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Zusammenfassung 

Der Einsatz von nanopartikulären Multikomponentensystemen spielt eine Schlüsselrolle 

in der Entwicklung neuartiger Materialien. Diese Materialien sind essentiell um z.B. als 

heterogene Katalysatoren die wirtschaftliche Implementierung ungenutzter und bisher 

unwirtschaftlicher Energiewandlungsprozesse zu ermöglichen.  

Die Idee ist dabei, mehrere Komponenten zu kombinieren und so nicht nur die Summe 

der einzelnen Eigenschaften der Materialien zu erhalten, sondern zusätzlich neue 

Materialeigenschaften zu generieren. Die vorliegende Arbeit beinhaltet eine detaillierte 

Zusammenstellung der theoretischen Grundlagen und eine Diskussion zu 

Anwendungsbeispielen, Synthesemethoden und Charakterisierungsgrundlagen von 

Multikomponenten-Partikelsystemen. 

Die Flammen-Sprüh-Pyrolyse (FSP) ist eine Synthesemethode zur Herstellung von 

Metalloxidkatalysatoren im Nanometerbereich. Sie wird als ein aerosolbasierter 

Hochtemperatur-Prozess im Detail vorgestellt. FSP synthetisiert, basierend auf der Gas 

zu Partikel Umwandlung, Oxide nahezu aller Metalle und Übergangsmetalle [1, 2]. 

Beschränkungen gibt es jedoch u.a. bei der gezielten Positionierung einer katalytisch 

aktiven Komponente auf einem Trägermaterial. Die in der Arbeit genutzte Doppel-

Flammensprühpyrolyse (DFSP) ist eine Erweiterung der üblicherweise verwendeten 

Einzelflammensprühpyrolyse. Sie stellt eine vielversprechende neuartige 

Herstellungsmethode für Multikomponentensysteme dar. Die Partikel werden hier in zwei 

gegenüberliegenden Flammen synthetisiert. Im Gegensatz zur Einzelflamme können in 

der Doppelflamme, durch gezielte Wahl der geometrischen Parameter, die einzelnen 

Partikeltypen während der Synthese kontrolliert in Interaktion gebracht und somit die 

Eigenschaften des neuen Multikomponenten-Materials gezielt gesteuert werden. 

Zwei Beispiele zeigen die sehr hohe Flexibilität der Doppelflammensynthese auf. Kapitel 

4.2 beschreibt den Syntheseprozess für einen binären Fischer-Tropsch (FT) Katalysator, 

der aus stabil geträgertem Kobaltoxid (CoOx) und einem Aluminiumoxid Träger (Al2O3) 

besteht. Die Doppelflamme ermöglicht, bei  geeigneter Einstellung der 

Syntheseparameter zum einen die erfolgreiche Unterdrückung von inaktivem Kobalt-

Aluminium-Spinell und zum anderen eine hohe Sinterstabilität des geträgerten 

Kobaltoxids. Mittels einer experimentellen Studie werden die optimalen geometrischen 

Prozessparameter für die Synthese von hoch aktiven Fischer-Tropsch Katalysatoren im 

Doppelflammenprozess bestimmt. 
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Kapitel 4.4 beschreibt das zweite Synthesebeispiel, einen ternärer Katalysator für die 

präferenzielle Oxidation von Kohlenstoffmonoxid (CO-PrOx). Der untersuchte CO-PrOx 

Katalysator besteht aus Cer (CeO2) und Eisenoxidpartikeln (FeOx), die auf Partikelebene 

miteinander vermischt werden. Der Doppelflammen-Prozess ermöglicht hier zum einen 

die Unterdrückung von unerwünschtem Eisendoping in den Cerpartikeln und zum 

anderen die gezielte und exklusive Aufbringung von metallischem Platin (Pt) auf der 

Eisenkomponente. Im einstufigen Doppelflammenprozess besteht die Möglichkeit, das 

Design des Katalysators gezielt einzustellen und somit neuartige Modellkatalysatoren 

reproduzierbar zu synthetisieren. Dies hilft wiederum um ein besseres Verständnis der 

CO-PrOx Mechanismen bei FeOx-basierten Katalysator zu erhalten. 

