaCO3 without altering their structural
properties.

3.2 Experimental

3.2.1 Apparatus and preparation

With an internozzle distance, d, of 6 cm and an angle, ϕ of 160◦ between the
two nozzles (Figure 3.1), the mixing distance (m) was calculated to be 34 cm
above the nozzles (m = d · tan[ϕ/2]) assuring complete particle formation
(Pt, BaCO3 and Al2O3) at this point [19]. The individual spray nozzles
were described previously in detail [11]. The Al-precursor solution consisted
of aluminum-tri-sec-butoxide (Fluka, 95%) dissolved in a 2:1 vol% mixture
of diethylene glycol monobutyl ether (Fluka, 98%) and acetic anhydride
(Riedel-de Haën, 99%). The aluminum concentration was kept constant at
0.5 mol/L. The Ba-precursor, barium 2-ethylhexanoate (Aldrich, 98%) was
dissolved in 1:1 vol% toluene (Riedel-de Haën, 99%) and 2-ethylhexanoic
acid (Riedel-de Haën, 95%) for a Ba concentration of 0.06 mol/L. The Pt-
precursor platinum(II) acetylacetonate (STREM, 98%) was added either
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to the Ba or Al precursor solutions, while for an equal distribution of Pt
on Al2O3 and BaCO3 half of the platinum(II) acetylacetonate was added
to each precursor solution.

For the nomenclature of all Pt/Ba/Al2O3 catalysts, the Pt is written
next to the element with which it was fed to the FSP unit and precipitated
on: therefore a catalyst with Pt deposited on Al2O3 is referred as PtAl-Ba,
with Pt on BaCO3 as Al-BaPt, and with Pt both on Al2O3 and BaCO3

as PtAl-BaPt. The Ba precursor was fed at 3 mL/min through the first
nozzle and the Al-precursor was fed at 5 mL/min through the second noz-
zle. The concentration of the metals in the precursors was chosen to result
in a nominal Pt:Ba:Al2O3 weight ratio of 1:20:100. Each solution was dis-
persed with 5 L/min oxygen (PanGas, 99.95%) and ignited by a supporting
premixed methane/oxygen flame with 3 L/min total gas flow rate and a
CH4/O2 molar ratio of 0.5. The product powders were collected on a glass
fiber filter (Whatman GF6, 25.7 cm in diameter) with the aid of a vacuum
pump (Busch, Seco SV 1040C).

3.2.2 Materials characterization

The specific surface area (SSA) of the as-prepared powders was determined
by a 5-point nitrogen adsorption isotherm at 77 K using the BET method,
and a full adsorption isotherm of the as-prepared powder was measured
(Micrometrics Tristar). X-ray diffraction (XRD) patterns were recorded
(Bruker D8 Advance, 40 kV, 40 mA, λ = 0.154 nm) at a scan speed of
0.5 ◦/min at 10◦ < 2θ < 70◦. The effective chemical composition of pelleted
powder was determined by laser-ablation inductively coupled plasma mass
spectrometry (LA-ICP-MS). The Pt dispersion was measured by CO-pulse
chemisorption at 40 ◦C on a Micromeritics Autochem II 2920. Samples were
pretreated by heating in 10% O2/He up to 500 ◦C (10 ◦C/min) and main-
tained for 30 min at 500 ◦C, then cooled in He to 350 ◦C where they were
reduced in 5% H2/Ar for 30 min. Subsequently, the samples were kept for
another 30 min at 350 ◦C under flowing He before cooling to 40 ◦C. Pulses
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Figure 3.1: Schematic of the 2-nozzle FSP unit where Al- and Ba-
precursor solutions are sprayed separately. The Pt precursor is added to
the Al- or Ba-precursor solutions resulting in preferential deposition of Pt-
clusters on each component of the product catalyst particles. The mixing
distance, m, is the distance from the burner to the crossing point of the two
flame axes.
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of 0.35 mL 10% CO/He were injected in 10% H2/Ar and the CO concentra-
tion in the off gas was recorded using a mass spectrometer (Pfeiffer Vacuum,
ThermoStar) [18]. For scanning transmission electron microscopy (STEM),
the catalyst material was dispersed in ethanol and deposited onto a perfo-
rated carbon foil supported on a copper grid (Okenshoji Co. Ltd.). The
STEM images were obtained with a high-angle annular dark-field (HAADF)
detector attached to a Tecnai 30F microscope (FEI; field emission cathode,
operated at 300 kV), showing the metal particles with bright contrast (Z
contrast). For qualitative analysis, the electron beam was set to selected ar-
eas in the STEM images and the signal was measured by energy dispersive
X-ray spectroscopy (EDXS; detector: EDAX). The NOx storage-reduction
(NSR) measurements were performed with 20 mg catalyst in a fixed-bed
reactor (with an inner diameter of 4 mm). The reactor was connected to a
valve allowing rapid switching between oxidizing and reducing conditions
[21]. The NO and NO2 concentrations in the effluent gas were monitored
using a chemiluminescence detector (ECO Physics, CLD 822S). The NOx

conversion for a full cycle (one storage and one reduction) was derived from
the corresponding NOx outlet concentration according to:

NOxconversion =
NOx,in −NOx,out

NOx,in

× 100% (3.1)

The presence of N2O was neglected here as at 300-350 ◦C its forma-
tion is very low [22]. The dynamic NSR behavior of as-prepared powders
was measured at 300 and 350 ◦C by switching 10 times between oxidizing
(3 min in 667 ppm NO and 3.3% O2 in He) and reducing atmospheres
(1 min in 667 ppm NO, 1’333 ppm C3H6 in He). The total gas flow rate
for all experiments was 60 mL/min corresponding to a space velocity of
72’000 h-1. Complete storage and reduction tests were performed at 300
◦C. The catalysts were heated to this temperature and reduced for 30 min
(C3H6 2’000 ppm, He). Then storage was recorded for 180 min with 667
ppm inlet NO or NO2 (in He containing 3.3 vol% O2).
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3.3 Results and Discussion

3.3.1 Structural properties

Preferential Pt deposition on alumina and Ba component was confirmed
by STEM combined with EDX analysis of the indicated area as shown in
Figure 3.2 for PtAl-Ba (a) and Al-BaPt (b) catalysts. Clusters of Pt appear
as bright, spherical dots. The gray particles are assigned to Al2O3 as they
are much smaller than the brighter, non-spherically shaped BaCO3 particles
[9]. Fig. 3.2a shows Pt clusters on Al2O3 corroborated by the corresponding
EDX analysis detecting predominately Al and Pt and hardly any Ba (C and
Cu peaks resulted form the TEM-grid). Similarly Fig. 3.2b illustrates the
proximity of Pt on BaCO3-particles with a strong Ba signal in the EDX
spectra, also Al-peaks can be detected given the high Al-concentration
in these Pt/Ba/Al2O3 catalysts (1:20:100). The presence of Pt did not
influence measurably the characteristics of γ-Al2O3 or BaCO3 as has been
shown for TiO2 also [19]. All catalysts had a specific surface area (SSA) of
about 140 m2/g, while pure γ-Al2O3 had 148 m2/g and pure BaCO3 had
20 m2/g, and showed the typical isotherm of non-porous powders (Fig. 3.3)
where the interparticle void gives rise to some hysteresis at high relative
pressures. Figure 3.4 shows the XRD patterns of the different catalysts
indicating formation of monoclinic BaCO3 in all samples. When stored
at ambient conditions the monoclinic BaCO3 gradually transforms into its
more stable orthorhombic form [23].

The weight ratios of Al2O3:Ba:Pt were 100:20.1:1.1 for PtAl-Ba,
100:21.3:1 for Al-BaPt, and 100:20.5:1 for PtAl-BaPt measured by LA-
ICP-MS matching well the nominal composition of Pt:Ba:Al2O3 = 1:20:100.
The CO chemisorption on both PtAl-Ba and Al-BaPt materials indicated
CO/Pt molar ratios of 0.30 and 0.25, respectively. The slightly lower Pt
dispersion on the Ba component (Al-BaPt) corresponds well with Fig. 3.2,
where the Pt size is similar and eventually slightly bigger for Al-BaPt. This
may be attributable to the lower specific surface area of the support BaCO3
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Figure 3.2: Images of Pt preferentially deposited on Al2O3 (PtAl-Ba) (a)
and BaCO3 (Al-BaPt) (b). Corresponding EDX analysis of indicated areas
are shown on the right.
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compared to Al2O3 and the generally higher wetting angle of Pt on Al2O3.
Larger specific surface areas prevent sintering of Pt clusters resulting in
higher metal dispersions [24, 25]. On BaCO3 Pt tends to be oxidized to
PtOx [26] and the latter has a smaller wetting angle, an effect that can be
used for redispersion of Pt [27].

3.3.2 Dynamic NO storage-reduction

First all results are shown at 300 ◦C where the different NSR behavior of
the PtAl-Ba and Al-BaPt catalysts can be elucidated better. Figure 3.5
shows the NO, NO2 and NOx outlet concentrations for a constant NO inlet
flow under subsequent fuel lean (3 min) and rich (1 min) conditions for
PtAl-Ba (a) and Al-BaPt (b).

The difference between the NO inlet and NOx outlet concentration is
proportional to the NOx stored on each catalyst. The Pt in the as-prepared
catalysts is initially partially oxidized [28]. During the first-fuel rich cycle
the Pt was activated, as seen in Fig. 3.5a, leading to better storage activity
during the following cycles. During the first 5 cycles more NO is stored
on PtAl-Ba but higher NO2 concentrations are detected, indicating that
the overall storage on PtAl-Ba is not limited by the NO oxidations but
by the NO2 uptake on Ba. This can be attributed to the high catalytic
activity of Pt/Al2O3 to oxidize NO to NO2, by a favorable metal-support
interaction [7, 26, 29, 30], in agreement with Cant et al. [11] who showed
that Pt, when it is separated from the Ba component, solely serves to
oxidize NO to NO2 while slower NO2 uptake on BaO was observed. For
PtAl-Ba (Fig. 3.5a) the storage activity decreased continuously with time.
As the barium nitrates were not completely regenerated during the fuel rich
phases as the temperature for nitrate decomposition/reduction is too low,
a close contact of Pt to Ba probably promotes the nitrate decomposition
[15].

For the Al-BaPt catalyst (Fig. 3.5b) the performance is constant
during 10 cycles and highly reproducible (>130 cycles, not shown). Com-
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Figure 3.3: Nitrogen adsorption-desorption isotherms of PtAl-BaPt, Al-
BaPt, and PtAl-Ba along with the corresponding specific surface areas
(SSA, m2/g).
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Figure 3.4: XRD patterns of as-prepared catalysts. Characteristic reflec-
tions of monoclinic BaCO3 (ICSD: 63257) and Al2O3 (ICSD: 99836) are
indicated.
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Figure 3.5: Storage-reduction of NO with 667 ppm inlet concentration.
Effluent gas concentrations (NOx, NO, NO2) during storage-reduction cy-
cles at 300 ◦C for PtAl-Ba (a) and Al-BaPt (b).
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pared to PtAl-Ba, however, less NO is stored during the first cycles and a
constant low effluent NO2 was observed. After 3 minutes 87% of the inlet
NO is already detected as NOx in the effluent gas. Regeneration of this
catalyst was significantly better than PtAl-Ba, especially at higher cycle
numbers. This clearly shows the beneficial effect of having Pt close to Ba
during regeneration. This close proximity has been attributed previously to
Pt-promoted nitrate decomposition [15] and a higher reverse spillover [11].
Further, the close interaction of Pt and Ba not only facilitated Ba(NO3)2
decomposition, but also strongly increased the NOx reduction activity. This
may be attributed to the promotional effect of Ba on Pt during reduction
[31].

Figure 3.6 shows NOx conversions for each fuel lean and a fuel rich
period at 300 ◦C (filled symbols). The PtAl-Ba catalyst (circles) was most
efficient for NOx removal during the first cycles but lost progressively its
efficiency from cycles 2 to 10 by its insufficient regeneration. After the 6th

cycle the Al-BaPt catalysts performed better at a constant NOx conversion.
The catalysts with no preferential Pt deposition (PtAl-BaPt) performed in
between the other two catalysts.

In Figure 3.6 the catalysts were tested also at 350 ◦C (open symbols).
For all catalysts more than 95% of NO inlet was reduced to N2. Compared
to 300 ◦C, all catalysts’ performance was significantly better with good
reduction and less deactivation at 350 ◦C. All catalysts showed similar per-
formance due to fast NO to NO2 oxidation on Pt, regardless of support.
As NOx diffusion and adsorption were fast, the travel distance of Pt or
Ba-species did not delay the overall process. At this temperature (350 ◦C),
the thermodynamic stability of nitrates decreases [32], facilitating catalyst
regeneration. This is expected as the optimal operation temperatures for
Pt/Ba/Al2O3 catalysts are 350 - 400 ◦C [4]. An additional advantage could
be the cycling between fuel lean and fuel rich phases, as the catalyst is often
regenerated. This allowed surface reaction to be the major contribution in
the NSR [33], avoiding the formation of bulk Ba(NO3)2 which changes the
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Figure 3.6: NOx conversion of the different NSR catalysts for each
storage-reduction cycle at 300 (filled symbols) at 350 ◦C (open symbols).
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density (volume) and consequently the morphology of the particles. XRD
analysis of selected samples showed no difference after dynamic NSR test-
ing, indicating no bulk structural changes. Only after full NOx saturation
of the catalysts, Ba-nitrates could be detected (not shown).

3.3.3 Dynamic storage of NO2

Experiments with NO2 were made to overcome the oxidation of NO to NO2

limiting NO storage. This way, the role of Pt during actual storage of NO2

could be understood better. Figure 3.7a shows the storage-reduction of
PtAl-Ba when NO2 is fed. Again, the first cycle was needed to activate
the Pt sites on the as-prepared catalysts. This catalyst could not store all
incoming NO2 as the off gas contained NO2. As the regeneration of the
catalysts during reduction was not sufficient, the activity continuously de-
creased as can be seen by the increasing NOx in the exhaust. In contrast,
almost all NO2 is stored for Al-BaPt (Fig. 3.7b), compared to PtAl-Ba cat-
alysts (Fig. 3.7a). This demonstrates the beneficial role of Pt being close
to Ba during the actual storage [34] (in addition to Pt’s role in oxidation
of NO into NO2). An effluent NO concentration of 270 ppm (as the NO2

concentration is low NOx ≈ NO) was detected which corresponds to about
1/3 of the inlet NO2. This agrees with Cant and Patterson [6], who postu-
lated an overall storage reaction, whereby 3 NO2 are needed for Ba(NO3)2
formation and one NO is released:

3NO2 +BaCO3 −−→ Ba(NO3)2 +NO+CO2 (3.2)

Compared to NO in the feed (Fig. 3.5), the absence of the necessary
NO oxidation step resulted in a better NOx uptake by Al-BaPt. Neverthe-
less, reduction seemed to be more difficult than with NO and the catalysts
lost their storage capacity continuously. In this experiment the NO2 inlet
was kept constant also during reduction so Ba(NO3)2 decomposition takes
place while NO2 is reduced. Compared to feeding with NO, the catalysts
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Figure 3.7: Storage-reduction of NO2. Effluent gas concentrations (NOx,
NO, NO2) during storage-reduction cycles at 300 ◦C for PtAl-Ba (a) and
Al-BaPt (b). NO2 inlet concentration 667 ppm.
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Figure 3.8: NOx conversion of the different NSR catalysts for each
storage-reduction cycle for NO2 in the feed at 300 ◦C.
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Figure 3.9: Measured NO, NO2 and NOx outlet concentrations when Pt
clusters are located predominantly on either Al2O3 (PtAl-Ba) or BaCO3
(Al-BaPt), 3.3% O2/He at 300 ◦C for 180 min with the inlet a) NO or b)
NO2 concentration of 666 ppm.

fed with NO2 showed insufficient regeneration, as fast NO2 dissociation on
Pt led to a higher oxygen partial pressure on the Pt [35]. The observed
NO2 to NO conversion does not need Pt, as Al2O3 alone can convert NO2

to NO at 300 ◦C during fuel rich phases [36]. Full reduction of NO2 needs
therefore more time or higher temperatures to reduce the adsorbed NOx

species.
In Fig. 3.8 the overall NOx conversion for different Pt location are

compared. Similar to NO in the feed (Fig. 3.6), the performance of the
PtAl-BaPt catalyst lies in between both catalysts. The NOx conversions
decreased for all three catalysts as the catalyst were not sufficiently regen-
erated at 300 ◦C.

3.3.4 Complete NO/NO2 storage

The effect of storage time is elucidated in Figure 3.9a which shows stor-
age of NO at 300 ◦C, until the catalyst is saturated and the effluent NOx
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reaches the NO inlet concentration. Note that here the catalysts were first
reduced in C3H6 and therefore the NOx uptake rate is almost twice that
observed for untreated catalysts during the first 3 minutes. For Al-BaPt
the initial NOx emission was higher than for PtAl-Ba, however, both cat-
alysts reached full saturation after about the same time and stored almost
the same amount of NO, 1.22 and 1.25 mmolNO/gcat, respectively. This
corresponds to a NOx/Ba mol ratio of 1.1, which is only about 50% of the
maximal theoretical uptake assuming complete conversion of BaCO3 into
Ba(NO3)2. The NO outlet concentration continuously increased and finally
stabilized at 620 ppm. The concentration of NO2 increased during the first
7 minutes to a maximum concentration of 120 ppm. This NO2 maximum
appeared later for Al-BaPt than for PtAl-Ba while NOx increased slower, a
sign that the initial overall NOx storage is faster. After the maximum, the
NO2 concentration decreased and finally stabilized at around 50 ppm for
both catalysts. This reduction of NO2 might arise from the deactivation
of Pt [26] caused by strong restructuring of the catalyst during Ba(NO3)2
formation resulting in Pt covered by Ba-nitrate [37]. This restructuring
affects even the PtAl-Ba catalysts as their Al2O3 and BaCO3 components
are well-mixed and in close proximity to each other. Both catalysts reached
nearly a steady state where 7% NO is converted into NO2, a 4-times lower
conversion than on a Ba-free Pt-SiO2 catalyst [38]. The similar NO/NO2

outlet ratios for both catalysts suggest that the restructuring during full
storage leads to a loss of the initial preferential positions of Pt, resulting in
catalysts with similar structure and consequently similar catalytic activity.
Compared to mechanically-mixed systems [11], the preferential Pt deposi-
tion applied here forms six times less NO2 in the effluent gas. It seems that
the gas-phase mixing in the flame process results in a more intimate contact
between the various components. Fig. 3.9b shows storage experiments with
NO2 as inlet gas. At the beginning of the storage only NO and no NO2

was detected in the outlet gas, demonstrating that all inlet NO2 is stored.
After about 20 minutes the NO gas concentration increased to a maximum
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concentration of about 1
3 of the NO2 inlet concentration as predicted by

Eq. 3.2 where 3 NO2 are stored forming Ba(NO3)2 , and releasing one
NO. For the PtAl-Ba catalyst the NO maximum was reached faster (after
17 min) and still some effluent NO2 was detected in the outlet gas, whereas
Al-BaPt stored all NO2 during the first 26 minutes illustrating again the
beneficial effect of Pt close to Ba during NOx uptake. Although some
NO2 slip was detected, the catalyst continued storing nitrous species until
the NOx concentration reached its inlet value and complete storage of 2.1
mmolNOx/gCat of NO2 was observed for both catalysts. This corresponds
to a NOx storage capacity of nearly 100% of the theoretical value.

The inlet gas composition, NO or NO2, influences the storage behav-
ior of Pt/Ba/Al2O3 catalysts, as seen when comparing Figure 3.7a and b.
Storage of NO is slow at 300 ◦C and only 50% of its maximum was stored
whereas for NO2 complete and faster storage was observed, whereby, dur-
ing the storage, NO was formed and released. The differences in storage
capacity for NO or NO2 demonstrate the importance of active Pt for NO
oxidation. During full storage this activity is lost due to restructuring
and probably embedding of Pt in the resulting nitrates. As for NO2 this
oxidation step is not necessary. No active Pt is needed for NO2 storage
as complete conversion of BaCO3 into Ba(NO3)2 takes place. At 300 ◦C
the storage capacity is not limited by the storage compound but rather by
the deactivation of Pt, as seen during NO storage. Longer storage times,
however, are desirable for car catalysts, as less catalyst material would be
needed for a given NOx limit.