Die Schwierigkeit bezüglich des gezielten Designs von Multikomponenten-Katalysatoren 

liegt im Wissen über die Steuerung des vorherrschenden Temperaturprofils im 

Syntheseprozess. Das erforderliche Profil ist dabei stark abhängig von den zu 

synthetisierenden Materialien und der angestrebten Produktcharakteristik. Kapitel 5.1 

beschreibt erstmalig den Einfluss der Interaktionsdistanz auf das resultierende 

Temperaturprofil im Doppelflammenprozess. Falls die Interaktion der Flammen bei 

kleinen Distanzen stattfindet (Bereiche in denen sich der Precursor noch in der 

Gasphase befindet), ergibt sich eine Mischung der Komponenten auf atomarer Ebene. 

Die Ausbildung eines Mischkristalls, ähnlich wie bei der Einzelflammensynthese, kann 

dann das Ergebnis sein. Falls das Temperaturprofil und somit das Reaktionsprofil im 

Interaktionsbereich es zulässt, kann es auch zu einer partiellen Sinterung von Partikeln 

untereinander oder zu oberflächenbeschichteten Trägerpartikeln kommen. Bei größeren 

Interaktionsdistanzen bilden sich individuelle Oxidpartikel der einzelnen Materialien aus, 

die auf Partikelebene gut vermischt sind. Weiterhin wird auf Basis zweier 

unterschiedlichen Materialsysteme eine Platin- (Pt) bzw. Wolframoxid- (WO3) und jeweils 

eine Titanoxidpartikel (TiO2) produzierende Flamme, der Einfluss des Interaktionswinkels 

auf die individuellen Partikeleigenschaften und die Vermischungscharakteristik der 

Partikelströme untersucht (Kapitel 5.2 und 5.3). Es werden universelle Richtlinien für die 

Flammenausrichtung im Doppelflammenprozess festgelegt und erstmalig detaillierte 

Erkenntnisse zum Mischprozess des Verfahrens präsentiert. 

Eng verbunden mit der Synthese von Mehrkomponenten-Nanomaterialien ist die 

Bestimmung des Mischungsgerades der unterschiedlichen Komponenten. Diese ist auf 

Nanoebene sehr schwierig, da viele der bekannten Charakterisierungsmethoden auf 

dieser Größenskala nur begrenzt anwendbar sind. Diese Arbeit führt daher zwei neue 

Verfahren zur quantitativen Bestimmung des Mischungsgrades in geträgerten (z.B. 
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aktive Komponente auf Träger) und aggregierten Partikelsystemen (z.B. Mischung 

zweier partikulärer Halbleiter) ein und validiert diese. 

Die vorliegende Arbeit unterbreitet weiterhin eine umfassende Darstellung der 

unterschiedlichen Prozessparameter im Doppelflammenprozess und belegt dies mit 

Beispielen aus dem Bereich der heterogenen Katalyse.  
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Summary        .  

Nanoparticles consisting of multiple components play a key role in the development of 

new materials. They can be applied e.g. as heterogeneous catalysts in novel types of 

energy conversion processes. The idea of such systems is the combination of different 

components which results not only in the addition of their individual properties, but 

furthermore generates novel ones. The thesis presents a detailed overview on the 

theoretical basis of such multicomponent particle systems and discusses catalytic 

applications, synthesis methods as well as the essentials for the characterization of 

these kinds of particle systems. 

Flame Spray Pyrolysis (FSP) is a well investigated high temperature aerosol technique 

for synthesizing nanosized metal oxide catalysts from almost all metals and transition 

metals by gas-to-particle conversion [1, 2]. However, specific designs of multicomponent 

catalysts and a controlled dispersion of catalytically active material on supports are 

limited in this one-step approach. Thus, this thesis investigates the adjustment of two 

single flames in a so-called double flame set up and reveals that this process has the 

potential for a specific design and controlled particle dispersion. The individual metal 

oxide precursors reacting in two opposing spray flames and the intersection of the 

flames is adjusted to a well-defined temperature range. The proper setting of the 

geometric process parameters allows tailoring the characteristic of the synthesized 

multicomponent material. If the flames intersect at small distances where both 

precursors are still in vapor phase, a mixture of oxides on atomic scale and the formation 

of mixed metal oxides are possible. Tailoring the flame geometries, e.g. increase the 

intersection distance, results in the formation of individual oxide particles which are 

mixed on particle scale. A further increase in intersection distance result in the formation 

of particle clusters up to a mixture on agglomerate scale. 