The limiting step for NSR catalysts is the regeneration especially
at low temperatures and in the presence of sulfur and compounds that
may poison the catalysts [4]. The good contact of Pt to the Ba could
be the reason for the better regeneration of Al-BaPt catalysts where the
spillover distance is smaller and Pt can interact with its support. The near
contact of Pt to BaCO3 may also cause some problems especially when
considering aging, where BaCO3 and Pt can form PtBaCO3 under lean
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conditions. However, catalysts containing the latter phase have been shown
to be regenerable by reduction with hydrogen at relatively low temperature
[39].

3.4 Conclusions

With a two nozzle flame spray pyrolysis unit Pt/Ba/Al2O3 catalysts with
controlled deposition of Pt clusters on BaCO3 or Al2O3 were prepared for
studying the significance of Pt proximity to either Ba or Al in NOx storage-
reduction catalysts.

During storage, the beneficial role of a close interaction of Pt and
Ba for NOx uptake could be confirmed. However, Pt on Al2O3 exhibited
a better NO oxidation activity which was the limiting step for the overall
NO storage process at low temperatures (300 ◦C). During reduction, Pt on
Ba showed much better activity than Pt on Al2O3. This can be attributed
to the importance of reverse spill-over and the promotional effect of Ba
on the Pt reduction activity. Storage of NO and NO2 until saturation
revealed that the storage capacity is not limited by Ba but by the loss of
Pt oxidation activity during catalyst restructuring. At higher temperatures
(350 ◦C), the location of Pt barely affected the performance during storage
and reduction. Therefore spill over is not a limiting step anymore. These
differences of activity of Pt in contact with Al or Ba can be exploited for the
design of NSR catalysts with improved performance at low temperatures.
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Chapter

FOUR

Potassium in NOx storage-reduction

(NSR) catalysts1

Abstract

High surface area Pt/K/Al2O3 catalysts were prepared with a 2-nozzle
flame spray method resulting in Pt clusters on Al2O3 and amorphous K
storage material as evidenced by Raman spectroscopy. The powders had a
high NOx storage capacity and were regenerated fast in a model exhaust
gas environment. From 300 to 400 ◦C no excess NOx was detected in the
off gas during transition form fuel lean to fuel rich conditions, resulting
in a highly effective NOx removal performance. Above 500 ◦C, the NSR
activity was lost and not recovered at lower temperatures as K-compounds
were partially crystallized on the catalyst.

1Parts of this chapter are published in Top. Catal., 52 (2009) 1799-1802.
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4.1 Introduction

Stricter limits for exhaust emission motivate the development of new cat-
alysts especially for NOx removal under oxygen rich conditions as encoun-
tered in lean burn and direct injection engines. NOx storage-reduction
(NSR) catalysts [1] can trap exhaust NOx under fuel lean conditions on
an alkali or alkaline-earth metal in the form of metal-nitrates. The alka-
linity determines the NOx trap performance in the order: K > Ba > Sr
> Na > Ca > Li [2]. Regeneration of the NOx trap occurs under fuel
rich conditions where metal-nitrates are decomposed and the released NOx

is reduced to nitrogen [3]. Potassium- and barium-containing compounds
have been studied extensively for their NOx storage capacity [4]. The best
performance of K as storage material, especially at high temperatures, is
attributed to its stable nitrates [5]. Furthermore K2CO3 is less toxic and
cheaper than BaCO3. The main drawback of K is its low resistance to
sulfur poisoning whereby regeneration is possible at 700 ◦C [6]. Catalysts
for NSR are typically operated around 400 ◦C, however, their performance
at low temperature is also important. For example, during certification of
light duty vehicles, the exhaust stream is most of the time at 200 - 250 ◦C
[7].

Here novel flame-made catalysts are explored with high NOx removal
efficiency as they have inherent advantages compared to wet-prepared ones
[8]. More specifically amorphous K/Pt/Al2O3 was made by a 2-nozzle
FSP setup [9] which allowed simultaneous but separate synthesis of the
Al2O3 support and K-storage component along with Pt clusters and even
preferential Pt deposition on Al- or K-components [10].

4.2 Experimental

The Pt/K/Al2O3 catalysts were prepared by the 2-nozzle FSP having an
inter-nozzle distance (d) of 6 cm and an angle of 160◦ [10]. The Al-precursor
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solution consisted of aluminum-tri-sec-butoxide (Fluka, 95%) dissolved in
a 2:1 vol. ratio mixture of diethylene glycol monobutyl ether (Fluka, 98%)
and acetic anhydride (Riedel-de Haën, 99%). The aluminum concentration
was kept constant at 0.5 mol/L. The K-precursor was potassium acety-
lacetonate hemihydrate (Fluka, 97%) dissolved in 1:1 vol. ratio toluene
(Riedel-de Haën, 99%) and 2-ethyl hexanoic acid (Riedel-de Haën, 95%).
Platinum(II) acetylacetonate (STREM, 98%) was added to the K-solutions.
The concentration of the metals in the liquid was chosen to result in a
nominal Pt:K:Al2O3 weight ratio of 1:5.8:100. The K-precursor was fed
at 3 mL/min through the first nozzle and the Al-precursor was fed at
5 mL/min through the second nozzle. Each solution was dispersed with 5
L/min oxygen (PanGas, 99.95%) forming a fine spray. Both sprays were
ignited by premixed pilot flames having a CH4/O2 vol. ratio of 0.5 each
[11]. The specific surface area (SSA) was determined by a 5-point nitrogen
adsorption isotherm at 77 K using the BET method (Micrometrics Tristar).
X-ray diffraction (XRD) patterns were recorded with a Bruker D8 Advance
instrument (40 kV, 40 mA, λ = 0.154 nm) and Raman spectroscopy was
performed with a Renishaw InVia Reflex Raman system equipped with a
514-nm diode laser. The NSR measurements were made with 20 mg of cat-
alyst in a fixed-bed reactor (inner tube diameter of 4 mm). The NOx and
NO concentrations in the effluent gas were monitored by a chemilumines-
cence detector (ECO Physics, CLD 822S). The NOx conversion for a full
cycle (one storage and one reduction) was derived from the corresponding
NOx outlet concentration according to:

NOxconversion =
NOx,in −NOx,out

NOx,in

× 100% (4.1)

The NOx conversion was measured at 250 - 600 ◦C while switching
50 times between oxidizing (3 min in 667 ppm NO and 3.3% O2 in He) and
reducing (1 min in 667 ppm NO and 1’333 ppm C3H6 in He) atmospheres.
All catalysts were pretreated in 5% flowing H2 for 10 min at the same
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temperature as the NO storage test was made. The total gas flow rate
for all experiments was 60 mL/min corresponding to a space velocity of
72’000 h-1.

4.3 Results and Discussion

4.3.1 Structural properties

In XRDmeasurement only Al2O3 was detected [12] because the as-prepared
K2CO3 was amorphous and the Pt concentration was below the XRD de-
tection limit. The Al2O3 support was essential to produce high surface
area powders (SSA =146 m2/g) as the high surface area of pure Al2O3

(SSA=148 m2/g) keeps the K in a highly dispersed and amorphous state.
Spraying only K precursor resulted in low surface, crystalline K2CO3 with
a measured SSA of 7 m2/g. The amorphous nature of the 2-FSP-made
Pt/K/Al2O3 was confirmed by Raman spectroscopy as shown in Figure 4.1.
When the amorphous power was exposed to the low laser power of 17 mW,
no Raman signal was detected (Fig. 4.1a). When exposed to higher power
(25 mW in Fig. 4.1b) the K crystallized and typical K2CO3 signals were
detected at 1056 and 688 cm-1 [13]. This crystallization was irreversible as
shown in (Fig. 4.1c) when measuring the transformed K2CO3 at low laser
power (17 mW).

4.3.2 Dynamic NO storage-reduction

In Figure 4.2 the NOx conversion at different temperatures is shown for
50 fuel lean/rich cycles. The powder cycled very well at 300 ◦C with a
NOx conversion above 80%. At 350 ◦C the NOx conversion was increased
to 95% and at 400 ◦C almost no exhaust NOx could be detected at any
time. At 500 and 600 ◦C the NOx conversion decreased for both catalysts
to around 60%. This sudden drop could be attributed to partial crystal-
lization of K2CO3, though no difference in XRD could be observed. After
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Figure 4.1: Raman spectroscopy of as prepared amorphous potassium in
Pt/K/Al2O3 catalysts exposed at the same position first to (a) 17 mW
second to (b) 25 mW and third to (c) 17 mW. Crystalline K2CO3 was
irreversibly formed at high laser power in which later could be detected on
the low power, too.
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Figure 4.2: NOx exhaust concentration at steady state condition (46th

cycle) in fuel lean and fuel rich environment for different temperatures
(Pt/K/Al2O3 = 1/5.8/100).
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Figure 4.3: NOx exhaust concentration at steady state condition (46th

cycle) in fuel lean and fuel rich environment for different temperatures
(Pt/K/Al2O3 = 1/5.8/100).

the test at 600 ◦C, the same catalysts was examined at 300 ◦C and had
lost 50% of its performance compared to the corresponding fresh powder.
This indicates that the initial structure of the Pt/K/Al2O3 was altered at
600 ◦C and probably crystalline K2CO3 was formed, similar as in the Ra-
man investigation. Other catalysts were first cycled 50 times at 350 ◦C and
subsequently cycled 50 times at 300 ◦C. The low-temperature aged cata-
lysts showed similar, if not better, NOx conversions compared to a fresh
catalyst at 300 ◦C. To explain aging, further investigations are needed.

In Fig. 4.3 the outlet NOx concentration for the discussed temper-
atures are shown for the 46th cycle. During storage at 300 ◦C the NOx
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concentration continuously increases until the fuel rich cycle starts, where
the NOx concentration increases fast for a short time. This overshooting
has been observed before and attributed to formation of large amounts
of CO2 promoting NOx release [14]. Remarkable is here, that the maxi-
mal concentration of the NOx overshooting is below that of the NO inlet
concentration. This overshooting even decreased for 350 ◦C and nearly
disappeared at 400 ◦C. This can be explained by the fast storage and fast
regeneration by the synergistic effect of Pt and K [15].

The NOx concentration at 300 - 400 ◦C returns to zero in the fuel rich
phase within 30 seconds. This would allow shortening the fuel rich time, to
further optimize fuel usage. At 600 ◦C high overshooting signals are seen
with peak concentrations up to 3’000 ppm NOx, what is more than 4 times
the inlet NO concentration. At 600 ◦C the storage reaches 50% of the NOx

inlet concentration after one minute, to reach the same outlet concentration
the catalyst at 300 ◦C can store NO for 3 minutes. This is an indication
that surface storage sites were lost during temperature treatment. Aged
catalysts are similar to fresh ones at 250 ◦C where the Pt activity is still
too low to store NOx efficiently. The catalysts shown here perform very
well at 300 - 400 ◦C, and at elevated temperatures 60% NOx conversion
is attained, however, the initial storage activity is lost. This aging might
limit the use of these catalysts at high peak temperatures that could ruin
the Pt/K/Al2O3 structure, as in sulfur regeneration [6].

4.4 Conclusions

Flame synthesis of Pt/K/Al2O3 resulted in amorphous K2CO3 with NOx

conversion >80% in the optimal temperature range of 300 - 400 ◦C. This
high performance could be reached by fast NOx uptake during the fuel
lean and fast regeneration during the fuel rich phase. Additionally the
typical overshooting of the NOx signal during the switch from fuel lean
to fuel rich gases was significantly decreased and never exceed the inlet
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NOx concentration. This superior performance was attributed to good K
distribution in the catalysts and the amorphous nature of the K species.
High temperatures, however, alter the catalyst structure which lowers the
catalyst performance, an issue that requires further investigation.
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Chapter

FIVE

Efficiency of Pt and Pd spatially

distributed on NOx storage-reduction

catalysts1

Abstract

Catalysts for NOx storage and reduction (NSR) were prepared with a twin
flame spray pyrolysis (FSP) unit allowing the preferential deposition of
Pd and/or Pt nanoparticles on the catalyst’s storage (K2CO3) or support
(Al2O3) components. The structural properties of the catalysts were char-
acterized by nitrogen adsorption, CO chemisorption combined with dif-
fuse reflectance infrared Fourier transform spectroscopy (DRIFTS), X-ray
diffraction, and electron microscopy. Various combinations with Pt and
Pd either deposited on the storage component (K2CO3) or the support
(Al2O3) were tested by fuel lean/rich cycling exhibiting NOx conversion
above 90% at 300 ◦C. At 250 ◦C the best performance was achieved when

1Parts of this chapter are published in Appl. Catal. B-Environ 101 (2011) 682-689.



92 Chapter 5: Spatially distributed Pt and Pd

Pt was deposited on K2CO3, whereas Pd was more active when deposited
on Al2O3, albeit the activity of Pd to reduce NOx was low. Mixing Pd with
Pt, that is depositing both noble metals on the same component (storage
component or support), lowered the NOx conversion, in some cases even
below that of Pt only catalysts. In Pt/Pd/Ba/CeO2 catalysts, where Pd
was deposited on the Ba storage component and Pt on the CeO2 support,
Pd became active above 300 ◦C showing best reduction performance. At
these temperatures Pt/Pd/Ba/CeO2 catalysts where the two noble met-
als were separated by deposition on the storage and support components
showed superior behavior compared to corresponding single noble metal
catalysts.

5.1 Introduction

Nitrogen oxides storage-reduction (NSR) catalysts [1] can be used to re-
duce NOx emission from mobile sources [2]. Hereby the exhaust NOx is
trapped (stored) under fuel lean conditions on an alkali or alkaline-earth
metal compound (oxide, hydroxide, carbonate) as metal nitrate [3]. The
storage performance of such metal compounds follows the order K > Ba >
Sr ≈ Na > Ca > Li [4]. Regeneration of the NOx trap occurs under fuel
rich conditions where metal nitrates are decomposed and the released NOx

is eventually reduced to nitrogen [5]. Potassium- and barium-containing
compounds have been studied extensively for their NOx storage capacity
[6]. The excellent performance of potassium as storage material, especially
at high temperatures, was attributed to its stable nitrates [7]. Furthermore
K2CO3 is less toxic and cheaper than BaCO3. The main drawback of K
compounds are their low resistance to sulfur poisoning, whereby regener-
ation is possible at 700 ◦C [8]. Catalysts for NSR are operated typically
around 400 ◦C. However, the performance at low temperature is also impor-
tant because during engine cold start the catalyst needs first to be heated
up; during certification tests of light duty vehicles, the exhaust gas stream
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is mostly at 200 - 250 ◦C [9].
As noble metal typically Pt is used [4] which is only outperformed

by Pd below 400 ◦C [10], and Rh at low reductant concentrations [11].
Ohtsuka [12] observed for Pd a high reduction activity of NO2 to N2, and
for Pt a high NO to NO2 oxidation activity, concluding that a combination
of both catalysts may lead to improved performance [13]. Mixtures of Pt
and Pd constituting a bimetallic alloy could also be attractive since the two
metals are miscible and result in ordered alloys [14], although segregation
of Pd to the surface has been observed [15]. Bimetallic Pt-Pd clusters are
stable at higher temperatures [16], and have higher sulfur tolerance [17]
and oxidation activity [18].

Beside the noble metal and the storage component, also the noble
metal support is an important constituent of NSR catalysts. Platinum on
Al2O3 shows a high NO oxidation activity [19], while Ba-components (BaO,
BaCO3) enhance PtOx formation that is less active for NO oxidation [20].
Nevertheless, Pt on the Ba constituent also promotes Ba(NO3)2 decom-
position leading to good regeneration of the Ba storage component and
therefore long life cycle stability [21]. With flame spray pyrolysis (FSP) a
variety of efficient catalysts have been produced [22]. For NSR catalysts,
a two nozzle FSP setup was used to produce Ba and Al constituents sepa-
rately [23], also allowing deposition of the noble metal preferentially on the
storage or support components [24].

Here, we deposited Pd and Pt selectively on the storage component
(K2CO3 or BaCO3) or the support (Al2O3 or CeO2) to elucidate the in-
fluence of the composition and spatial distribution of noble metals on the
NOx storage-reduction performance.

5.2 Experimental

Catalysts containing Pd/Pt/K/Al2O3 were prepared using a twin noz-
zle FSP unit as described in [21]. The Al-precursor solution consisted
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of aluminum-tri-sec-butoxide (Fluka, 95%) dissolved in a 2:1 vol. ratio
mixture of diethylene glycol monobutyl ether (Fluka, 98%) and acetic an-
hydride (Riedel-de Haën, 99%). The aluminum concentration was kept
constant at 0.5 mol/L. The K-precursor was potassium acetylacetonate
hemihydrate (Fluka, 97%) dissolved in 1:1 vol. ratio toluene (Riedel-de
Haën, 99%) and 2-ethyl hexanoic acid (Riedel-de Haën, 95%). Appropriate
amounts of platinum(II) acetylacetonate (STREM, 98%) or palladium(II)
acetylacetonate (Fluka, 98%) were added to the K- or the Al-containing
precursor solutions. The concentration of the metals in the liquid was cho-
sen to result in a nominal Pt/Pd/K/Al2O3 weight ratio of x/y/11.38/100,
where x and y (for Pt and Pd, respectively) were either 0, 1, 2, or 3. A
noble metal weight ratio of 1, 2 and 3 corresponds to 0.8, 1.6 and 2.4
wt% content of total noble metals assuming that all potassium is present
as K2CO3, as confirmed by Raman spectroscopy [25]. The Pt/Ba/CeO2

catalysts were prepared as described in [24], using also Pd and keeping the
weight ratio M/Ba/CeO2 constant at 1/20/100, where M stands for the
sum ratio contribution of Pt and Pd.

In the notation used here, the noble metal and its weight relative
to the support are written next to the material with which it was co-
produced and therefore preferential deposition on these components is ex-
pected, as proven in an earlier work [21]. For example Al-K3Pt means
that Pt-acetylacetonate was dissolved in the K-precursor solution and the
weight ratio Pt/K/Al2O3 was 3/11.38/100, and 2PdAl-K means that Pd
acetylacetonate was dissolved in the Al-precursor solution with a weight
ratio of Pd/K/Al2O3 of 2/11.38/100.

The K-precursor solution was fed at 3 mL/min through one nozzle
and the Al-precursor solution at 5 mL/min through the other nozzle. Each
solution was dispersed with 5 L/min oxygen (PanGas, 99.95%) forming a
fine spray. Both sprays were ignited by premixed pilot flames having a
CH4/O2 volume ratio of 0.5 each [25].

Nitrogen adsorption-desorption isotherms were measured at 77 K
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using a Micromeritics Tristar instrument. Specific surface areas (SSAs)
were determined from 5-point N2 adsorption isotherms at 77 K using the
BET method. The estimated accuracy was ±3%.

X-ray diffraction (XRD) analysis was performed at a scan rate of
0.03◦ min-1 from 10◦ to 70◦ with a Bruker D8 Advance instrument (40
kV, 40 mA, λ = 0.154 nm). The Al2O3 and K2CO3 crystallite sizes were
determined fitting the X-ray line broadening of the (011) peak of K2CO3

and the (224) peak of Al2O3 using the fundamental parameter approach
and the Rietveld method in TOPAS3 software [26].

The amount of CO chemisorbed on the noble metal components was
measured by means of CO-pulse method at 40 ◦C after pretreating the
catalysts at 300 ◦C under 5% H2/Ar using a Micromeritics Autochem II
2920 instrument [27]. Diffuse reflectance infrared Fourier transform spec-
troscopy (DRIFTS) was carried out with an EQUINOX 55 spectrometer
(Bruker Optics) [28]. Spectra were collected by averaging 100 scans at
4 cm-1 resolution. The average stoichiometric factor (SF) of chemisorbed
CO was determined by taking the ratio from the peak area between linear
and bridged bonded CO [29] of the fitted spectrum. The peak positions
were determined using Fourier self-deconvolution [30, 31]. Peak positions
below 1950 cm-1 were considered as bridged CO, whereas linear CO is re-
ported to be between 2100 cm-1 and 1950 cm-1 [32].The estimated accuracy
was ±5%.