Two examples, a binary Fischer-Tropsch (FT) catalyst and a ternary catalyst for the 

preferential oxidation of CO (CO-PrOx) demonstrate the flexibility of the double flame 

synthesis for the production of tailored multicomponent catalysts. In chapter 4.2, the 

double flame approach is used to deposit cobalt (Co) on an alumina (Al2O3) support, 

which reduces the formation of an undesired atomic mixture with varying flame 

parameters. An experimental study determines the optimal geometric process 

parameters of the two flames for the synthesis of highly active Fischer-Tropsch catalysts. 

The double flame approach provides the synthesis conditions for a mixture on particle 

scale within the high temperature environment. This enables a stable material interphase 
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between the Al2O3 support and the CoOx phase and results in a high sinter stability of the 

catalytic material. The sinter stability is an essential requirement to face harsh reaction 

conditions during the Fischer-Tropsch process.  Chapter 4.4 presents investigations 

regarding the CO-PrOx activity of a ternary catalyst system, containing the reducible 

supports ceria (CeO2) and iron oxide (FeOx) and the catalytic active component platinum 

(Pt). To achieve the desired high activities at low reaction temperatures, a mixture of 

CeO2 and FeOx on particle scale is aspired. The intimate crystalline interface between 

the CeO2 and FeOx particles enables in this connection the required oxygen mobility 

between the two components. The application of the double flame process further 

enables the exclusive deposition of metallic platinum (Pt) particles on the iron oxide 

(FeOx) component. So far, little is known on the details of the reaction mechanism 

hindering a specific design of the catalyst and therefore, an essential increase in activity 

and selectivity. The tailored synthesis of catalysts with different particle characteristics 

helps to understand the interplay between the different support components CeO2 and 

FeOx and to gain a deeper understanding of the CO-PrOx mechanisms. 

The thesis investigates besides the synthesis of the two specific catalyst systems the 

underlying process conditions during the synthesis. The temperature profile of the 

intersecting flames is one of the key parameters in the DF process which significantly 

influences the final material composition. Chapter 5.1 includes a detailed study and 

description of the temperature profile during the double flame synthesis process and 

discusses the influence of the interaction distance on the temperature profile for the first 

time in detail. Closely linked with the synthesis of multicomponent nanomaterials is the 

determination of the degree of mixing between the different components and the 

uniformity of the mixing state throughout the synthesized sample. A quantitative 

characterization becomes complex since easy accessible characterization methods are 

rarely applicable on nanoscale. Two novel image based methods for the determination of 

the degree of mixing in deposited systems (e.g. active component on support) and 

aggregated systems (e.g. two types of support) are developed. Their application helps to 

quantify the influence of the geometric configuration of the flames on the degree of 

mixing and the uniformity of the sample. Chapter 5.2 present the results of the 

intersection of a platinum (Pt) and a titania (TiO2) flame (deposited system) and 5.3 of a 

tungsten-oxide (WO3) and a titania (TiO2) flame (aggregated system). Universal 

guidelines for an ideal process adjustment are established and insights into the mixing 

process are presented.  
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Glossary          ..  

Compilation of used terms and their definition within the thesis 

agglomerate  An agglomerate contains at least two aggregates which are 

physically bonded. 

aggregate  An aggregate consists of several chemically bonded (sintered) 

primary particles. 

aggregated 

system  

 An aggregated system describes a mixture of different types of 

primary particles (X and Y) within an aggregate which have a ratio 

between the particle diameters of dX/dY > 0.5 (with dX ≤ dY). 

center axis  The center axis is the vertical axis in the double flame set up, 

passing through the intersection point of the flames. 

core-shell 

particles  

 Basis for this structure is a primary particle, which consists of at 

least two components, that forms two different crystal/ amorphous 

phases. In this structure, one phase covers the surface of a 

particle containing the second phase. Core shell particle are a 

special type of polycrystalline particles. 

degree of mixing   The degree of mixing is an indicator how many hetero contacts 

between the different components are present in a particle 

aggregate. By definition, the degree of mixing is the highest when 

the maximum number of possible hetero-contacts is present for all 

primary particles within an aggregate. Both in a deposited and in 

an aggregated system, this is the case for a mixture on particle 

scale. The degree of mixing is the highest for mixtures on particle 

scale > cluster scale> agglomerate scale. 