Catalytic tests were carried out with 20 mg of catalyst with a mesh-
size smaller than 0.3 mm, in a quartz fixed-bed reactor of 4 mm inner
diameter and measured bed length of 10 mm using the Autochem II unit
(Micromeretics) as described in [33]. The NOx conversion was measured
at 250 and 300 ◦C while switching 50 times between oxidizing (3 min in
667 ppm NO and 3.3 % O2 in He) and reducing (1 min in 667 ppm NO and
1’333 ppm C3H6 in He) conditions. Prior to the experiments, all catalysts
were pretreated in 5% H2 in Ar (40 mL/min) for 10 min at the same
temperature as the subsequent NO storage test. The total gas flow rate
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for all experiments was 60 mL/min corresponding to a space velocity of
72’000 h-1. Temperature programmed reduction (TPR) was performed at
above fuel rich conditions (667 ppm NO and 1’333 ppm C3H6 in He) and
heating at 10 ◦C/min.

5.3 Results and Discussion

5.3.1 Structural properties

A survey of the various Pt and Pd based catalysts produced by FSP using
the twin nozzle system is given in Figure 5.1. We can distinguish between Pt
and Pd catalysts where the noble metal was preferentially deposited either
on the K2CO3 storage component or the Al2O3 support. Furthermore
Pt and Pd containing catalysts were produced in which the noble metal
components were separately deposited on either the storage (K2CO3) or the
support (Al2O3) components. Finally, a series of catalysts were prepared
in which both noble metals were mixed (metal precursors fed through the
same nozzle) and deposited on the storage components.

All the flame-derived catalyst powders were virtually nonporous as
indicated by the typical nitrogen adsorption-desorption isotherms observed
(Fig. 5.2) which all showed a hysteresis at high relative pressure due to
interparticle void space of the powders. Mean crystal sizes derived by X-ray
line broadening for the storage and support components were (Table 5.1):
K2CO3, 10-20 nm; Al2O3, 5-10 nm.

It has been demonstrated in a previous study by means of electron
microscopy combined with EDX and by EXAFS that the twin nozzle sys-
tem effectively allows the preferential deposition of noble metal particles
on either the storage or support material [21]. Here we used DRIFTS mea-
surement with CO to gain some further insight about the distribution of
the noble metals on the different components (vide infra).

Some physical properties (BET surface areas, K2CO3 and Al2O3
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Figure 5.1: Survey of different Pt and Pd based catalysts prepared by FSP
using the twin nozzle system with different feed compositions.
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Figure 5.2: Nitrogen adsorption-desorption isotherms for selected mixed,
separated and Pd only NOx storage catalyst.
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crystallite sizes, CO adsorption uptake, stoichiometric factors of CO ad-
sorption and average metal dispersion) of the flame derived catalysts are
listed in Table 5.1. For Pt catalysts, both SSA and CO chemisorption up-
take and thus Pt dispersion decreased with increasing Pt loading on the
storage component. This is in line with other reports where higher Pt
content [34] and lower support specific surface area [35] resulted in lower
Pt dispersion. Platinum on Al2O3 (3PtAl-K) showed higher dispersion
than Pt on the alkali metal (K) storage component (Al-K3Pt), as also ob-
served previously for catalysts based on Ba containing storage components,
Pt/Ba/ Al2O3 [21] and Pt/Ba/CeO2 [24]. This is attributed to both the
higher specific surface area of Al2O3 compared to the alkali metal storage
compound(s) as well as the difference in surface properties between these
materials e.g. the acid-base properties and wetting angle [36].

In contrast to Pt based catalysts, with Pd catalysts the Pd loading
barely influenced the SSA of the powders, but the Pd dispersion decreased
with higher Pd loading, as expected (Table 5.1). Although catalysts with
Pd on Al2O3 had a 10% smaller SSA, the Pd dispersion in 3PdAl-K was
higher than Al-K3Pd.

For the Pt and Pd containing catalysts (separated and mixed Pt/Pd)
the overall noble metal content was kept constant (2.4 wt%). The separated
Pt-Pd catalysts showed a slight decline in SSA with higher Pd loadings, but
their noble metal dispersion was almost constant, about 29% (Table 5.1).

For the mixed Pt/Pd catalysts on K2CO3 the specific surface area
was rather constant. For the same amount of Pt and Pd (Al-K1.5Pt1.5Pd),
a lower noble metal dispersion of 20% was measured, while Al-K2Pt1Pd and
Al-K1Pt2Pd showed higher CO uptake indicating a higher dispersion for
the Al-K1Pt2Pd catalysts. In a previous study dealing with flame-derived
mixed Pt-Pd on alumina catalysts we investigated the catalysts by means
of EDXS and EXAFS and evidenced that the as-prepared Pt-Pd catalysts
were partly alloyed after reduction at 250 ◦C [16].

The stoichiometric factors (SF) were calculated from DRIFT spectra
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of adsorbed CO, six representative examples are shown in Figure 5.3. In
the spectra two vibrational modes can be identified: linear bonded CO at
around 2080-1950 cm-1 and bridged CO with a broad and less intensive sig-
nal ranging from 1900-1800 cm-1 [32]. Basic surfaces are known to increase
the ratio of bridged to linear bonded CO [28] because the electron density of
the supported Pt increases [37]. The DRIFT spectra of Al-K3Pt (Fig. 5.3)
shows the typical double peak of Pt/ Al2O3 at 2080 cm-1 of the linear CO
bonding and a broad band at 1800 cm-1 for the bridged CO. From the areas
below linear and bridged CO the SFs were calculated (Table 5.1). For ex-
ample Al-K1Pt and Al-K2Pt showed both an SF of 1.45 [38]. The catalysts
with Al-K3Pt (SF= 1.53) a significant but only slightly higher compared
to 3PtAl-K (SF= 1.49) as K2CO3 promotes the formation of bridged CO
[39].

In the spectra of the 3PtAl-K catalysts, additional 2011 and 1893 cm-1

bands were detected. The band at 2069 cm-1 in 3PtAl-K shifted to a higher
wavenumber at 2079 cm-1 in Al-K3Pt catalysts probably because of the
higher basicity of the Pt support [28]. More bridged CO was observed
for the Pd catalysts and, similar as for the Pt catalysts, the vibrational
signal due to CO adsorbed on Pd supported on K2CO3 shifted to higher
wavenumber. The Al-K3Pd showed additional bands at 1973 cm-1, a band
also observed in Pd/MgO [40], indicating that the Pd was supported rather
on basic K2CO3 than on acidic Al2O3 as the band around 1970 cm-1 is
missing in the spectra of 3PdAl-K. The signal due to bridged CO on pure
Pd appears at higher wavenumber indicating that bridged CO is adsorbed
stronger on the Pd surface [40].

The spectra ofmixed Pt/Pd and separated Pt-Pd were similar to each
other and resemble the spectra of the corresponding Pd catalyst. Also the
mixed Pt/Pd showed the 1963 cm-1 signal that was already observed for Al-
K3Pd but at a slightly lower wavenumber. The striking resemblance of the
spectra observed for CO adsorption on the pure Pd catalysts suggest that
independent Pt and Pd clusters were not dominating but rather alloyed
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Figure 5.3: DRIFT spectra of CO adsorption and the deconvoluted com-
ponents of the CO bands for Pt and/or Pd deposited on Al2O3 or K2CO3.
The fitted spectrum and the deconvoluted components are represented with
dashed and gray lines, respectively.
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Pt/Pd particles with segregation of Pd to their surface [15].

5.3.2 NOx storage-reduction on single noble metal Pt
or Pd catalysts

Figure 5.4 shows NOx conversion for different Pt loadings on K2CO3 at
250 and 300 ◦C, respectively. At 300 ◦C catalysts Al-K2Pt and Al-K3Pt
converted all NO fed to the reactor to N2 while for the Al-K1Pt about 20%
of the inlet NO was still in the off-gas after 10 cycles. Although the Pt
dispersion decreased from 32 to 24% with higher Pt loading (Table 5.1),
the number of exposed Pt sites increased (calculated from the dispersion
as 14, 21 and 30 mol Ptsurface/gCat), resulting in higher overall activity
[4]. Additionally the proximity of Pt to K2CO3 promoted Pt activity [41]
offering an advantage, especially at lower temperatures (<350 ◦C) [21].
At 250 ◦C, the NOx conversion increased significantly with increasing Pt
loading. During the first 10 cycles, the initial NOx storage rate was higher
than that regenerated as N2 during the fuel rich cycle, leading to a high
initial NOx conversion rate. After about 15 cycles, the NOx conversion
approached nearly a steady-state. For catalysts with higher Pt loading,
the deactivation rate was slower [42, 43].

Figure 5.5 shows the NOx conversion for different Pd loadings on
the storage component (K2CO3) at 250 and 300 ◦C, respectively. Higher
temperatures and noble metal loadings resulted in higher NOx conversion,
as expected. Increasing the Pd loading from Al-K2Pd to Al-K3Pd, how-
ever, did not result in higher NOx conversion at 250 ◦C, indicating that
this operation temperature was too low [44]. From the results shown in
Figs. 5.4 and 5.5 it emerges that Pd performed less well compared to Pt.
The difference was particularly significant at 250 ◦C for the catalysts with
the highest noble metal loading (2.4 wt%) and at 300 ◦C where NOx con-
version on Pt reached almost 100%. Figure 5.6 shows the NOx conversion
at 250 ◦C for catalysts with the highest Pt or Pd loading (2.4 wt%) prefer-
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Figure 5.4: NOx conversion of Pt/K/Al2O3 as a function of cycle number
for catalysts with increasing weight loading of Pt selectively deposited on K-
storage component (K2CO3) at 250 ◦C (open symbols) and 300 ◦C (filled
symbols).



Results and Discussion 105

Figure 5.5: NOx conversion of Pd/K/Al2O3 catalysts with different weight
loading of Pd selectively deposited on the K2CO3 storage component at
250 ◦C (open symbols) and 300 ◦C (filled symbols).
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entially located on the support (Al2O3) along with the corresponding data
or the catalysts with the noble metal on the storage component (K2CO3)
from Figs. 5.4 and 5.5 for comparison. For Pt deposited on K2CO3, the
highest NOx conversion was observed. The close proximity of Pt to K2CO3

was beneficial for storage and especially the reduction of stored NOx under
fuel rich conditions [21]. After 10 cycles, the difference in performance be-
tween the two catalysts was highest, while after 50 cycles the performances
became similar. A feasible explanation for this behavior may be that dur-
ing cycling, the potassium containing phase expanded according the overall
reaction:

K2CO3 + 2NO+ 3
2O2

−−⇀↽−− 2KNO3 +CO2 (5.1)

with the density of the storage phase decreasing from 2.29 g/cm3

(K2CO3) to 2.11 g/cm3 (KNO3) [45]. Thus during NOx trapping the vol-
ume expansion of the storage component may lead to partial blocking of
active noble metal sites. During the initial 5 cycles, Al-K3Pt stored almost
100% of inlet NOx, whereas 3PtAl-K showed this only for the first 2 cycles.
Thus in Al-K3Pt apparently all storage sites were initially regenerated and
could store NOx. However, upon further cycling part of the potassium
storage component was not regenerated during the fuel rich period prob-
ably due to hindered accessibility and several cycles were needed to reach
a quasi steady-state. The initial difference in Pt dispersion of 24 and 42%
for both catalysts containing 2.4 wt% Pt (Table 5.1) seemed not to affect
significantly the final NSR performance.

The difference in the behavior of catalysts with the noble metal de-
posited on K2CO3 and Al2O3 was much more prominent with Pd (Fig. 5.6)
where the best performance was observed when Pd was preferentially de-
posited on the Al2O3 support while for most cycles, Pd on Al2O3 was less
active than Pt on K2CO3, after 10 cycles their performances were similar
for 4 cycles. Up to about 20 cycles 3PdAl-K performed better than 3PtAl-
K but upon further cycling the Pd activity continuously decreased. Since
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Figure 5.6: NOx conversion of catalysts where Pt or Pd were deposited on
the storage (K) or support (Al) component at 250 ◦C. Note that the highest
NOx conversion was observed for catalysts with Pd deposited on Al2O3 and
Pt on K2CO3.
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Pd tends to form PdOx easily, the potassium nitrates were not completely
regenerated at this low temperature (250 ◦C). Palladium on K2CO3 deacti-
vated even faster than on Al2O3, as also observed with Pt close to Ba [20].
Palladium on Al2O3 still reduced 60% of the inlet NOx after 50 cycles but
the deactivation did not stop completely. This indicates that the catalysts
stored more NOx than was reduced during the fuel rich period.

5.3.3 Storage-reduction behavior of catalysts with sep-
arated Pt and Pd

It emerges from Fig. 5.6 that Pt deposited on the storage component
(K2CO3) showed better performance, whereas the performance of Pd at
250 ◦C was higher when it was deposited on Al2O3. These two catalysts
were combined to separated Pt-Pd catalysts with Pt on K2CO3 and Pd on
Al2O3 with a constant noble metal content of 2.4 wt% while the Pt to Pd
weight ratio was varied from 1:2, 1.5:1.5 and 2:1. Increasing the Pd content
increased the NOx conversion (Fig. 5.7) even though higher Pd loading re-
duced the SSA and number of CO adsorption sites (Table 5.1). Regardless
of the Pd/Pt ratio, with increasing cycle number the NOx conversion de-
creased continuously, as observed with Pd only at 250 ◦C (Fig. 5.5). The
highly active Al-K2Pt (Fig. 5.4) converted twice as much NOx than the
1PdAl-K2Pt catalyst (Figs. 5.4 and 5.7) even though the former contained
less noble metal (1.8 wt%) than the latter (2.4wt%). Apparently the Pd
presence limited the NOx conversion.

Figure 5.8 shows the NOx outlet concentration for the 1PdAl-K2Pt
(solid line) and the Al-K2Pt (broken line) catalysts. For the Pd-containing
catalyst the NOx concentration did not become zero during the fuel rich
periods, as it should. Apparently this catalyst did not fully reduce NOx,
while the corresponding Pd-free catalyst, Al-K2Pt, did. There are several
reasons which could explain this behavior: (i) Adsorbed NOx was released
from the catalyst surface during lean periods, (ii) Pd catalyzed NOx for-
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Figure 5.7: NOx conversion for Pt and Pd containing catalysts with
2.4wt% noble metal loading, where Pd was deposited on Al and Pt on K
components. For comparison the NOx conversion of the Al-K 2Pt catalyst
(Fig. 5.5) is also shown.



110 Chapter 5: Spatially distributed Pt and Pd

mation, (iii) some Pd/Pt alloy was formed and/or Pd was enriched on the
surface thus inhibiting the Pt activity. NOx can be adsorbed, especially at
low temperatures (< 300 ◦C), on Pd [46], Pt [47, 48], Al2O3 [49] or K2CO3

[50]. Nevertheless, the adsorbed amounts were rather low, the release was
5̃00 ppm NO (as the NO2 in the off gas was very low) for about 1 minute,
corresponding to 67 molNOx/gCat. This relates to about 6 monolayers of
NO, assuming 0.5 NO per surface Pd [51].

Formation of NO2 by high temperature oxidation of N2 has been ob-
served for PdO catalysts under fuel rich conditions [52]. The temperature
of 250 ◦C is not high enough to promote NOx formation, and even C3H6

combustion might be difficult [53]. Figure 5.9a shows the profiles of temper-
ature programmed reduction of NO with C3H6 for 2PtK-Al and 2PdK-Al
catalysts. For the latter almost all NOx was reduced above 300 ◦C, whereas
at 180 - 250 ◦C more NOx in the exhaust than in the inlet was detected,
reaching a maximum at 230 ◦C where the outlet was almost twice the inlet
NOx concentration. The NOx concentration of the 2PtK-Al catalyst did
not overshoot at this temperature.

In Figure 5.9b the catalysts were only heated to 230 ◦C (where the
maximal NO signal in Fig. 5.9a was observed) and kept there for 1 hour.
For the Pd-containing catalysts again more NOx was released from the sam-
ple than NO was in the inlet. After a few minutes at isothermal conditions,
NOx levels dropped and reached a steady-state. At this steady-state condi-
tion, Pd-containing catalysts reduced more NO than the Pt catalysts. This
behavior agrees with previous observations that Pd is the better NO reduc-
tion catalyst at [12] and above 300 ◦C [53]. As shown in Figure 5.9b, Pd
had a higher NO reduction activity even at 230 ◦C. Nevertheless, to benefit
from this Pd activity, steady-state had to be established first which took
several minutes. This could explain the rather surprising behavior shown
in Figure 5.8, where the fuel rich time was only 1 minute, as proposed for
practical systems [54]. In between the reducing phases, the catalysts were
exposed to fuel lean conditions and therefore the observed effect was not
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Figure 5.8: NOx outlet concentration for two Pt catalysts with (solid line)
and without Pd (dashed). In the presence of Pd the stored NOx was not
fully reduced during the fuel rich phase and therefore 1PdAl-K2Pt was not
active at 250 ◦C.
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only a function of the accumulated reducing time (here 50 times for 1 min).
Interestingly, also a 10 min pretreatment of the Pd catalysts at a higher
temperature of 300 ◦C did not result in higher steady-state NOx conversion
(experiment not shown).

In conclusion we can state that in separated Pt-Pd catalysts, the
Pd behavior seems to dominate as Pd apparently inhibits the Pt activity.
Although Pd in the present catalysts was fairly well separated from Pt,
it apparently negatively affected its performance. It could be that small
amounts of Pd mixed with Pt and formed alloyed particles, which are less
active at lower temperatures because of H2O-induced poisoning of the Pd-
Pt mixtures [55]. With the two-nozzle FSP also mixed (alloyed) catalysts
have been prepared deliberately and are discussed next.

5.3.4 Storage reduction behavior of mixed Pt/Pd

Figure 5.10 shows NOx conversion from NSR catalysts with mixed Pt/Pd
on the K2CO3 storage component at constant total noble metal content (2.4
wt%) at 250 ◦C. Interestingly, pure noble metals (Al-K3Pt and Al-K3Pd)
had a higher activity (Fig. 5.4 and 5.5), whereas the 1:1 Pt:Pd mixture
with the lowest noble metal dispersion of 20% (Table 5.1) showed lowest
activity. Also Persson et al. [55] observed lower dispersions for equal Pt and
Pd mixtures and explained it with the lower surface area of the support. In
our case, however, specific surface areas of all mixed Pt/Pd catalysts were
almost identical. Al-K2Pt1Pd performed similar as Al-K3Pd and better
than Al-K1Pt2Pd. This is an indication that Pt is the most active species
in mixed systems at 250 ◦C as probably not all metal constituents were
alloyed or surface enriched with Pd. Note that Pd also had a lower activity
in combination with Pt, than in its pure form.

In conclusion, it seems that at low temperatures (T < 300 ◦C), as-
prepared bimetallic noble metals do not bring any benefit for NSR applica-
tions, because Pd does not contribute to catalysis in the low temperature
region. As Pd probably is located preferentially on the Pt surface [15], it
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Table 5.2: Structural properties of Pt/Pd/Ba/CeO2 catalyst powders:
SSA and XRD crystal size.

Catalyst SSAa dBaCO3
b dCeO2

c

m2/g nm nm

0.5PtCe-Ba0.5Pd 131 8.7 8.2
0.5PdCe - Ba 0.5Pt 127 7.5 7.9

Ce - Ba 1Pd 123 5.7 8.0
1PtCe - Ba 127 8.0 8.3

aSpecific surface area (SSA) measured with BET method.
bMean crystallite size of BaCO3 determined by X-ray line broadening of (1 -1 -1)

reflections.
cMean crystallite size of CeO2 determined by X-ray line broadening of (111) reflec-

tions

may hinder the activity of Pt. To see the beneficial effect of Pd in separated
Pt - Pd and mixed Pt/Pd, higher temperatures are needed [12].