deposited 

systems 

 A deposited system describes a mixture of two different types of 

primary particles (X and Y) which have a ratio between the 

particle diameters of dX/dY ≤ 0.5 (with dX < dY). The component X 

is called deposit while component Y is the support. 

doped crystal 

structure  

 Basis for this structure is a primary particle, with a crystal 

structures (M-AOX) where the host component (AOX) keeps its 
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crystal structure and the second component, the dopant (M), 

migrates in this so called “host structure” without a change of its 

crystal structure. 

flame axis  The flame axis connects the particular centers of the nozzles with 

the geometric intersection point of the two flames and varies with 

the intersection angle. 

hetero contact  A hetero contact describes the interphase between two different 

types of primary particles. This interphase (hetero contact) is 

required to take advantage of the properties of both components 

including the special properties of the interphase. 

heterojunction  A heterojunction describes the chemical formed interface between 

two different crystalline semiconductor particles, where the 

difference in the position of the particular conduction and valance 

bands results in a transfer of the photo excited electrons and 

holes. 

homo contact  A homo contact describes the chemical formed interphase 

between two particles that are of the same type of primary 

particle.  

intersection 

distance 

 The intersection distances is the shortest distance from the center 

of the nozzle to the geometric intersection point of the two flames 

and is adjusted by the distance between the two nozzles and the 

intersection angle. 

intersection 

point 

 The two flame axes and the vertical axis geometrically intersect in 

the intersection point. 

mixed metal 

oxide particles 

 A mixed metal oxide contains cations of more than one element 

(A and B) that have a covalent binding with oxygen. Basis for this 

structure is a primary particle, with a crystal structure e.g. of the 

form ABOX.  

mixing process  The mixing process describes the interaction of the two flame jets. 

The status of the mixing process gives insight on the probability 

distribution of the components within the reaction zone. The 
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mixing process is in progress as long as one component’s 

probability of presence changes with the position in the reaction 

zone. The mixing process is completed, when both components 

have the same probability of presence within the whole reaction 

zone. 

mixing state  A mixing state describes the distribution of different chemical 

components within a primary particle or a particle collective. 

mixture on 

agglomerate 

scale 

 This mixture describes agglomerates which consists of at least two 

different types of aggregates. A single aggregate always contains 

the same type of primary particle. 

mixture on 

atomic scale 

 This mixture describes a primary particle which consists of at least 

two components that are mixed on atomic length scale, meaning 

they form either a mixed metal oxide or a doped crystal structure. 

mixture on inner 

particulate scale 

 This mixture describes a primary particle which consists of at least 

two components that have two different (crystalline or amorphous) 

phases. 

mixture on 

particle cluster 

scale 

 This mixture describes an aggregate which consists of at least 

two different types of particle clusters. A single particle cluster 

always contains primary particles of the same type. 

mixture on 

particle scale 

 This mixture describes an aggregate which consists of at least 

two different types of primary particle. 

particle cluster 

size 

 The particle cluster size is the number of primary particles within 

an aggregate which have the same type and are connected with 

each other via a homo contact. 

particle cluster  A particle cluster includes all particles which are of the same type 

of primary particle and are connected with each other via a homo 

contacts. 

particle 

collective  

 A particle collective describes the accumulation of at least two 

different types of primary particles in form of an aggregate or 

agglomerate.  
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particle type  A particle type describes the characteristic of a primary particle. A 

primary particle can consist either of a single oxide component or 

multiple components. A primary particle with multiple components 

can exhibit two different mixing states (mixture on atomic scale or 

mixture on inner particulate scale). 

polycrystalline 

particles 

 Basis for this structure is a primary particle which consists of at 

least two components with different phases. In a polycrystalline 

structure are the two different phases of disordered nature. 

primary particle  
A primary particle is a single particle within an aggregate. The 

primary particles can be of different types (see particle type). 

reaction zone   In the flame spray pyrolysis (FSP) process is the reaction zone for 

the particle synthesis equivalent with the flame zone. 

uniformity of a 

mixture 

 Whereas the degree of mixing describes the mixing state within 

an aggregate, comprised the uniformity of the mixture all 

(deposited) aggregates within a sample. A sample is defined as 

uniform in cases where only one mixing state is present on 

aggregate scale throughout the whole sample. 
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1 Introduction 

One of the main challenges of the 21st century is the phasing out of our nuclear and 

fossil fuel based energy supply. This departure is motivated in the limited availability of 

crude oil, but it covers also issues such as energy wars, climate change and the 

obligation towards future generations to economize farseeing with existing energy 

resources. For realizing this turnaround, the sustainable implementation of renewables is 

essential. So far, 80.9% of the energy supply is based on fossil fuels and nuclear power. 