5.3.5 Pd at higher temperatures using Ba as storage
compound

At higher temperatures, Pd catalysts perform better as the transient time,
shown in Figure 5.9, is shorter and NOx can be reduced more effectively.
Pt/Pd/K/Al catalysts converted almost 100% NOx to N2 at 300 ◦C. To
demonstrate the Pd performance at these temperatures a catalyst with a
NOx conversion below 90% at 350 ◦C was chosen: Pt/Pd/Ba/CeO2 [24].
Table 5.2 summarizes the properties of the here used Pt/Pd/Ba/CeO2 cat-
alysts. The SSA was almost constant between 123 and 131 m2/g. Also the
crystal size of BaCO3 (dBaCO3

) and CeO2 (dCeO2
) is constant at around 8

nm.
Figure 5.11 shows that 0.5PtCe-BaPd0.5 exhibited the best perfor-

mance which was slightly lower when the locations of the deposition of
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Figure 5.10: NOx conversion of NSR catalysts with mixed Pt/Pd deposited
on the K2CO3 component along with the data for pure Pt and Pd (Figs. 5.5
and 5.6). Single noble metal catalysts performed better than the bimetallic
catalysts. For the mixed Pt/Pd system higher Pt loadings were beneficial.
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Figure 5.11: NOx conversion of Pt/Pd/Ba/CeO2 catalysts with Pt and Pd
selectively deposited on support (CeO2) or storage (BaCO3) components.
Catalysts with constant weight ratio noble metal: Ba: CeO2 of 1:20:100.
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the two noble metal were switched. Pd only catalysts showed lower per-
formance than the combination of Pt and Pd, while Pt only on CeO2 did
not show a steady-state behavior, because the catalysts did not regenerate
properly, as an efficient noble metal near the storage material (Ba or K) is
needed to promote nitrate decomposition [21]. Palladium on Ba performed
that well because Pd is a superior catalyst for NOx to N2 reduction, while
Pt is most suitable for the oxidation of NO to NO2 [12]. This favorable
reduction efficiency of Pd can only be seen at elevated temperatures, here
above 300 ◦C.

Technical catalysts have to operate in a broad temperature range.
Here we demonstrated that the high temperature advantage of Pd can be-
come a disadvantage and even hinder the Pt activity below 300 ◦C. There-
fore zones with lower operation temperatures, or being active during cold
starts, should contain catalysts with Pt noble metal only. On the other,
hand combined Pt and Pd catalysts could be advantageous at steady-state
conditions in exhaust zones with operation temperature above 300 ◦C.

5.4 Conclusions

Platinum and palladium containing NSR catalysts based on K2CO3 as stor-
age and Al2O3 as support materials were prepared by a twin nozzle FSP
setup, which allowed preferential deposition of the noble metals either on
the storage or support component. The catalysts with different spatial
distribution of the noble metals were tested in a model off gas and their
ability to reduce NOx was investigated. Generally, better NOx conver-
sion was observed at higher temperatures and higher noble metal loadings.
At 300 ◦C all Pt/Pd/K/Al2O3 catalysts reduced more than 90% of the
inlet NO. Therefore the catalysts were investigated at lower temperature
of 250 ◦C, where Pt showed the best performance when deposited on the
K2CO3 storage component, while Pd was most efficient when deposited
on the Al2O3 support. At 250 ◦C the activity of Pd to reduce NOx was
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low. In some cases (e.g. 1PdAl-K2Pt) the addition of Pd even lowered the
overall NOx conversion rate compared to Pd free (e.g. Al-K2Pt) catalyst.
For mixed Pt/Pd catalysts higher Pt loadings showed improved catalytic
performance, however comparing it to corresponding pure noble metals, the
mixed Pt/Pd combination did not improve the NOx conversion at 250 ◦C.
Palladium was efficient at higher temperatures where it showed a better
activity for reduction than Pt, which was most efficient as an oxidation
catalyst when deposited on CeO2.
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Chapter

SIX

Mono- and bimetallic Rh and Pt

NSR-catalysts prepared by controlled

deposition of noble metals on support

or storage component1

Abstract

Mono- and bimetallic Rh and Pt based NOx storage-reduction (NSR) cat-
alysts, where the noble metals were deposited on the Al2O3 support or
BaCO3 storage component, have been prepared using a twin flame spray
pyrolysis setup. The catalysts were characterized by nitrogen adsorption,
CO chemisorption combined with diffuse reflectance infrared Fourier trans-
form spectroscopy, X-ray diffraction, and scanning transmission electron
microscopy combined with energy dispersive X-ray spectroscopy. The NSR
performance of the catalysts was investigated by fuel lean/rich cycling in

1This chapter was submitted to review
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the absence and presence of SO2 (25 ppm) as well as after H2 desulfation
at 750 ◦C. The performance increased when Rh was located on BaCO3

enabling good catalyst regeneration during the fuel rich phase. Best per-
formance was observed for bimetallic catalysts where the noble metals were
separated, with Pt on Al2O3 and Rh on BaCO3. The Rh-containing cata-
lysts generally showed much higher tolerance to SO2 during fuel rich con-
ditions and lost only little activity during thermal aging at 750 ◦C.

6.1 Introduction

Traditional three-way catalysts [1] cannot efficiently reduce NOx to N2 un-
der oxygen rich conditions that are encountered in fuel lean combustion
and direct injection engines. Therefore, selective catalytic reduction (SCR)
[2] and NOx storage-reduction (NSR) catalysts have been developed [3].
In the latter process, the exhaust NOx is trapped under oxygen rich con-
ditions on an alkali or alkaline-earth metal (e.g. K, Ba.) mainly in the
form of corresponding metal-nitrates [4]. Because NSR catalysts do not
need an additional reducing fuel (like NH3 or urea as in SCR) and require
less mounting space, they are particularly attractive for compact cars [5].
Drawbacks of NSR catalysts are connected with deterioration [6], thermal
aging [7] and sulfur poisoning [8]. Sulfur typically present in the fuel and
lubricant oils [9], is oxidized to SO2 during combustion. The SO2 in the
exhaust gas can adsorb on the catalyst poisoning it. As poisoned catalysts
typically require regeneration temperatures above 700 ◦C [10]. Catalyst
deactivation was found to be strongest by SO2, compared to other sulfur-
containing species like H2S and COS [11]. Furthermore, SO2 deactivates
NSR catalysts faster during the fuel rich periods [12].

The effect of SO2 on the storage material and the noble metal are
different [12]: As concerns the noble metal, SO2 can have negative as well
as positive influence on the catalyst’s oxidation activity: e.g. while 20 ppm
SO2 decreased the activity for propene oxidation of Pt/Al2O3 catalysts,
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the same concentration of SO2 had a positive effect on propane oxidation
[13] because PtO2 is reduced in the presence of SO2 to Pt [14]. In contrast
to Pt, for Rh no loss of NO reduction activity was observed in the presence
of SO2 [15]. Furthermore Rh is a highly active NO reduction catalyst [16]
that enhances the regeneration of Ba-nitrates [17]. After regeneration of
H2S poisoned catalysts, Rh showed the highest CH4 oxidation performance
among alumina supported Pt, Pd or Rh catalysts [18]. In the presence of
SO2, the NOx reduction activity of Pt based catalysts decreases while that
of Rh catalysts is less affected [19]. For Rh, however, the NOx oxidation is
inhibited in the presence of SO2, while Pt was SO2 tolerant [20]. Combi-
nations of Pt and Rh maintained their activity for the entire NSR process
[21]. Also for CO/hydrocarbon mixtures, combinations of Pt and Rh gave
better performance than either metal alone [22]. Computational analysis
predicted the segregation of Rh to the surface of Pt for combined Rh/Pt
systems [23]. Sulfur compounds can also chemisorb on the storage compo-
nent finally forming sulfates [24], e.g. BaSO4 which decomposes at higher
temperatures than Ba(NO3)2 and thus lowers the number of Ba-sites active
in NOx storage. The rate of NOx uptake was found to decrease proportion-
ally to the SO2 dosing, indicating that the amount of SO2 uptake is more
important than the actual SO2 concentration for catalyst deactivation [25].

With flame spray pyrolysis (FSP) a variety of materials for differ-
ent catalytic applications have been synthesized [26]. For NSR catalysts,
a two-nozzle FSP setup was used to produce the Ba and Al components
separately [27]. The as-formed BaCO3 is finely dispersed on the support
and can decompose to BaO and CO2 below 600 ◦C [28]. Additionally, the
two-nozzle FSP allows preferential deposition of noble metals on the storage
or support components [29]. Also bimetallic Pt/Pd clusters were produced
with FSP [30]. This bimetallic systems were more stable at higher temper-
ature (1’000 ◦C) [31] than the monometallic ones, and had higher sulfur
tolerance [32] and oxidation activity [33]. It has been shown previously that
the location of the noble metal is important in NSR. While Pt on Al2O3
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showed a high NO oxidation activity [34], Pt on the Ba component showed
a tendency to form PtOx which is less active than Pt0 for NO oxidation
[35]. Nevertheless, Pt on the Ba component also promotes Ba(NO3)2 de-
composition leading to good regeneration of the Ba storage component and
long cycle life [36].

Here, we investigated the structural and catalytic properties of mono-
and bimetallic Rh and Pt based NSR catalysts where the noble metals were
preferentially deposited either on the alumina support or on the storage
component (BaCO3). The influence of the noble metals and their location
on the NSR performance was investigated in the absence and presence of
SO2 in the feed gas.

6.2 Experimental

Mono- and bimetallic alumina-supported Rh and Pt catalysts containing
BaCO3 as storage component were prepared using a two-nozzle FSP [27]
unit with a two-nozzle angle of 160◦ to ensure the preferential deposi-
tion of noble metals [29]. Each nozzle used a premixed CH4/O2 flame
at a volume ratio of 1/2 to ignite and sustain the spray [37]. The Al-
precursor solution consisted of aluminum-tri-sec-butoxide (Fluka, 95%) dis-
solved in a 2:1 vol. ratio of diethylene glycol monobutyl ether (Fluka, 98%)
and acetic anhydride (Riedel-de Haën, 99%). The aluminum concentra-
tion was kept constant at 0.5 mol/L. The Ba-precursor solution consisted
of barium 2-ethylhexanoate (Aldrich, 98%) dissolved in 1:1 vol ratio of
toluene (Riedel-de Haën, 99%) and 2-ethylhexanoic acid (Riedel-de Haën,
95%) for a Ba concentration of 0.06 mol/L. Appropriate amounts of Rh-
2,4 pentanedionate (Alfa Aesar, 99.99%) and/or platinum(II) acetylaceto-
nate (Alfa Aesar, 98%) were added either to the Ba- or Al-solutions. The
Ba- and Al-precursor solutions were sprayed at 3 and 5 ml/min, respec-
tively, and both were dispersed with 5 L/min O2 (Pangas, 99,95%) each.
The Al-, Ba-, Rh/Pt- concentration and spray rates were chosen to result
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in a nominal (Rh+Pt)/Ba/Al2O3 weight ratio of 1/20/100. This corre-
sponds to a noble metal weight loading of 0.78 wt%, assuming that all
Ba is present as BaCO3 [28]. In the notation used here, the noble metal
and its mass relative to the support are written next to the material with
which it was co-produced, and therefore preferential deposition on these
components is expected [36]. For example, 0.5PtAl-Ba0.5Rh means that
Pt-acetylacetonate was dissolved in the Al-precursor solution and Rh-2,4
pentanedionate was dissolved in the Ba-precursor solution with a weight ra-
tio of Rh/Pt/Ba/Al2O3 of 0.5/0.5/20/100. Nitrogen adsorption-desorption
isotherms were measured at 77 K using a Micromeritics Tristar instrument.
The BET method was used to determine the specific surface area (SSA) by
a 5-point nitrogen adsorption isotherm. The estimated accuracy is ±3%.
X-ray diffraction (XRD) patterns were recorded with a Bruker D8 Advance
instrument (40 kV, 40 mA, λ =0.154 nm). Crystallite sizes and mass frac-
tions were calculated using the fundamental parameter approach and the
Rietveld method with the TOPAS 3 software at ±10% accuracy [36].

For scanning transmission electron microscopy (STEM), the catalyst
material was dispersed in ethanol and deposited onto a perforated carbon
foil supported on a copper grid (Okenshoji Co. Ltd.). The STEM images
were obtained with a high-angle annular dark-field (HAADF) detector at-
tached to a Tecnai 30F microscope (FEI; field emission cathode, operated
at 300 kV), showing the metal particles with bright contrast (Z contrast).
For qualitative analysis, the electron beam was set to selected areas in the
STEM images and the signal was measured by energy dispersive X-ray
spectroscopy (EDXS; detector: EDAX).

The amount of CO chemisorbed on the noble metals was measured
using a Micromeritics Autochem II 2920 with 10 CO-pulses at 40 ◦C after
pretreating the catalysts at 300 ◦C under 5% H2/Ar [28]. Diffuse reflectance
infrared Fourier transform spectroscopy (DRIFTS) was carried out with a
VECTOR 22 spectrometer (Bruker Optics). Spectra were obtained by
averaging 100 scans at 4 cm-1 resolution. The average stoichiometric fac-
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tor (SF) of chemisorbed CO was determined by taking the ratio from the
peak area between linear and bridged bonded CO [38] of the spectrum at
±5% accuracy. Band positions below 1950 cm-1 were considered as bridged
bound CO, while linear bound CO is that between 2100 cm-1 and 1950 cm-1

[39]. A sensitivity ratio of 0.8 for bridged CO with respect to linear bond
CO was assumed based on previous DFT simulations [40]. The average
noble metal dispersion (%) was calculated from the specific CO uptake
molCO/molmetal multiplied with the corresponding average stoichiometric
factor (SF) determined by DRIFTS.

For NSR testing, 20 mg of catalyst with 0.08-0.14 mm size fraction
were mixed with inert 383 mg SiC (size fraction 0.18-0.24 mm) and was
placed in a quartz glass reactor with an inner diameter of 4 mm, resulting
in a catalyst bed length of 2 cm. The as-prepared catalyst was heated up
to 300 ◦C under 300 ml/min He. A schematic of the reactor setup and the
experimental procedure applied for the catalytic tests is shown in Fig. 6.1.
With mass flow controllers (Brooks, 5850S) the O2 (Pangas, 99.95%), C3H6

(Pangas, 1% in He), NO (Linde, 1% in He) and He (Pangas, 99.996%) were
mixed to a total of 500 ml/min (assuming a void space of 0.4 this results in
a space velocity of 300’000 h-1) of fuel lean (400 ppm NO, 500 ppm C3H6,
and 8% O2, balance He), and fuel rich gases (400 ppm NO and 500 ppm
C3H6, balance He), similar to Amberntsson et al. [21]. Note that this
space velocity is considerably higher than the space velocities often used
in model type studies which range between 10’000-120’000 h-1 [41, 42] and
although the high space velocity the measured NOx conversions possible
axial structural gradients changing with time could not be ruled out. With
six control valves, the feed was controlled in a way that either fuel lean or
rich gas flowed through the catalyst bed, while the other gases were flowing
through the by-pass line to the sampling port.

The horizontally oriented oven (HTM Reetz, LK1100-40-400-2) al-
lowed to to heat the catalyst up to 1100 ◦C. All gas lines (stainless steel)
were heated to 120 ◦C to prevent water condensation. At the sampling
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Figure 6.1: Scheme of experimental setup (a) and procedure applied in
catalytic tests (b).
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port either the catalyst off-gas or the gas from the bypass line was se-
lected to calibrate the inlet concentration. The off-gas was analyzed with
a quadrupol mass spectrometer (MS; Pfeiffer vacuum, ThermoStar GSD
301) and a chemiluminescence detector (CLD; ECO Physics, CLD 822S).
Before the CLD, the off-gas was diluted with 400 ml/min air.

Catalyst performance was tested first for 10 cycles without sulfur
dioxide, then for 10 cycles with 25 ppm SO2 (2.5 ml/min, 5’000 ppm SO2

in N2, Pangas) while each cycle exposed the catalysts 5 min to a fuel lean
and 5 min to a fuel rich gas composition. The catalyst was then heated to
750 ◦C at 10 ◦C/min under 500 ml/min He and then held isothermally at
this temperature for 30 min. There, the catalyst was reduced with 2% H2 in
He (500 ml/min) and cooled down to 300 ◦C where the catalyst was tested
again for 10 fuel lean/rich cycles in the presence of 25 ppm SO2. The
test procedure is illustrated in Fig. 6.1b. For each cycle the NOx conver-
sion was calculated as: NOx,conv= (NOin-NOx,out)/ NOin. When repeating
measurement with fresh material the reported values varied by less than
10%. The stored NOx was calculated by integration of the NOx stored on
the catalyst during the fuel lean phase. The estimated accuracy was ±5%.
In order to account for possible NOx uptake and conversion caused by the
experimental setup blind tests with inert material (SiC) were performed.
These blind tests indicated NOx consumptions of < 4% which has been
taken into account in the data evaluation. Complete storage experiments
were done under the same gas flow conditions but the cycle length was
extended to 2 hours (1 hour lean and 1 hour rich) and the cycles were re-
peated 4 times without SO2 and subsequently 3 cycles in the presence of
25 ppm SO2. All gas flows were calibrated to 0 ◦C (Bios, Definer 220) with
an accuracy of ±1%.
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6.3 Results and Discussion

6.3.1 Structural properties of catalysts

Four types of M/BaCO3/Al2O3 NSR catalysts with different noble metal
(M) composition were synthesized using the twin nozzle system: Monometal-
lic Rh and Pt catalysts as well as bimetallic mixed Rh/Pt, and separated
Rh and Pt catalysts. In mixed Rh/Pt catalysts both noble metal precur-
sors were fed through the same nozzle resulting in their deposition on both
the support (Al2O3) and storage component (BaCO3). In separated Rh
and Pt catalysts one noble metal was deposited on the support and the
other on the storage material. We have demonstrated in a previous study
by means of electron microscopy combined with EDX [36] that the twin
nozzle system applied for the synthesis of the catalysts effectively allows
the preferential deposition of noble metal particles on either the storage or
support material. Here we used DRIFTS measurement with CO to gain
further insight into the distribution and state of the noble metals on the
different components (vide infra).

Fig. 6.2a-c shows for selected catalysts the typical STEM images
with EDXS of the highlighted area. For Al-Ba1Rh (Fig. 6.2a) the Rh sig-
nal in the EDXS was very weak compared to the Pt signal in bimetallic
mixed Al-Ba0.5Pt0.5Rh (Fig. 6.2b). Bimetallic separated 0.5PtAl-Ba0.5Rh
(Fig. 6.2c) showed no detectable Rh signal (probably due to the high dis-
persion of the Rh), however Ba and Pt were not detected together, an in-
dication that Pt and Rh were separated. The Cu and part of the C signal
are due to the Cu containing grid. All the flame-derived catalyst powders
were virtually nonporous as indicated by the typical nitrogen adsorption-
desorption isotherms observed (Fig. 6.2d), which all showed a hysteresis at
high relative pressure due to the interparticle void space of the powders.

Some physical properties (BET surface areas, BaCO3 and Al2O3

crystallite sizes, CO adsorption uptake, stoichiometric factors of CO ad-
sorption and average metal dispersion) of the flame derived catalysts are
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Figure 6.2: STEM and EDXS of indicated area for selected catalysts (a).
Al-Ba1Rh, (b) Al-Ba0.5Rh0.5Pt, and (c) 0.5PtAl-Ba0.5Rh. The Cu sig-
nal in the EDXS is due the support grid. In (d) BET isotherms of these
particles are shown, indicating that they are non-porous.
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listed in Table 6.1. The surface area (SSA) for Rh-containing catalysts
was fairly constant (161-170m2/g). The Pt-only catalysts showed a slightly
lower SSA (124-137m2/g). This may be attributed to the fact that the to-
tal noble metal weight was fixed to 0.78 wt% resulting in almost two times
higher number of Rh than Pt atoms due to the much lower atomic weight
of the former (ARh=102.9 g/mol, compared to Pt (APt=195.1 g/mol). In-
terestingly, a similar contribution to the surface area was not observed
with correspondingly prepared Pd (APd=106.4 g/mol) catalysts [30] which
showed about the same SSA (130m2/g) as the Pt catalysts. Corresponding
flame-made pure γ-Al2O3 and BaCO3 showed SSAs of 148 m2/g and 20
m2/g, respectively [36].

The bulk structure of as-prepared catalysts was determined by pow-
der XRD (Fig. 6.3). Fresh as-prepared powders showed the monoclinic
BaCO3 phase that transforms after some days, into the more stable ortho-
rhombic-BaCO3 [43]. The reported crystal sizes of BaCO3 refer to as-
prepared powders, where no orthorhombic BaCO3 was observed. Mean
crystal sizes derived from X-ray line broadening for the storage and sup-
port components were (Table 6.1):
BaCO3, 5-8 nm and for Al2O3, 8-12 nm.

CO adsorption measurements clearly showed higher CO uptake for
catalysts where Rh was deposited on alumina, while Rh deposition on
BaCO3 resulted in low CO uptake indicating low dispersion. This is at-
tributed to both the higher specific surface area of Al2O3 compared to
BaCO3 as well as the difference in surface properties between these mate-
rials e.g. the acid-base properties and wetting angle [44]. The noble metal
dispersion ranged from 6% (Al-Ba1Rh) to over 36% (0.5RhAl-Ba0.5Pt).

DRIFTS measurements of CO adsorption (Fig. 6.4) provided further
insight into the state of the noble metals present in the flame-derived cata-
lysts. Similar signal intensity for comparable materials were observed with
exception of the Pt-only catalysts showing a three times lower signal inten-
sity. The higher intensity of the vibrational bands observed with Rh-only



Results and Discussion 139

Figure 6.3: XRD patterns of selected as-prepared catalysts. Characteristic
reflections of monoclinic BaCO3 (ICSD: 63257) and Al2O3 (ICSD: 99836)
are indicated.
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Figure 6.4: DRIFT spectra of CO adsorption and the deconvoluted com-
ponents of the CO bands for Rh and/or Pt deposited on Al2O3 or BaCO3.
The deconvoluted components are represented with dashed and gray lines,
respectively.
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catalysts reflects the higher amount of CO chemisorbed. For chemisorbed
CO on Rh, three vibrational modes have been identified: dicarbonyl species
at 2104 cm-1, linear-bonded CO at around 2034 cm-1 and bridged CO at
1870 cm-1 [38]. In Fig. 6.4 all signals have their maximum below 2100 cm-1

and therefore the presence of dicarbonyl adsorption on Rh can be neglected,
typically assigned to extremely small Rh clusters (< 1 nm) or atomically
dispersed Rh1+ sites [45]. Linear and bridged CO can be associated with
CO adsorption on crystalline Rh sites [38]. Similar assignments have been
found also for CO-Pt bonding [46]. The DRIFT spectra in Fig. 6.4 show
the typical linear CO bonding at around 2080 cm-1 and a broad band at
1800 cm-1 assigned to bridged CO. From the areas below linear and bridged
CO, the average stoichiometric factors (SFs) were calculated (Table 6.1).

Basic surfaces increase the ratio of bridged to linear bonded CO [47]
caused by the increase of the electron density of the noble metal [48]. There-
fore noble metals deposited on BaCO3 had higher SFs than those on Al2O3.
This trend can be seen in Table 6.1 for: Rh-only (1RhAl-Ba SF=1.01 <
Al-Ba1Rh SF=1.17), Pt-only (1PtAl-Ba SF=1.16 < Al-Ba1Pt SF=1.30)
and even for the mixed Rh/Pt catalysts (0.5Rh0.5PtAl-Ba SF=1.04 < Al-
Ba0.5Pt0.5Rh SF=1.13). For separated Rh and Pt both SFs were in the
same order (1.25 and 1.22).

As will be shown later in section 6.3.2, the metal dispersion alone
was not the only factor determining the activity. The location of noble
metal deposition of the catalysts was found to be even more crucial for
efficient NO oxidation and reduction.

6.3.2 Catalytic behavior

The catalytic tests aimed at elucidating the influence of the controlled depo-
sition of the noble metals (Pt, Rh) on the storage and support constituents
on the NSR performance of the flame-made catalysts. For this purpose
the catalytic behavior was investigated in the absence and presence of SO2

in the feed. The catalytic testing procedure is schematically presented in
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Fig. 6.1b.

6.3.2.1 Sulfur-free NOx storage and reduction

In Fig. 6.5 the outlet NOx concentrations for three selected catalysts are
compared during the first 10, sulfur-free cycles. At the positions where
conditions are changed from lean to rich cycles, a NOx breakthrough peak
appeared in all cycling experiments. The intensity of this breakthrough
peak depended on the catalyst type. The small spikes observed at the
change from reach to lean conditions are due to an apparative artifact
caused by the switching as blind tests revealed.

Among the three catalysts shown in Fig. 6.5, 0.5PtAl-Ba0.5Rh
(Fig. 6.5b) showed the highest NOx storage capacity (0.34 mmol/g) and
overall NSR performance followed by 1PtAl-Ba (Fig. 6.5c, 0.32 mmol/g)
and Al-Ba1Rh (Fig. 6.5a, 0.28 mmol/g). Note that the storage material
was regenerated to the same level after each cycle, showing constant stor-
age capacity. While during the lean cycle virtually no NO2 was observed
with Al-Ba1Rh, 0.5PtAl-Ba0.5Rh and particularly 1PtAl-Ba showed sig-
nificant amount of NO2. The behavior is attributed to the high NO ox-
idation activity of Pt combined with a less efficient regeneration of the
storage phase (BaCO3) during the rich phase. Similar behavior was ob-
served for Pt/Ba/Al2O3 and Pt-Rh/Ba/Al2O3 catalysts by Amberntsson
et al. [21] although the NOx concentration was lower (100 ppm) and ex-
periments were performed at higher temperature (400 ◦C) and lower space
velocity (38’000 h-1).

Interestingly, none of the three catalysts reached the inlet concen-
tration of 400 ppm after 5 min storage (lean cycle) indicating that the
full catalyst storage capacity was not yet reached. In order to gain fur-
ther information on the storage and reduction behavior, the best catalyst
of this series (0.5PtAl-Ba0.5Rh) was exposed to 1 hour lean and 1 hour
rich cycles (Fig. 6.6b). Complete NOx storage was observed after about 20
min (Fig. 6.6a). The NOx uptake rate decreased with time, that is with
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Figure 6.5: Reactor outlet concentrations of NOx (NO, NO2) without
sulfur dosing for selected catalysts: (a) Al-Ba1Rh (b) Al-Ba0.5Rh0.5Pt and
(c) Al-Ba1Pt. While (a) and (b) stored NOx under fuel lean conditions, (c)
Al-Ba1Pt had difficulties to reduce NOx under fuel rich conditions. The
cycles are numbered 1 to 10 and the fuel lean/rich periods are illustrated in
(c). The stored NOx equivalent area is highlighted. Conditions: Fuel lean
period: 400 ppm NO, 500 ppm C3H6, and 8% O2, balance He. Fuel rich
period: 400 ppm NO and 500 ppm C3H6, balance He. Both at 300 ◦C and
space velocity of 300’000 h-1.
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Figure 6.6: Complete storage and reduction of 0.5PtAl-Ba0.5Rh catalysts
in the absence of SO2. a) First 20 min of fuel lean cycle b) first 4 cycles.
Conditions: Fuel lean period: 400 ppm NO, 500 ppm C3H6, and 8% O2,
balance He. Fuel rich period: 400 ppm NO and 500 ppm C3H6, balance He.
Both at 300 ◦C and space velocity of 300’000 h-1.

the approach to saturation. Fast uptake in the beginning is attributed to
formation of surface nitrates, while in a later stage NOx has to diffuse into
the bulk of the storage component [49].

6.3.2.2 NOx storage and reduction in the presence of SO2

After the first 10 sulfur-free cycles (Fig. 6.5), 25 ppm SO2 was dosed to the
inlet gas (5minutes fuel lean and 5minutes fuel rich conditions). Fig. 6.7
shows the NOx outlet for selected catalysts. For Al-Ba1Rh (Fig. 6.7a) the
first fuel lean/rich cycle was not affected by the presence of SO2, and al-
most no NOx was emitted during the fuel rich phase. During the second
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and third cycle, the NOx emission during the fuel rich conditions increased,
becoming constant at about 60 ppm (Fig. 6.7a). During fuel rich conditions,
NOx, from the engine off-gas, can be converted directly according to the
three-way catalyst principle. Furthermore the saturated storage sites (here
Ba(NO3)2) must be regenerated (to BaCO3 or BaO to store NOx) during
the subsequent fuel lean cycle. If Ba is not regenerated properly, the stor-
age capacity is lost very quickly as observed for Al-Ba1Pt (Fig. 6.7d). In
the presence of SO2, only a fraction of NOx was reduced during the fuel
rich cycles (the inlet NOx concentration only decreased from 400 ppm to
350 ppm). The NOx reduction activity during the fuel rich cycle is very
important for sustaining the overall NSR performance. When the regener-
ation (reduction/decomposition) of the stored NOx is insufficient also less
NOx can be stored during the subsequent fuel lean cycle.

The mixed Rh/Pt on BaCO3 (Al-Ba0.5Rh0.5Pt, Fig. 6.7b) was de-
activated in the presence of SO2, too. During the fuel rich phase, consid-
erable amount of NOx was detected in the reactor outlet. The NOx reduc-
tion activity was reduced and 150 ppm of NOx outlet concentration was
measured, 2.5 times higher than that for the Rh-only catalyst (Fig. 6.7a).
For Al-Ba0.5Rh0.5Pt the NOx storage ability decreased decreased to (0.10
mmol/g) and the NOx outlet reached the NO inlet level after the first
minute. Compared to the mixed Rh/Pt, the separated Rh- Pt (0.5PtAl-
Ba0.5Rh Fig. 6.7c) showed a better performance, although the materials’
composition was the same. During fuel rich conditions, not all inlet NO
was reduced and an outlet concentration of 110 ppm NOx was measured,
which was twice that observed with the Rh-only catalyst (Fig. 6.7a). This
can be explained by the contribution of Rh in these catalysts, as for NOx

reduction Pt is known to deactivate in the presence of SO2 [21]. The storage
ability was 0.15 mmol/g during the fuel lean cycle and more NO2 was pro-
duced compared to Rh-only catalysts. A similar effect of Rh was reported
by Amberntsson et al. [21], where Pt had a higher NO to NO2 oxidation
activity in the presence of SO2 than Rh-containing NSR catalysts. As NO2
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Figure 6.7: Reactor outlet concentration of NOx (NO, NO2) with 25 ppm
SO2 dosing for selected catalysts: (a) Al-Ba1Rh, (b) Al-Ba0.5Rh0.5Pt, (c)
0.5PtAl-Ba0.5Rh, and (d) Al-Ba1Pt. SO2 reduced the storage capacity of
all catalysts and the NOx reduction efficiency during fuel rich conditions.
Conditions: Fuel lean period: 400 ppm NO, 500 ppm C3H6, 25 ppm SO2,
and 8 O2, balance He. Fuel rich period: 400 ppm NO and 500 ppm C3H6,
25 ppm SO2, balance He. Both at 300 ◦C andspace velocity of 300’000 h-1.
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Figure 6.8: Complete storage and reduction of 0.5PtAl-Ba0.5Rh catalysts
in the presence of 25 ppm SO2. (a) First 10minutes of fuel lean cycle and
(b) complete 3 cycles. Conditions: Fuel lean period: 400 ppm NO, 500 ppm
C3H6, 25 ppm SO2, and 8% O2, balance He. Fuel richperiod: 400 ppm NO
and 500 ppm C3H6, 25 ppm SO2, balance He. Both at 300 ◦C and space
velocity of 300’000 h-1.

is typically stored faster on BaCO3 [50], the effluent NO2 is an indication
that not enough storage sites (BaCO3) were available. Increasing the Ba
loading or the BaCO3 surface could improve NOx storage [51]. Fig. 6.8a
shows full storage of NOx in the presence of SO2, after the separated Rh-
Pt catalyst was cycled 3 times (60 min fuel lean and 60 min fuel rich) with
NOx and SO2 (Fig. 6.1b). The storage capacity clearly was reduced with
SO2 dosed over time.
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6.3.2.3 NOx storage and reduction in the presence of SO2 after
regeneration

Fig. 6.9 shows the NOx outlet concentration in the presence of SO2 after
catalysts were desulfated in 2% H2 at 750 ◦C. At elevated temperature
the catalyst performance typically decreases by noble metal sintering and
catalyst aging [52]. When comparing the performance before (Fig. 6.7)
and after desulfation (Fig. 6.9), it becomes evident that the catalyst can
be regenerated from sulfur poisoning, enabling also the evaluation of its
stability e.g. if the preferential location was kept or was lost by sintering.

The Pt-only catalysts (Al-Ba1Pt, Fig. 6.7d, and 1PtAl-Ba), that lost
their performance in the presence of 25 ppm SO2, recovered a fraction of
the initial storage capacity in the first cycle (Fig. 6.10b) but lost all NOx

reduction and storage capacity in subsequent cycles. It was therefore not so
much the catalysts’ thermal aging but the SO2 poisoning of Pt that limited
the performance of these catalysts. Desulfation had a positive effect in the
first cycle (Fig. 6.9) as all catalysts showed a higher NOx storage capacity
compared to the subsequent cycles which was typically lower than before
desulfation (Fig. 6.7). During the fuel rich period the content of unreduced
NOx was the lowest for the Al-Ba1Rh catalyst (100 ppm, Fig. 6.9a), it in-
creased for separated Rh on BaCO3 and Pt on Al2O3 (160 ppm, Fig. 6.9b)
and mixed Rh/Pt on BaCO3 (180 ppm, Fig. 6.9c). The highest NOx re-
duction activity for Al-Ba1Rh is attributed to the higher Rh loading. The
combined Rh, Pt catalysts had the same Rh loading but the separated Rh
and Pt had a slightly higher conversion (NOx reduction activity) that could
be explained by a higher surface area (Al2O3 and BaCO3) and higher dis-
persion (see Table 6.1), resulting in lower noble metal concentration per
surface area making separated Rh and Pt less likely to sinter [31] and there-
fore able to retain a higher NOx reduction activity.
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Figure 6.9: Reactor outlet concentration of NOx (NO, NO2) with 25 ppm
SO2 after desulfation for selected catalysts: (a) Al-Ba1Rh, (b) 0.5PtAl-
Ba0.5Rh, and (c) Al-Ba0.5Rh0.5Pt. The desulfation process did not sig-
nificantly alter the catalyst performance after the second cycle. Conditions:
Fuel lean period: 400 ppm NO, 500 ppm C3H6, 25 ppm SO2, and 8% O2,
balance He. Fuel rich period: 400 ppm NO and 500 ppm C3H6, 25 ppm
SO2, balance He. Both at 300 ◦C and space velocity of 300’000 h-1.
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6.3.2.4 NOx conversion of bimetallic catalysts with different Pt
and Rh location

Fig. 6.10 summarizes the NOx conversion of all catalysts as a function of the
cycle number: 1) cycle 1-10, the NOx conversion without SO2 exposure,
2) cycle 11-20 NOx conversion in the presence of 25 ppm SO2. After 20
cycles the catalyst was desulfated at 750 ◦C and cooled down to 300 ◦C
and subsequently exposed to cycling with 25 ppm SO2 in the feed (3) cycles
21-30). Note that the inlet conditions of the third stage were the same as
those of the second stage (cycles 11-20).

Fig. 6.10a shows that the catalysts with Rh on the BaCO3 (Ba, Al-
Ba1Rh, circles) performed better than the one with Rh on the Al2O3 (Al)
(1RhAl-Ba, triangles) in all test series 1-3. Both catalysts showed an in-
crease of the NOx conversion, more pronounced with 1RhAl-Ba, with cycle
number in the SO2-free cycles. Catalyst storage and reduction improved
during the first cycles, similar to as-prepared Pt/Ba/Al2O3 catalysts (with-
out reduction before catalytic testing) [36]. In the presence of SO2 (test
series 2, cycles 11-20), the NOx conversion first slightly decreased before
it slightly increased again (Fig. 6.10a), indicating that partial poisoning
of the noble metal can be beneficial for NO oxidation rate [11]. SO2 had
a stronger influence on the NSR behavior of 1RhAl-Ba but the catalyst
regained its performance after 10 cycles (Fig. 6.10a). After desulfation at
750 ◦C, there was little difference between both Rh-only catalysts because
at high temperature the advantage of preferential deposition of noble metals
was lost similarly as previously observed for Pt/K2CO3/ Al2O3 catalysts
[53]. This indicates a significant improvement for the 1RhAl-Ba catalysts
and a slight loss of activity for Al-Ba1Rh.

Compared to Rh, Pt-only NSR catalysts showed completely different
behavior (Fig. 6.10b). In the absence of SO2 (series 1), for Pt on Al2O3

(triangles) a higher NOx conversion was observed when no SO2 was present,
as Al-Pt is a highly active catalyst for NO to NO2 oxidation [34] and
NO2 is stored rapidly on the BaCO3 [50]. With prolonged cycling, Al-
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Figure 6.10: NOx conversion of catalysts during cycling under different
conditions: series 1) in absence of SO2; series 2) in presence of SO2; series
3) in presence of SO2 after desulfation with 2%H2 at 750 ◦C. Monometallic
catalysts (a) Rh-only, (b) Pt-only; Bimetallic catalysts (c) mixed Rh/Pt,
and (d) separated Rh-Pt. In (b) a catalyst was tested without SO2 after the
desulfation (series 4).
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Ba1Pt (circles) increased its performance as NOx reduction during the fuel
rich period became the rate limiting step for the overall NSR performance
instead of NO oxidation during the fuel lean period. In the presence of
SO2, however, both catalysts lost their NOx conversion activity completely
with increasing cycle number. As seen in Fig. 6.7d, the Pt-only catalysts
neither stored nor reduced NOx efficiently in the presence of SO2. This is
in agreement with the study of Amberntsson et al. [21] confirming that Pt
is not able to regenerate the catalyst system, and therefore NOx cannot be
stored anymore. Also desulfation of the Pt catalysts (Fig. 6.8b - series 3) did
not increase the NOx conversion as the Pt sites were poisoned immediately.
Catalytic tests after desulfation without SO2 in the feed (Fig. 6.8b - series
4) showed that the catalyst only regained part of its NSR activity, which
is attributed to some sintering and/or restructuring during the thermal
impact during desulfation.

When combining both Rh and Pt (Fig. 6.7c), lower NOx conversion
was measured compared to the Rh- and Pt-only catalysts (Fig. 6.10a and
b). When Rh and Pt were deposited on BaCO3 (Al-Ba0.5Rh0.5Pt), the
NOx conversion was about 40% (circles, Fig. 6.10c) and decreased to about
30% in the presence of SO2. This decrease originates from the loss of
NOx reduction efficiency during the fuel rich phase (because SO2 poisons
the noble metal) decreasing also the storage capacity (compare Fig. 6.5b
and 6.7b). Also desulfation had relatively little influence on the catalyst
performance (cycles 21-30), showing that the catalyst did not deterioration
at the conditions applied. For Rh and Pt on Al2O3 (0.5Rh0.5PtAl-Ba,
triangles) the catalyst performance was unsteady and inferior to that of
Rh/Pt deposited on BaCO3.

Separated Rh and Pt presented in Fig. 6.10d showed the best per-
formance with Pt on Al2O3 and Rh on BaCO3(0.5PtAl-Ba0.5Rh, circles).
This was expected, as NO oxidation on Pt is not limited in the presence
of SO2 while Rh is sulfur-tolerant for NOx reduction during fuel rich con-
ditions [21]. At SO2-free conditions, this catalyst showed the best perfor-
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mance while in the presence of SO2 NOx conversion decreased from 51%
to 41% as the reduction activity was partially lost during fuel rich con-
ditions (see Fig. 6.7c) and the storage capacity on BaCO3 was lost too
(see Fig. 6.6b and Fig. 6.8b). After desulfation NOx conversion decreased
to 37% and was therefore slightly lower than for Rh-only catalysts (44%,
Fig. 6.10a). Although it should be reminded that the separated Rh/Pt
catalysts contained only half of the amount of Rh compared to the Rh-only
catalyst (but constant weight loading of noble metals).

The catalytic studies studies on the flame-made mono- and bimetal-
lic NSR catalysts prepared by controlled deposition of the noble metals on
storage and support confirmed that combinations of Rh and Pt can be at-
tractive, as Pt alone did not reduce NOx in the presence of SO2 (Fig. 6.10b).
Rh/Pt mixtures might be considered e.g. when the price of Rh is not ex-
tremely high. In 2008 the Rh price had risen up to 10’000 US$ per oz1,
while the current price (2010) for Rh is 2’500 US$ per oz, still 47% higher
than that of Pt (in 2010 the highest price was 1’700 US$ per oz) [54].
Clearly our study indicates that the performance of mono- and bimetallic
Rh and Pt catalysts can considerably be improved when noble metals are
deposited optimally e.g. Pt on the Al2O3 support and Rh on the BaCO3

storage component. In contrast, lower activity is obtained when Pt and Rh
are deposited reversely (Fig. 6.10d, triangles). In bimetallic catalysts, that
is in combinations of Pt with Rh, the sulfur tolerance was always guar-
anteed, while complete deactivation was observed when Pt-only catalysts
were used (Fig. 6.10b).

Considering the NSR performance and the metal dispersions deter-
mined for the different catalysts (Table 6.1), no direct correlation can be
found, for example Pt-only catalysts exhibited a high dispersion, above
30%, while Rh-only catalysts showed a much lower dispersion but high
NOx conversion (Fig. 6.10a). For combined Rh/Pt, the catalysts with
higher dispersion showed lower NOx conversion in the presence of sulfur,

1oz = troy ounce: unit of weight used in noble metal trading. 1 troy ounce ≈ 31.1 g
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indicating that the promotional effect of the noble metal location had a
more prominent effect than the noble metal dispersion.

Finally, it should be mentioned that the differences in the catalytic
behavior observed for the various catalysts investigated in this study may
vary depending on the experimental conditions, such as temperature, type
of reductant, duration of lean/reach periods, and space velocity. Further-
more, depending on the aspect ratio of the catalyst bed, different time-
dependent chemical and structural gradients [55, 56] may establish. Nev-
ertheless, these factors will hardly invalidate our general conclusion that
controlled deposition of the noble metal(s) will allow to improve the per-
formance of the mono- and bimetallic NSR catalysts.

6.4 Conclusions

Mono- and bimetallic rhodium and platinum containing NSR catalysts were
prepared using a twin nozzle FSP setup allowing preferential deposition of
the noble metals on storage (BaCO3) and support (Al2O3) components. All
catalysts were tested in the presence and absence of SO2. CO adsorption
combined with DRIFTS revealed significant differences in the vibrational
bands depending on the noble metal and its supporting constituent (Al2O3

or BaCO3). While the type of noble metal and the location of its deposi-
tion had a strong influence on the NSR efficiency, the effect of the noble
metal dispersion was less prominent. Rhodium containing catalysts showed
higher NOx conversion as well as a high tolerance towards SO2 and little
loss of activity by thermal aging at 750 ◦C. Combinations of Rh and Pt
showed good NOx reduction especially when Rh was located on BaCO3.
The highest performance was observed with bimetallic catalysts where the
noble metals were separated, that is with Pt on Al2O3 and Rh on BaCO3.
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Chapter

SEVEN

Outlook and Research

Recommendations

Flame synthesis is a versatile method for making nano-structured catalyst
materials. With multiple flames preferential deposition of noble metals on
selected supports was achieved. This technique allowed investigating the
support effect in a multi compound material. Using preferential deposition
precious metal can be used more efficiently. The catalysts composition can
be designed for optimal performance while withstanding harsh operating
conditions, for example in the presence of SO2.

In this work Rh reduced NOx in the presence of SO2. Similar be-
havior was reported for the Ir noble metal which is four times cheaper than
Rh. Combinations of Rh and Ir could result in SO2 tolerant NOx reduc-
ing catalysts. Also combination of Ag with other noble metals could be
interesting as Ag was reported not to dissociate SO2.

Although catalyst poisoning by SO2 has been investigated, the sulfur
regeneration process is not very well understood. For poisoned catalysts
to be regenerate at elevated temperatures the fate of the sulfur remains
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unclear. A closer study of the interaction of sulfur with the support could
help to develop better low temperature desulfation strategies. In this way
the role of sulfur in the NOx reduction mechanism could be elucidated.
With isotopic labeling of S and/or NO the adsorption and release in the
NOx reduction process should be investigated.

Also K as a storage material is promising as it is less poisonous (for
humans) and less expensive than Ba. The disadvantage of K by sulfur
compounds could be overcome by optimized noble metal and support com-
binations, as e.g. made by 2-FSP presented in this thesis. Optimal com-
binations with noble metal and support could help to replace current Ba
with K completely or to a major part. When doing the material optimiza-
tion, side products like NH3 or N2O formation should be monitored closely.
Although not yet regulated their environmental impact is well known.

The catalysts in this thesis have been analyzed under ideal test con-
ditions. For technical catalysts powders need to be coated onto monoliths
usually made by direct deposition and impregnation methods. These mono-
liths should be tested under real conditions including temperature changes
in the presence of CO2 and H2O. Also the aging of the preferentially de-
posited catalyst should be investigated.

In future the competing technologies of SCR and NSR will probably
be combined: First the SCR catalyst will remove the major part of NOx.
Peak NOx emissions from the catalysts can be adsorbed on the NSR cat-
alysts. A combined SCR and NSR system could help to reduce the NO
emissions from cars to a minimum. Testing such combined systems in the
lab could provide important insights in new operation strategies and future
potential.
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A

The effect of Pt dispersion on NOx

storage reduction performance

A.1 Introduction

To increase the efficiency of combustion engines better combustion at higher
temperatures are targeted. At these conditions, nitrogen oxides (NOx) are
typically formed [1] which must be reduced catalytically to environmen-
tal benign N2. At oxygen rich conditions traditional three-way catalysts
are inefficient [2] and therefore specialized catalysts, like selective catalytic
reduction (SCR) [3] and NOx storage reduction (NSR) catalysts [4], have
been developed. An important advantage of NSR catalysts is that no ad-
ditional reductant agent like urea (as used in SCR) is needed. During
fuel-lean (oxygen-rich) conditions NOx is stored as nitrate or nitrites of an
alkali or alkaline-earth metal, typically Ba [5] or K [6]. In a subsequent
fuel-rich period the stored NOx is released and reduced over a noble metal
(e.g. Pt, Pd etc.) to N2.

The noble metal plays an important role for the NSR performance [7]
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as it oxidizes NO under fuel-lean conditions and reduces NOx species to N2

under fuel-rich conditions. The high price of noble metals motivates to do
optimization of the catalyst design. The Pt dispersion describes the ratio
of surface to total Pt atoms. The Pt dispersion decreases with increasing
Pt cluster size and/or coverage (coating) of its surface e.g. by a carbon
layer [8]. Higher dispersions are generally preferred [9], though too high
dispersion can also lower the NO oxidation [10] as it tends to form PtOx

[11]. Especially thermal aging of Pt tends to sinter and deactivate it [12].
Also the noble metal support is an important factor. While Pt on Al2O3

shows high NO oxidation activity [13], in the presence of Ba rather PtOx is
formed which is less active for NO oxidation [11]. Nevertheless, Pt on Ba
also promotes the Ba(NO3)2 decomposition leading to good regeneration
of the Ba and therefore long term cycle stability [14].

For NSR catalysts having these rather intricate connections between
noble metal (Pt or Pd), storage material (Ba, K, etc.) and support oxides
(Al2O3, CeO2, etc.) components, it is essential to have independent control
of the component characteristics. In this way the effect of the different
components characteristics on catalysts performance can be studied and
understood. Synthesis of such NSR catalysts by twin flame spray pyrolysis
has been proven as effective process for this case. So a two nozzle FSP
setup was used in order to produce Ba and Al separately [15] also allowing to
deposit the noble metal preferentially on the storage or support component
[16].

Here we produced catalysts with different specific surface area by
changing the dispersion- to precursor-flow rate of the spray flame setup.
While the weight ratio of Pt/Ba/Al2O3 could be kept constant, the Pt
particle size and therefore also the Pt dispersion was changed. These dif-
ferent catalysts were tested for their NSR performance.
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A.2 Experimental

A.2.1 Powder synthesis

Figure A.1 shows a schematic of the employed 2-nozzle FSP unit with an
internozzle angle of 160◦. The Al-precursor solution consisted of aluminum-
tri-sec-butoxide (Fluka, 95%) dissolved in a 2:1 vol% mixture of diethylene
glycol monobutyl ether (DGMBE, Fluka, 98%) and acetic anhydride (AA,
Riedel-de Haën, 99%). The aluminum concentration was kept constant at
0.5 mol/L. The Ba-precursor, barium 2-ethylhexanoate (Aldrich, 98%) was
dissolved in 1:1 vol% toluene (Riedel-de Haën, 99%) and 2-ethylhexanoic
acid (Riedel-de Haën, 95%) for a Ba concentration of 0.06 mol/L. The Pt-
precursor platinum(II) acetylacetonate (Alfa Aesar, 98%) was added to the
Ba solutions. The precursor solutions were spayed as indicated in Table A.1
with different Al- and Ba-solution flow rate while the dispersion gas for the
Al- and Ba-flame was the same.

A.2.2 Characterization

The specific surface area (SSA) of the as-prepared powders was determined
by a 5-point nitrogen adsorption isotherm at 77 K using the BET method
(Micrometrics Tristar). X-ray diffraction (XRD) patterns were recorded
(Bruker D8 Advance, 40 kV, 40 mA, λ = 0.154 nm) at a scan speed of
0.5 ◦/min at 10◦ < 2θ < 70◦.

For scanning transmission electron microscopy (STEM), the catalyst
material was dispersed in ethanol and deposited onto a perforated carbon
foil supported on a copper grid (Okenshoji Co. Ltd.). The STEM images
were obtained with a high-angle annular dark-field (HAADF) detector at-
tached to a Tecnai 30F microscope (FEI; field emission cathode, operated
at 300 kV), showing the metal particles with bright contrast (Z contrast).
For qualitative analysis, the electron beam was set to selected areas in the
STEM images and the signal was measured by energy dispersive X-ray
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Figure A.1: Schematics of used setup. The particle size can be changed
by changing the ratio between dispersion gas and precursor flow rate.
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spectroscopy (EDXS; detector: EDAX).
Particles were counted using the open source ImageJ software. The

mean particle size, standard deviation and geometric standard deviation
were calculated. The confidence interval was calculated at the significance
level α =5% as proposed in [17]. For the mean particle size:

d1 ≡ dgexp(
1

2
ln2 σg)(1−

t(N − 1, α/2)√
N

√
exp(ln2 σg − 1)) (A.1)

d2 ≡ dgexp(
1

2
ln2 σg)(1 +

t(N − 1, α/2)√
N

√
exp(ln2 σg − 1)) (A.2)

with dg the geometric mean, σg the standard deviation, N the num-
ber of counted particles, and t the value from the "Student t-distribution"
as tabulated in statistical textbooks (e.g. [18]). For α =5% the t value is 2
for N=54, 61 and 79.The confidence interval for the standard deviation is:

σ1 ≡ dgexp(
1

2
ln2 σg)(

(N − 1)

χ2(N − 1, α/2)
(exp(ln2 σg − 1)− 1)) (A.3)

σ2 ≡ dgexp(
1

2
ln2 σg)(

(N − 1)

χ2(N − 1, 1− α/2)
(exp(ln2 σg − 1)− 1))

with χ2 the the chi-square value as tabulated in statistical textbooks
(e.g. [18]) here for N = 54, 61 and 79 the χ2(N − 1, α/2) corresponds to
75, 83 and 104 and χ2(N − 1, 1−α/2) corresponds to 35, 40 and 55 for an
α= 5%.

And finally the confidence interval for the geometric standard devi-
ation:

σg1 ≡ (
√
ln((σ1/d2)2 + 1)) (A.4)

σg2 ≡ (
√
ln((σ2/d1)2 + 1)) (A.5)
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Diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS)
was carried out with a Vector 22 spectrometer (Bruker Optics) [19]. Spec-
tra were collected by averaging 100 scans at 4 cm-1 resolution. The average
stoichiometric factor (SF) of chemisorbed CO was determined by taking
the ratio from the peak area between linear and bridged bonded CO [20]
of the fitted spectrum. The peak positions were determined using Fourier
self-deconvolution [21, 22]. Peak positions below 1950 cm-1 were considered
as bridged CO, whereas linear CO is reported to be between 2100 cm-1 and
1950 cm-1 [23]. From the ratio of the area of linear and bridged CO the
stochiometric factor (SF) was determined. The noble metal dispersion was
measured by CO-pulse chemisorption at 40 ◦C on a Micromeritics Au-
tochem II 2920 as described in [24]. The dispersion equivalent Pt size can
be calculated according to:

dPt,disp =
6

ρPtACrossDPtnPt
(A.6)

with ρPt Pt the density of Pt of 21.5 g/cm3, ACross the cross sec-
tional area of CO (0.08 nm2), DPt the measured dispersion, and nPt the
total number of Pt atoms in the measured sample.

The Pt oxidation state was determined by TPR, measuring the H2

consumption upon heating 40 mg catalysts from room temperature to
350 ◦C under 20 mL flowing H2 (5% in Ar, PanGas). The x in PtOx was
approximated assuming one H2 consumption for every x for the forming
H2O.

To compare the dPt,count with the dPt,disp one has to transform the
mean size as the first diameter is measured based on the number of particles
while the second is based on the catalyst surface area. For lognormal distri-
butions the Hatch-Choate equations [25] can be used e.g. to converge the
counted distribution into the Sauter diameter, as the geometric standard
deviation is known here for the counted particles.
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dPt,Sauter = dPt,count exp(2 ln
2 σg) (A.7)

with dPt,Sauter being the converted Sauter diameter, dPt,count, count
the count mean diameter and σg the geometric standard deviation.

A.2.3 Catalytic testing

NSR measurements were made with 20 mg of catalyst in a fixed-bed reactor
(inner tube diameter of 4 mm). The NOx and NO concentrations in the
effluent gas were monitored by a chemiluminescence detector (ECO Physics,
CLD 822S). The NOx conversion for a full cycle (one storage and one
reduction) was derived from the corresponding NOx outlet concentration
according to:

NOx conversion =
NOx,in −NOx,out

NOx,in
× 100% (A.8)

The NOx conversion was measured at 300 ◦C while switching 10
times between oxidizing (3 min in 667 ppm NO and 3.3% O2 in He) and
reducing (1 min in 667 ppm NO and 1333 ppm C3H6 in He) atmospheres.
The total gas flow rate for all experiments was 60 mL/min corresponding
to a space velocity of 72’000 h-1.

A.3 Results and Discussion

A.3.1 Structural properties

Catalysts with different particle sizes were made using a two nozzle FSP
unit. By changing the liquid precursor to O2 dispersion gas flow (Fig-
ure A.1), the residence time at high temperature was varied giving the
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particles a defined amount of time to grow by coagulation and sintering.
The ratio of Al- to Ba-precursor flow was constant 5/3 to keep constant
the Pt/Ba/Al2O3 composition (see Table A.1). With higher dispersion gas
flow, the specific surface area (SSA) increased (Table A.1). As with higher
O2 dispersion gas flow rates the flame temperature and aerosol concentra-
tion are decreased, smaller particles were formed. In Figure A.2 STEM and
Pt size distribution of particles with different SSA are shown. Bright spots
in STEM can be identified with EDX as Pt clusters [14] while Ba-based
particles are bigger and rather bean-like shaped [26] and finally the light
gray particles are typically Al2O3 [27]. For the counted Pt size the mean
value and standard deviation are given (dPt) and the number of counted
Pt clusters (N).

In Figure A.2 the number of particles in the picture was limited,
in a) N =79, in b) N =61 and in c) N =54, however, a lognormal can
be plotted from the counted mean particle size and geometric standard
deviation [28]. In Figure A.2a distinct BaCO3 particles with sharp edges
can be seen, whereas in Figure A.2b the BaCO3 became smaller and in
Figure A.2c BaCO3 almost blend with the Al2O3 particles. The Pt clusters
in Figure A.2a are 2 nm sized and very uniform: a standard deviation of
0.4 nm and a geometric standard deviation of σg= 1.2 was calculated. In
Figure A.2b, big Pt clusters can be seen, nevertheless, the average size
decreased to 1.7 nm as the mode of the counted particles decreased from
2.5 to 1.5 nm. Also the standard deviation (0.6 nm) and geometric standard
deviation ( σg= 1.37) were increased. In Figure A.2c the mean Pt size (2.4
nm) was the highest with a standard deviation of 0.8 nm, however the
geometric standard deviation decreased slightly to σg= 1.30 in comparison
with Figure A.2b. Geometric standard deviation was smaller compared to
FSP made Pt supported on carbon black ( σg= 1.46) [8] for a similar count
mean particle size , however, here also much less particles are counted.
Using a statistical approach with a significance level of 5% the confidence
interval for the mean and the standard distribution can be calculated using
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Figure A.2: STEM pictures of Pt/Ba/Al2O3 for catalysts with different
SSA and the counted number distribution. The lognormal 5% confidence
interval is also indicated as σg1 and σg2.
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Table A.2: Particle Pt size and distribution.

SSA Na dPt,count
b [d1 - d2]count

c σg
d [σg1 − σg2]e dPt, Sauter

f

m2/g - nm nm - - nm

82 79 2 [1.95 - 2.12] 1.20 [1.16 - 1.25] 2.14
139 61 1.7 [1.64 - 1.93] 1.37 [1.28 - 1. 51] 2.07
220 54 2.4 [2.23 - 2.58] 1.30 [1.23 - 1.41] 2.75

aNumber of counted particles
bMean of counted particles.
cConfidence interval of counted particles.
dCalculated geometric standard deviation of counted particles.
eConfidence interval geometric standard deviation of counted particles.
fCalculated Sauter diameter.

equations 1 to 3 and the results are summarized in Table A.2. The σg1 and
σg2 confidence interval is also given in the size distribution in Figure A.2.
Another way to determine the Pt size is with CO chemisorptions.

Figure A.3 shows typical DRIFTS spectra for different SSAs. The
catalysts with the highest CO uptake and Pt dispersion shows the highest
signal intensity. The signal intensity decreases for catalysts with higher
surface area and therefore it is not the SSA causing the high signal but the
Pt exposed. The Pt size increases with higher SSA from 5.3 to 9.26 nm.
When comparing the Pt size predicted from CO dispersion to that from
counting the particles in Figure A.2, one has to correct first for the dif-
ferent measurement methods. While dPt,count has linear scale as a base,
the dPt,disp originates form a surface area, also known as Sauter diameter
(dPt, Sauter).

In Figure A.4 XRD pattern are shown. In all samples γ-Al2O3 and
monoclinic-BaCO3 [15] can be identified while Pt was not detected as the
Pt size and/or loading was below the detection limit. With higher SSA line
broadening of the XRD reflections and a decrease of the maximal peak in-
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Figure A.3: FTIR spectra of powder with different specific surface area.
The deconvoluted components are represented with gray lines.
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Figure A.4: XRD pattern of powder with different specific surface area.
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tensities can be observed. The calculated crystallite size of Al2O3 (dAl2O3
)

and BaCO3 (dBaCO3
) are summarized in Table A.1 and its correlation with

the SSA is shown in Figure A.5 together with the dispersion equivalent Pt
size (dPt,disp). With increasing SSA, the dAl2O3

and dBaCO3
decrease as

expected. The dPt,disp, on the other hand, increases with SSA but does
not correlate with the dPt,Sauter (Table A.2). The counted particles are all
smaller than the ones predicted for dPt,disp. So it is quite likely that some
of the Pt clusters are covered/coated by the support BaCO3, and there-
fore the Pt dispersion (DPt ) decreases. Interestingly also the amount of
H2 needed to reduce PtOx increased with higher dispersion. This could be
explained by the preferential formation of PtOx in the proximity to BaCO3

[11].

A.3.2 NOx conversion

In Figure A.6 the NOx conversion for catalysts with different Pt disper-
sion is shown. For all catalysts NOx conversion increased in the second
cycle as originally present PtOx became reduced, typical for as prepared
flame-made catalysts [29]. The catalysts with the highest dispersion of
21.3% converted more than 55% NOx during one cycle. For a critical Pt
dispersion not enough Pt sites for regeneration are available at certain
temperatures, here 11.7% at 300 ◦C. The change in performance is less
pronounced compared to previous studies (e.g. change of Pt support on
Al2O3 or Ba [14]) as the difference between the catalysts is not as big as
the catalysts formulation (here Pt was always sprayed with Ba) and com-
position (here Pt/Ba/Al2O3 weight ratio of 1/20/100) are identical. The
only difference is the Pt dispersion and crystallite size (dAl2O3

and dBaCO3
)

as summarized in Table A.1. The increase of the surface area did not result
in an increase of the NSR performance and hence the smaller BaCO3 sizes
did not accelerate nitrate decomposition but rather blocked the Pt surface
lowering its dispersion. Increasing the Pt dispersion on BaCO3 is therefore
of major importance while the BaCO3 crystallite size is less important in
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Figure A.5: Crystal size of Al2O3 and BaCO3 from XRD line broadening
and Pt size from dispersion measurements.
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Figure A.6: NO conversion per cycle for Pt/Ba/Al2O3 NOx storage cat-
alysts with different Pt dispersion.
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NOx storage. Knowing this could help to improve future catalysts with
respect of aging properties and/or sulfur poisoning.

A.4 Conclusions

With a 2 nozzle FSP, catalysts with a specific surface area from 82 to
220 m2/g were made by changing the flame temperature and particle resi-
dence time in the hot flame zone. The dispersion decreased from 21.3
to 11.7% with higher SSA. Here the Pt cluster size stayed almost con-
stant but with smaller BaCO3 crystallite size Pt was partially covered by
BaCO3 thereby reducing the exposed Pt surface what could be confirmed
by the higher H2 consumption while reducing these catalysts. With lower
Pt dispersion also the NSR performance decreased.
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Appendix

B

Matlab code

Abstract

Analyzing cycling measurements is manageable with simple tools, as long as
the cycle number is not too high. However, when using 10 and more cycles,
traditional software like Microsoft Excel are limited and slow. Therefore
the analysis needed to be automatized, here using MATLAB. To develop
and automatize the analysis much time was invested in this thesis. The
following codes is one example of how to analyze a measurement. The
author hopes that this example will help other scientists facing similar
automatization challenges. The provided code could help to develop new
ideas how to approache and solve the tasks at hand.
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B.1 Main code

1 % Start_CLD_analysis
2
3
4 %% In i t i a l i z a t i o n
5 clear a l l ;
6 clc ;
7
8 %% Set ings constant
9

10 f i l ename= ’LMc071 ’ ;
11
12 i f ( or ( strcmp ( f i lename , ’LMc050 ’ ) , strcmp ( f i lename , ’LMc055 ’ ) ) )
13 delay_CLD=−80.4∗60+6.8∗60;
14 else
15 delay_CLD =−1.2∗60; % in sec de lay of the CLD data
16 % delay_CLD =−1.257∗60; % in sec de lay of the CLD data
17 end
18 NO_inlet= 400; % the i n l e t concentrat ion of NOx in ppm
19 zeit_norm=1000; % time the NO i n l e t concentrat ion i s reached
20 Ref_gas = ’NO’ ; % Choose Ref_gas NO or NO2
21
22 SO2_concentration_1=25; %ppm
23 total_flow_1=400; %ml/min
24
25 time_norm_SO2=10; %,min ; time to norm i n l e t concentrat ion
26 %% der iva ted f i l e names
27 CLD_data_filename = [ ’ . . /CLD/ ’ , f i lename , ’ . c l g ’ ] ;
28 CLD_data_zeilenanfang = ’RD’ ;
29 Celpat_fi lename = [ ’ . . / c e lpa t / ’ , f i l ename , ’_0000 .mpc . txt ’ ] ; %now expor t e t as a

t x t f i l e
30 MS_filename=[ ’ . . /MS/ ’ , f i lename , ’ . asc ’ ] ;
31
32 %mat sa f e name
33 filename_mat = [ ’ . . / mat/ ’ , f i l ename , ’ . mat ’ ] ; %Excel f i l e name
34 filename_mat_CLD = [ ’ . . / mat/ ’ , f i l ename , ’_CLD. mat ’ ] ; %Excel f i l e name
35
36
37 % der iva ted export f i l e names
38 f i l ename1 = [ ’ . . / export /Calc_ ’ , f i lename , ’ . x l s ’ ] ; %Excel f i l e name
39 f i l ename2 = [ ’ . . / export / ’ , f i l ename , ’ _conversion . x l s ’ ] ; %Excel f i l e name
40 f i l ename3 = [ ’ . . / export / ’ , f i l ename , ’ _integra l . x l s ’ ] ; %Excel f i l e name
41 f i l ename4 = [ ’ . . / export / ’ , f i l ename , ’ _stored . x l s ’ ] ; %Excel f i l e name
42
43 Index_text={ ’FX2103_c ’ , ’EY5020_c ’ , ’FX2101_c ’ , ’FX2202_c ’ } ;
44
45
46 %% Variab les to a c t i v a t e func t ions
47
48 export= 0 ; % Export ca l cu l a t e d data =1 ; NO export =0
49 norm_Y_N=0; % wheter ot not data w i l l ne normalized
50 manual_scaler=NO_inlet /282;
51 manual_scaler_2=NO_inlet /251 . 5 ;
52 %manual_scaler=1; manual_scaler_2=1; export= 0;
53
54 %p lo t data
55 plot_MS=0;
56 plot_MS_2=0;
57 plot_CLD=1;
58 plot_weight=[2 4 18 34 6 4 ] ; % the molcular masses tha t should be p l o t t e d
59
60
61 %% load prev ious data i f p o s s i b l e
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62 i f ( exist ( filename_mat , ’ f i l e ’ ) ) % Checks i f t h i s v a r i a b l e i s de f ined
before , i f not i t w i l l be de f ined as 0

63 load ( filename_mat )
64 read_data=0;
65 disp ( ’ Stored data i s loaded ’ )
66
67 else
68 save_M=f_read_data ( filename_mat , filename_mat_CLD , CLD_data_filename ,

MS_filename , Celpat_fi lename ) ; %save_M ind i ca t i on i f data i s found the
po s i t i on s correspond to : (1) CLD (2) Celpat (3) MS data

69 i f (any(save_M) )
70 load ( filename_mat )
71 else
72 disp ( ’NO DATA AVAILEABLE ’ )
73 % return
74 end
75 end
76
77 %% copy f i l e s from temp f o l d e r i f p o s s i b l e
78 %save_M=[read_CLD read_Celpat read_MS]
79 temp_source=[ ’T:\ Buechel \Celpat \LM\ ’ ] ;
80
81 i f (~ a l l (save_M) ) % not a l l data could be read
82 change=0;
83 i f (~save_M(1) )
84 i f ( exist ( [ temp_source f i l ename ’ . c l g ’ ] , ’ f i l e ’ ) )
85 c o p y f i l e ( [ temp_source f i l ename ’ . c l g ’ ] , CLD_data_filename )
86 change=1;
87 end
88 end
89
90 i f (~save_M(2) )
91 i f ( exist ( [ temp_source f i l ename ’_0000 .mpc . txt ’ ] , ’ f i l e ’ ) )
92 c o p y f i l e ( [ temp_source f i l ename ’_0000 .mpc . txt ’ ] , Celpat_fi lename )
93 change=1;
94 end
95 end
96
97 i f (~save_M(3) )
98 i f ( exist ( [ temp_source f i l ename ’ . asc ’ ] , ’ f i l e ’ ) )
99 c o p y f i l e ( [ temp_source f i l ename ’ . asc ’ ] , MS_filename )

100 change=1;
101 end
102
103 end
104 i f ( change )
105 disp ( ’Some f i l e s were copied ’ )
106 save_M=f_read_data ( filename_mat , filename_mat_CLD , CLD_data_filename ,

MS_filename , Celpat_fi lename ) ; %save_M ind i ca t i on i f data i s found the
po s i t i on s correspond to : (1) CLD (2) Celpat (3) MS data

107 load ( filename_mat )
108 end
109 end
110
111 %% def ine working v a r i a b l e s
112 % when f r e s h l y loaded they the r e s u l t s are not a l t e r ed
113
114 i f (save_M(1) )
115
116 No=No_original ;
117 No2=No2_original ;
118 Nox=Nox_original ;
119 time_CLD=time_CLD_original ;
120 time=time_CLD_original−time_CLD_original (1) ;
121
122 end
123
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124 i f (save_M(2) )
125 time_Celpat=time_Celpat_original ;
126 data_matrix=data_matrix_original ;
127 desc r ip t i on_text=des c r ip t i on_tex t_or i g i an l ;
128
129 duration_experiment=max( time_Celpat ) /60 ;
130
131 end
132
133
134 %% zero point ajustment
135 %make a zero point ajustment a f t e r the meaurement has f i n i s h ed for 10min
136
137 nsteps =100; % #point s from the end of measurement to make ba s e l i n e
138 i f (save_M(1) )
139
140 [No , noise_1 ] = zeropo int_fStar t (No , nsteps ) ; % returns the normalized data
141 [ No2 , noise_2 ] = zeropo int_fStar t (No2 , nsteps ) ; % returns the normalized data
142 [ Nox , noise_3 ] = zeropo int_fStar t (Nox , nsteps ) ; % returns the normalized data
143
144 disp ( ’ zero point ajustment was s u c c e s s f u l ’ ) ;
145
146 % norm_Y_N normaliz ing NO or NO2 according to Ref_gas
147
148 [No , No2 , Nox ] = Norm_NOx(norm_Y_N, No_original , Nox_original , time_CLD ,

NO_inlet , manual_scaler , manual_scaler_2 , Ref_gas , zeit_norm ) ;
149 end
150
151
152 %% p l o t t i n g r e s u l t s
153 i f (plot_MS)
154 plot_CLD_MS(Label_MS , MS_data , save_M , f i lename , time , No , No2 , Nox ,

time_Celpat_original , data_matrix_original , plot_CLD , plot_MS ,
plot_weight )

155 end
156
157 i f (plot_MS_2)
158 plot_MS_SO2_desoption (Label_MS , MS_data , save_M , f i lename , time , No , No2 ,

Nox , time_Celpat_original , data_matrix_original , plot_CLD , plot_MS ,
plot_weight )

159 end
160
161
162
163 %f i gu r e (8)
164 %p lo t ( n_start : limit_number , MS_temp( n_start : limit_number ,3+ s e l e c t e d ) ) ;
165 %f i gu r e (9)
166 %p lo t ( n_start : limit_number , temp_AutoChem( n_start : limit_number ) ) ;
167
168 %x l a b e l ( ’ temperature , ◦C’ ) ;
169 %y l a b e l ( ’ ion current , a . u . ’ ) ;
170 %legend (Label_MS( se l e c t ed , : ) )
171
172 %% NOx convers t ion ca l c u l a t i on
173 %
174 %
175 %% get s t a r t end endcyc les
176 Index_text={ ’FX2103_c ’ , ’EY5020_c ’ , ’FX2101_c ’ , ’FX2102_c ’ } ;
177 [ s t a r t c y c l e s_o r i g i n a l , endcyc l e s_or ig ina l , done_time_original ] =

get_Celpat_cycles ( t ime_Celpat_original , data_matrix_original ,
de sc r ip t i on_text_or ig i an l , Index_text ) ;

178
179
180 %% time convers ions
181 start_time_ABS_AUTOCHEM=s t a r t c y c l e s_o r i g i n a l (1) ;
182
183 duration_experiment= ( done_time_original−start_time_ABS_AUTOCHEM) ∗24∗60∗60 −

delay_CLD ; %in seconds
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184
185 % searching the end of the experiment in the CLD data
186
187 NOx_noise=2;
188
189 for k=length (Nox) :−1:1
190 i f ( abs (Nox(k )−Nox(k−1) )>NOx_noise )
191 break
192 end
193 end
194
195 endtime_ABS_CLD=time_CLD(k) ; % The abso lu t e time in the CLD data system when

experiment f i n i s h e s
196
197
198 % convert c y c l e s in to new time sca l e
199
200 s t a r t c y c l e s =( s t a r t c y c l e s_o r i g i n a l − start_time_ABS_AUTOCHEM) ∗24∗60∗60; % in

NSR_s
201 endcyc l e s= ( endcyc l e s_or ig ina l−start_time_ABS_AUTOCHEM) ∗24∗60∗60; % in NSR_s
202
203 time_CLD=time_CLD_original − endtime_ABS_CLD+duration_experiment ; % ju s t to put

i t t ha t i s s t a r t s with zero
204 time=time_CLD ;
205
206 % convert time_Celpat
207 time_Celpat=(time_Celpat_original−start_time_ABS_AUTOCHEM) ∗24∗60∗60;
208
209 %% get d i f f e r e n t f low condi t ions
210 i f (0)
211 check_f lowcondit ions ( )
212 end
213
214 %% NSR ca l c u l a t i on s
215
216 [ Nox ,No ,No2 , NOx_conversion , NOx_total , NOx_total2 , Amount_cycle]=NSR_calulations

(No , No2 , Nox , No_original , No2_original , Nox_original , time , time_CLD ,
manual_scaler , manual_scaler_2 , f i lename , s t a r t c y c l e s , endcyc les ,norm_Y_N,
noise_2 , duration_experiment , NO_inlet , plot_CLD) ;

217
218 %% Subs t rac t ing BG NOx_Convesion
219 NOx_conversion=NOx_conversion −8.84;
220
221 for i =1: s ize (NOx_conversion , 2 ) % not a l l ow ing for nega t i ve convers ions
222 i f ( NOx_conversion ( i )<0)
223 NOx_conversion ( i )=0;
224 end
225 end
226
227 %% export data
228
229 i f ( export )
230 export_NSR_in_excel_V10 ( time , Nox ,No ,No2 , NOx_conversion , NOx_total , NOx_total2 ,

f i lename1 , f i lename2 , f i lename3 , f i l ename4 ) ;
231
232 else
233 disp ( ’ no Excel f i l e was exported ’ ) ;
234 end
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B.2 Function f_read_data

1 function [ save_M]=f_read_data ( filename_mat , filename_mat_CLD , CLD_data_filename ,
MS_filename , Celpat_fi lename )

2
3 %% def ine with da tase t should be read
4
5 read_CLD=exist (CLD_data_filename , ’ f i l e ’ ) ;
6 read_Celpat=exist ( Celpat_filename , ’ f i l e ’ ) ;
7 read_MS=exist (MS_filename , ’ f i l e ’ ) ;
8 save_M=[read_CLD read_Celpat read_MS ]
9

10 %% reading and saving CLD data
11 % load prev ious data i f p o s s i b l e
12 i f (read_CLD)
13
14 i f ( exist ( filename_mat_CLD) ) % Checks i f t h i s v a r i a b l e i s de f ined before ,

i f not i t w i l l be de f ined as 0
15 load ( filename_mat_CLD)
16 disp ( [ ’ Stored CLD data i s loaded ’ ] )
17
18 else
19 [ No_original , No2_original , Nox_original , time_CLD_original ] = Get_CLD_Data

(CLD_data_filename , ’RD’ ) ;% Read CLD data
20 end
21
22 % def ine working va r i a b l e s
23 % when f r e s h l y loaded they the r e s u l t s are not a l t e r ed
24 No = No_original ;
25 No2 = No2_original ;
26 Nox = Nox_original ;
27 time_CLD= time_CLD_original ; %
28
29 % safe data for l a t e r use
30 save ( filename_mat_CLD , ’ No_original ’ , ’ No2_original ’ , ’ Nox_original ’ , ’

time_CLD_original ’ ) ; %This funct ion saves the whole workspace va r i a b l e s
in to a f i l e to load them l a t e r

31
32 end
33
34 %% reading new CELPAT data
35
36 i f ( read_Celpat )
37 %Celpat_number_max= 0; % This i s the h i g h t e s t f i lename number
38
39 [ t ime_Celpat_original , data_matrix_original , d e s c r i p t i on_tex t_or i g i an l ] =

get_Celpat_Data ( Celpat_fi lename ) ; %read Celpat data
40
41 %f_Celpat_filename=f ind ( Celpat_fi lename==’_’ ) ;
42 %size_Celpat_fi lename=s i z e ( Celpat_filename ,2) ;
43
44 %i f Celpat_number_max %t h i s i s needed for the cases tha t not a l l data i s in

one f i l e only o t h e r v i s e "Celpat_number_max" i s s e t to "0"
45 % for i =1:Celpat_number_max
46 % Celpat_filename_new_i=[Celpat_fi lename (1 : f_Celpat_filename −1) , ’_’ ,

num2str ( i , ’%04.0 f ’ ) , ’ .mpc . t x t ’ ] ;
47 % [ time_Celpat_original_i , data_matrix_original_i ,

descr ip t ion_tex t_or ig ian l_i ] = get_Celpat_Data (Celpat_filename_new_i ) ; %
read Celpat data

48 % time_Celpat_original=[ time_Celpat_original , time_Celpat_original_i ] ;
49 % data_matrix_original=[data_matrix_original ; data_matrix_original_i ] ;
50 % s i z e ( time_Celpat_original )
51 % s i z e ( data_matrix_original )
52 %
53 % end
54 %end
55 end
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56
57 %% read MS data
58 i f (read_MS)
59
60 [ Label_MS ,MS_data]=import_MS(MS_filename ) ;
61
62 end
63
64 %% save data
65 data_save={ ’save_M ’ } ;
66 for i =1:3
67 i f (save_M( i ) )
68 switch i
69 case 1
70 data_save=[data_save , { ’ No_original ’ , ’ No2_original ’ , ’ Nox_original ’ , ’

time_CLD_original ’ } ] ;
71 case 2
72 data_save=[data_save , { ’ data_matrix_original ’ , ’

d e s c r ip t i on_tex t_or i g i an l ’ , ’ t ime_Celpat_original ’ } ] ;
73 case 3
74 data_save=[data_save , { ’Label_MS ’ , ’MS_data ’ } ] ;
75 end
76 end
77 end
78
79 save ( filename_mat , data_save {1 : s ize ( data_save , 2 ) }) ; %This funct ion saves the

whole workspace va r i a b l e s in to a f i l e to load them l a t e r

B.3 Function Get_CLD_Data

1 %opens a f i l e and returns the u s e f u l l data in a Matrix
2 %s t a r t s t r i n g ( in t ) g i b t an ab welchem zeichen er speichern s o l l
3 %Zei lenanfang ( s t r i n g ) g i b t d ie ers ten Zeichen einer jeden Ze i l e an , d ie er
4 %speichern s o l l
5 %fi lename ( s t r i n g ) en t s p r i ch t dem Pfad des F i l e s das e inge l e s en werden
6 %s o l l
7 function [No , No2 , Nox , time ] = Get_CLD_Data( f i lename , z e i l enan fang )
8
9 %open the f i l e

10 f i d = fopen ( f i l ename ) ;
11 i f f i d > 0
12 i =1;
13 data = f get l ( f i d ) ;
14 while data ~= −1
15 i f data ( 1 : 2 ) == ze i l enan fang
16 Output ( i , 1 : ( length ( data ) ) ) = data ;
17 i = i +1;
18 i f ~mod( i , 1000)
19 disp ( [ ’ Reading data ’ , int2str ( i ) ] )
20 end
21 end
22 data = f get l ( f i d ) ;
23 end
24 i f f c lose ( f i d ) == 0
25 disp ( [ ’ reading f i l e was s u c c e s s f u l ’ , f i l ename ] )
26 else
27 disp ( [ ’ Fehler beim s c h l i e s s e n vom F i l e ’ , f i l ename ] )
28 end
29
30 %Hier Ziemlich s p e z i e f i s c h e Anpassungen , d ie den Str ing . . .
31 Output ( : , 3 0 : 5 7 ) = ’ ’ ;
32 Output ( : , 2 2 : 2 3 ) = ’ ’ ;
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33 Output ( : , 1 : 9 ) = ’ ’ ;
34 % . . . und dann noch in den r i c h t i g en Datentyp umwandeln
35 for k=1: length (Output ( : , 1 ) )
36 Noxz = textscan (Output (k , 1 : 5 ) , ’%n ’ ) ;
37 Noz = textscan (Output (k , 7 : 1 1 ) , ’%n ’ ) ;
38 No2z = textscan (Output (k , 1 3 : 1 7 ) , ’%n ’ ) ;
39 timez = textscan (Output (k , 1 9 : length (Output (k , : ) ) ) , ’%f ’ ) ;
40 No(k , 1 ) = Noz {1} ;
41 No2(k , 1 ) = No2z {1} ;
42 Nox(k , 1 ) = Noxz {1} ;
43 time (k , 1 ) = timez {1} ;
44 end
45
46 else
47 disp ( [ f i lename , ’Konnte F i l e n i cht Öffnen ’ ] )
48 end

B.4 Function get_Celpat_Data

1 function [ time , data_matrix , de sc r ip t i on_text ] = get_Celpat_Data ( f i l ename ) ;
2
3
4 %fi lename =[ ’./ data/Celpat / ’ , ’RB0015 ’ , ’_0000 .mpc . tx t ’ ] ;
5
6
7 J_max=5E5 ; % de f ine s the maximum number of l i n e s read , to read data f a s t e r .
8
9

10 %% Reading the data
11
12 f i d = fopen ( f i l ename ) ; % open the f i l e
13 i f f i d > 0
14
15 i =1;
16 data = f get l ( f i d ) ;
17 while data ~= −1
18 Output ( i , 1 : ( length ( data ) ) ) = data ;
19 i = i +1;
20 i f ~mod( i , 1000)
21 disp ( [ ’ Reading data ’ , int2str ( i ) ] )
22 end
23 data = f get l ( f i d ) ;
24 end
25
26 i f f c lose ( f i d ) == 0
27 disp ( [ ’ reading f i l e was s u c c e s s f u l ’ , f i l ename ] )
28 else
29 disp ( [ ’ Error when c l o s i n g F i l e ’ , f i l ename ] )
30 return
31 end
32 else
33 disp ( [ f i lename , ’ F i l e could not be opened ’ ] )
34 return
35 end
36
37 %% Ajustment of the s t r i n g
38 descr ipt ion_text_long=textscan (Output ( 1 , : ) , ’%s ’ ) ; % Cal l with

descr ip t i on_tex t {1}(n) n the column of the data
39 desc r ip t i on_text= descr ipt ion_text_long {1}(4 :max( s ize ( descr ipt ion_text_long

{1}) ) ) ; % separat ing time from the da tase t
40
41 % to run f u s t e r the loops v a r i a b l e s the s i e of the matrixes are de f ined
42 % in advance
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43 Scan=textscan (Output ( 2 , : ) , ’%s ’ ) ;
44 Scan2=Scan {1} ;
45 l_max=s ize ( Scan2 , 1 ) −6;
46
47 n=l_max ;
48 m= length (Output ( : , 1 ) ) ;
49 data_matrix_temp=zeros (m, n) ;
50 time_temp=ones (1 , n) ;
51
52 %% . . . and transfrom them in a useab l e format
53
54 k2=1;
55 for k=2:m
56
57 i f ~mod(k ,500 )
58 disp ( [ ’ Adjust ing data ’ , int2str (k ) , ’ from t o t a l ’ , int2str (m) ,

’ = ’ , num2str (round(100∗k/m) ) , ’% ’ ] )
59 end
60
61
62 Scan=textscan (Output (k , : ) , ’%s ’ ) ;
63
64 i f not ( s ize ( Scan {1} ,1) ) %check i f we have a empty than end reading data
65 break
66 end
67
68 i f ( strcmp ( Scan {1}(7) , ’>>’ ) )
69 % disp ( [ ’ found one : ) ’ ] ) ; % the used Macros w i l l be l i s t e d here
70 else
71
72 % Convert time in to standard time
73 date=Scan {1}(2 : 5 ) ;
74 date{2}=ger2eng (date {2}) ;
75 %[ date {1 :4} ]
76 time_temp ( k2 ) = datenum ( [ date {1 : 4 } ] , ’ dd .mmmyyyyHH:MM: SS ’ ) ;
77
78 %safe s tored data
79 Scan=Scan {1} ;
80 l_max=s ize ( Scan , 1 ) −6;
81 i f ( l_max>0)
82 for l =1:l_max
83 data_matrix_temp (k2 , l )=st r2doub le ( Scan{ l +6}) ;
84 end
85
86
87 else
88 disp ( ’ Unexpected Error in funct i on get_Celpat_Data happened ’ )
89 break
90 end
91 k2=k2+1;
92 end
93
94 end
95
96 num_max=max( s ize ( time_temp ) ) ;
97 time=time_temp ( 1 :num_max) ;
98 data_matrix=data_matrix_temp ( 1 :num_max , : ) ;
99

100 disp ( ’ ’ )
101 disp ( ’ Adjust ing f i n i s h e d ’ )
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B.5 Function import_MS

1 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
2 % This funct ion reads ∗ . asc f i l e s from the MS program and and retruns
3 % the mass weights in the "Label " va r i a b e l e and the data in the "MS_data"
4 % MS_data [ 1 , 1 ] i s the cyc l e number
5 % MS_data [ 1 , 2 ] i s the datum ( abso lu t e ) time inc lud ing mi l i seconds
6 % MS_data [ 1 , 3 ] i s t h e r e l a t i v e time form the s t a r t
7 % MS_data[1 , >3] are the measured MS data in the order of the l a b e l
8 %
9 %! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !

10 %Check l i n e 23 for l im i t a t i on made in order to acce l e ra t e the read in .
11 % This s h a l l be de f ined in a more genera l way l a t e r !
12 %! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !
13 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
14 function [ Label ,MS_data]=get_MS_data( f i l ename )
15
16 f i d = fopen ( f i l ename ) ;
17 z e i l enan fang=’ ’ ;
18
19 i f f i d > 0
20 j =0;
21 i =1;
22 k=1; %number of en t r i e s in MS_data
23 data = f get l ( f i d ) ;
24
25 MS_data=zeros (100000 ,20) ; % For f a s t e r reading the data 40 ’000 c e l l s were

de f ined but not necessary and not g ene ra l l y true !
26
27 while data ~= −1
28 i f data ( 3 : 3 ) == ’ / ’ % get the l a b e l s
29 Label ( i , 1 : length ( data ( 7 : 1 1 ) ) ) = data ( 7 : 1 1 ) ;
30 i = i +1;
31 end
32 i f i >1
33 j=j +1;
34 end
35
36 i f ( j >= i +2) %reading r ea l data when the l a b e l i n g i s f i n i s h ed
37 %expor t ing time data
38
39 MS_temp=textscan ( data , ’%s ’ ) ; %separates the content in to a c e l l

with the s i n g l e en t r i e s
40 MS_data(k , 1 ) = st r2doub le (MS_temp{1}{1}) ; %MS cyc l e number
41 MS_data(k , 2 ) =datenum ( [MS_temp{1}{2} , ’ ’ ,MS_temp{1}{3} ] , ’ dd .mm.

yyyy HH:MM: SS :FFF ’ ) ; %measurement date ( l oo s ing the l a s t
mi l i second )

42 MS_data(k , 3 ) = st r2doub le (MS_temp{1}{4}) ; %r e l a t i v e time
43
44 %expor t ing ac tua l MS data as measued
45 for L=1: length ( Label )
46 MS_data(k,3+L) = str2doub le (MS_temp{1}{4+L}) ;
47 end
48
49 k=k+1;
50 i f ~mod(k ,1000) %informs the user how many datapo ints are being

read
51 disp ( [ ’ Reading data ’ , int2str (k ) ] )
52 end
53 end
54
55 data = f get l ( f i d ) ;
56 i f data ~= −1 % program stopps i f there are more than 2 f r e e l i n e s .
57 else
58 data = f get l ( f i d ) ; % i f there i s a f r e e l i n e i t w i l l be missed and

the a f t e r next point w i l l be read in
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59 end
60
61 end
62
63 i f f c lose ( f i d ) == 0
64 %Label=str2num( Label ) ; %I f needed? convert char s t r i n g in to number
65
66 disp ( [ ’ reading f i l e was s u c c e s s f u l ’ , f i l ename ] )
67
68 MS_data=MS_data ( 1 : k ,1:3+ s ize ( Label , 1 ) ) ;
69 else
70 disp ( [ ’ Fehler beim s c h l i e s s e n vom F i l e ’ , f i l ename ] )
71 end
72 else
73 disp ( [ ’ERROR: The program was unable to open the f i l e : ’ , f i l ename , ] )
74 end





Curriculum Vitae

Robert Büchel

March 11th 1982 born in Muri bei Bern, Switzerland
citizen of Altstätten SG, Switzerland

Education
05/2006 – 04/2011 PhD student at ETH Zürich.

Supervised by Prof. Pratsinis and Prof. Baiker.
11/2005 – 04/2006 Diploma thesis at NIMS, Tsukuba, Japan,

in the group of Dr. Ishigaki.
08/2001 – 10/2005 Study of Mechanical and Process Engineering

at ETH Zürich.
08/1997 – 07/2001 Gymnasium MNG Bern-Neufeld.

Experience
06/2004 – 10/2004 Internship with DaimlerChrysler

in Stuttgart, Germany.
04/2001 – 05/2001 Internship at WIFAG AG, Bern.

Awards
Best Paper Award at AIChE 2009 for "Two-nozzle flame synthesis of
NOx storage reduction catalysts", AIChE Annual Meeting, Nashville,
USA, 10. November (2009).

Zürich, 2011



202 List of Publications

List of Publications

Refereed Publications

15. Büchel R., Pratsinis S. E., and Baiker A., "Mono- and bimetallic
Rh and Pt NSR-catalysts prepared by controlled deposition of no-
ble metals on support or storage component," submitted to J Catal.
2011.

14. Büchel R., Pratsinis S. E., and Baiker A., "Influence of controlled
spatial deposition of Pt and Pd in NOx storage-reduction catalysts
on their efficiency," Appl Catal. 2011: 101: 682-689.

13. Demokritou P., Büchel R., Molina R. M., Deloid G. M., Brain J. D.,
and Pratsinis S. E., "Development and characterization of a Versatile
Engineered Nanomaterial generation System (VENGES) suitable for
toxicological studies," Inhalation Toxicol. 2010: 22(S2):107-116.

12. Hilty F. M., Teleki A., Krumeich F., Büchel R., Hurrell R. F., Pratsi-
nis S. E. and Zimmermann M. B., "Development and optimization
of iron- and zinc-containing nanostructured powders for nutritional
applications," Nanotechnology, 2009: 20:1-11.

11. Büchel R., Strobel R., Baiker A., and Pratsinis S. E., "Effect of
the Proximity of Pt to Ce or Ba in Pt/Ba/CeO2 Catalysts on NOx
Storage-Reduction Performance," Top Catal. 2009: 52: 1709-1712.

10. Büchel R., Strobel R., Baiker A., and Pratsinis S. E., "Flame-Made
Pt/K/Al2O3 for NOx Storage-Reduction (NSR) Catalysts," Top Catal.
2009: 52:1799-1802.

9. Li J. G., Buechel R., Isobe M., Mori T., and Ishigaki T., "Cobalt-
Doped TiO2 Nanocrystallites: Radio-Frequency Thermal Plasma Pro-
cessing, Phase Structure, and Magnetic Properties," J Phys Chem C.
2009: 113:8009-8015

8. Symalla M. O., Drochner A., Vogel H., Büchel R., Pratsinis S. E.,
and Baiker A., "Structure and NOx storage behaviour of flame-made
BaCO3 and Pt/BaCO3 nanoparticles," Appl Catal B. 2009: 89:41-48.



List of Publications 203

7. Patey T. J., Buchel R., Nakayama M., and Novak P., "Electrochem-
istry of LiMn2O4 nanoparticles made by flame spray pyrolysis," Phys
Chem Chem Phys. 2009: 11:3756-3761.

6. Chew S. Y., Patey T. J., Waser O., Ng S. H., Buchel R., Tricoli A.,
Krumeich F., Wang J., Liu H. K., Pratsinis S. E., and Novak P.,
"Thin nanostructured LiMn2O4 films by flame spray deposition and
in situ annealing method," J Power Sources., 2009: 189:449-453.

5. Ng S. H., Patey T. J., Buechel R., Krumeich F., Wang J. Z., Liu H.
K., Pratsinis S. E., and Novak P., "Flame spray-pyrolyzed vanadium
oxide nanoparticles for lithium battery cathodes," Phys Chem Chem
Phys. 2009: 11:3748-3755.

4. Büchel R., Strobel R., Krumeich F., Baiker A., and Pratsinis S. E.,
"Influence of Pt location on BaCO3 or Al2O3 during NOx storage
reduction," J Catal. 2009: 261:201-207.

3. Patey T. J., Buchel R., Ng S. H., Krumeich F., Pratsinis S. E., and
Novak P. "Flame co-synthesis of LiMn2O4 and carbon nanocompos-
ites for high power batteries," J Power Sources. 2009: 189:149-154.

2. Patey T. J., Ng S. H., Buchel R., Tran N., Krumeich F., Wang J.,
Liu H. K., and Novak P., "Electrochemistry of LiV3O8 nanoparticles
made by flame spray pyrolysis," Solid-State Lett. 2008: 11:A46-A50.

1. Ernst F. O., Buechel R., Strobel R., and Pratsinis S. E., "One-step
flame-synthesis of carbon-embedded and -supported platinum clus-
ters," Chem Mat. 2008: 20:2117-2123.

Patents

• Buchel R., Chiruvolu S., Ernst F. O., Jaiswal A., Lee J. X., Pratsinis
S. E., "Synthesizing metal/metalloid oxide particles useful in forma-
tion of transparent electrodes involves pyrolyzing in flame a precursor
composition comprising water soluble metal composition, organic liq-
uid and water," US2010102700-A1, 29. April 2010.



204 List of Publications

• Metz H. J., Waser O., Buechel R., Pratsinis S. E., "Preparing carbon-
coated lithium-iron-phosphate particles used as cathode material, com-
prises performing flame-spray pyrolysis in particle formation by feed-
ing mixture of lithium, iron and phosphorus and injecting acetylene
gas," WO2011026581-A1, 9. March 2011.

Presentations

• Büchel R., Baiker A., and Pratsinis S. E., "Preferential Pt and Pd
deposition on K/Al2O3 NOx storage-reduction catalysts," SCS fall
meeting, Zürich, Switzerland 16. September (2010).

• Büchel R., Strobel R., Baiker A., and Pratsinis S. E., "Synthesis of
preferential located Pt in NOx storage reduction catalysts," PARTEC,
Nürenberg, Germany 29. April (2010).

• Büchel R., Pratsinis S. E., and Baiker A., "High Activity of Amor-
phous Potassium in Pt/K/Al2O3 NOx Storage-reduction Catalysts,"
MRS Fall meeting, Boston, USA, 30. November (2009).

• Büchel R., Pratsinis S. E., and Baiker A., "Preferential Location of
Pt in Ternary DeNOx Catalysts," MRS Fall meeting, Boston, USA,
3. December (2009).

• Büchel R., Pratsinis S. E., and Baiker A., "The Pt Size in Pt/Ba/Al2O3
NOx Storage-reduction Catalysts made by Flame Spay Pyrolysis (FSP),"
MRS Fall meeting, Boston, USA, November (2009).

• Büchel R., Patey T.J., Ng S.H., Krumeich F., Novák P., and Pratsi-
nis S.E., "Co-synthesis of LiMn2O4 and Carbon Electrodes for High
Power Batteries," MRS Fall meeting, Boston, USA, 30. November
(2009).

• Büchel R., Pratsinis S. E., and Baiker A., "Potassium in flame made
Pt/K/Al2O3 NOx storage-reduction catalysts," AIChE Annual Meet-
ing, Nashville, USA, 12. November (2009).

• Büchel R., Pratsinis S. E., and Baiker A., "Two-nozzle flame syn-
thesis of NOx storage reduction catalysts," AIChE Annual Meeting,
Nashville, USA, 10. November (2009).



List of Publications 205

• Büchel R., Pratsinis S. E., and Baiker A., "The importance of Pt
dispersion in DeNOx catalysts," AIChE Annual Meeting, Nashville,
USA, 11. November (2009).

• Büchel R., Pratsinis S. E., and Baiker A., "Preferential deposition
of noble metals Pt and Pd in K/Al2O3 NOx storage-reduction cat-
alysts," AIChE Annual Meeting, Nashville, USA, 12. November
(2009).

• Büchel R., Waser O., Pratsinis S. E. and Baiker A., "The proximity
of Pt in NOx storage-reduction catalysts," SCS fall meeting 2009,
Lausanne, Switzerland, 4. September (2009).

• Büchel R., Waser O., Pratsinis S. E. and Baiker A., "Flame-made
Pt/K/Al2O3 NOx storage-reduction catalysts," SCS fall meeting 2009,
Lausanne, Switzerland, 4. September (2009)

• Büchel R., Baiker A., and Pratsinis S. E., "Flame-derived Pt/Pd/K/Al2O3
NOx storage-reduction catalysts with preferential deposition of the
noble metals on storage component or alumina support," EuropaCat
IX, Salamanca, Spain, 30. August - 3. September (2009).

• Büchel R., Baiker A., and Pratsinis S. E., "Potassium in flame-made
Pt/K/Al2O3 NOx storage-reduction catalysts," 13th ETH-Conference
on Combustion Generated Nanoparticles,Zürich, Switzerland 2-4. Au-
gust (2009).

• Büchel R., Baiker A., and Pratsinis S. E., "Flame-made NOx storage-
reduction catalysts with Pt/K/Al2O3," MRC Meeting 2009, Zürich,
Switzerland, 10. June (2009).

• Büchel R., Strobel R., Baiker A. and Pratsinis S. E., "The proximity
of Pt in NOx storage-reduction catalysts," CAPoC8, Brussels, Bel-
gium, 15. April (2009).

• Büchel R., Strobel R., Baiker A., and Pratsinis S. E., "Two-nozzle
flame synthesis of Pt/Ba/Al2O3 for NOx storage," NSTI Nanotech
2008 , Boston, USA, 4. June (2008).

• Büchel R., Ernst F., Strobel R., and Pratsinis S. E., "One-Step
Flame-Synthesis of Carbon-Embedded and -Supported Platinum Clus-
ters," NSTI Nanotech, Boston, USA, 4. June (2008).



206 List of Publications

• Büchel R., Strobel R., Baiker A., and Pratsinis S. E., "Influence of re-
mote control in Pt/Ba/Al2O3 NOx storage-reduction catalysts," 12th
ETH-Conference on Combustion Generated Nanoparticles, Zürich
Switzerland, 24. June (2008).

• Büchel R., Strobel R., Baiker A., and Pratsinis S. E., "Influence of
remote control in Pt/Ba/Al2O3 NOx storage-reduction catalysts,"
SCS, Lausanne, Switzerland, 12. September (2007).

• Büchel R., Strobel R., Baiker A., and Pratsinis S. E., "Influence of
remote control in Pt/Ba/Al2O3 NOx storage-reduction catalysts,"
EuropaCat8, Turku, Finland, 26.-31. August (2007).

• Büchel R., Strobel R., Baiker A., and Pratsinis S. E., "Two-nozzle
flame synthesis of Pt/Ba/Al2O3 for NOx storage," 11th ETH-Conference
on Combustion Generated Nanoparticles, Zürich, Switzerland, 13.-15.
August (2007).

• Büchel R., Li J. G., Wimbush S., Pratsinis S. E., and Ishigaki T.,
"Magnetic properties of cobalt doped titania made by hot radio-
frequency thermal plasma," PARTEC07, Nürenberg, Germany, 27.-
29. March (2007).

• Ernst F., Büchel R., Strobel R., and Pratsinis S. E., "Flame-made Pt-
carbon catalysts for fuel cell application," Symposia BB, MRS-Fall
Meeting 2006, Boston, USA, 27. November-2. December (2006).

• Büchel R., Li J. G., Wimbush S., Pratsinis S. E., and Ishigaki T.,
"Magnetic properties of cobalt doped titania made by hot radio-
frequency thermal plasma," MRC Meeting 2006, Zürich, Switzerland,
29. June (2006).