The overall percentage of renewables is only 19.1%, including 9% of traditional biomass, 

used primarily for cooking and heating. However, the use of modern renewables is 

continuously increasing in the resent years. The resources for the energy generation are 

quite diversified in their actual resources; covering water, wind, biofuels and solar energy 

(see Figure 1). This diversity of the renewable is essential to implement a stable and 

forward-looking energy supply which considers the local availability of resources. This 

diversity also avoids the dependence on certain selected resources that is often 

accompanied with political conflicts. The technologies for the energy generation from 

renewables are divers in exactly the same way as the renewable resources itself. While 

the wind and water based energy supply requires mechanical solutions; the 

enhancements of biofuels and photocatalytic application are depended on the 

development of new (photo-) catalytic active materials.  

 

Figure 1: Estimated Renewable Energy Share of Global Final Energy Consumption, 2013 [6]. 

 

For the implementation of new technologies, the availability of existing infrastructure has 

to be considered. A huge part of our resent energy supply, especially in the field of 

transportation and heating is oil or gas based. The usage of nonpetroleum based 

alternative biofuels is a way of taking use of the existing infrastructure. The synthesis of 

fuels from renewable recourses is a solution which adjusts well to the fuel based system 
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and is therefore, subject of current research [7-9]. One way for the synthesis of fuels 

from renewable recourses is the Fischer-Tropsch (FT) reaction, where syngas (CO and 

H2) react under certain reaction conditions to ordered energy rich hydrocarbon chains 

[10-12]. In the past, this synthesis route was mostly used for the coal liquefaction [13-15]. 

The utilization of biomass as CO and H2 resource for the required syngas, converts the 

Fischer-Tropsch reaction to a potential solution in this field. The drawback of this 

approach is, however, that it is directly competitive with food production, since biomass 

is involved. The production of sustainable syngas (H2 and CO) based on H2O and CO2 

using photocatalyst, offers a production route that offers the potential to overcome this 

drawback. Here, H2O is separated in H2 and O2 [16-18] using a photo catalyst and solar 

light. Exhausted CO2 gas can further be photocatalytically reduced to CO or methanol 

[19-22]. 

Other renewable approaches, next to gas and fuel based Fischer-Tropsch reactions, are 

hydrogen based transportation scenarios. One example in this field is the Polymer 

Electrolyte Membrane Fuel Cell (PEMFC) technology [23, 24], where the chemical 

energy of hydrogen fuel is directly transformed into electrical energy with high efficiency 

and low emission of pollutants. Here, the challenge of a particular clean production of H2 

plays a decisive role. To cover this issue, the technology is associated with a complex 

gas pre-treatment, to secure stable process condition. One important gas pre-treatment 

technology is the preferential oxidation of carbon monoxide (CO-PrOx). This technology 

helps to reduce the amount of poisoning CO residues in the H2 fuel and provides stable 

process conditions in the fuel cell. 

The Fischer-Tropsch reaction, the photocatalytic water or CO2 splitting approach, and 

the preferential oxidation of CO (CO-PrOx) are promising building blocks for a future 

renewable energy supply. Most technologies are, however, still on the research stage 

and not fully industrial implemented. Next to extensive process innovation, all 

approaches need further fundamental knowledge on the involved reaction mechanisms. 

The bottleneck for the implementation of a competitive energy supply based on these 

technologies is the development of novel high-performance catalysts. These tailored 

catalysts are the key for achieving a cost and energy competitive production compared 

to a fossil fuel based feedstock. Catalysts are the core of the reaction, since they 

accelerate the rate of reaction by interacting with the reactants. As presented in Figure 

2a, a catalyst enables scenarios, where significantly less energy is required to perform 

the reaction, compared to a scenario without catalyst. The application of a catalyst 

results, thus, in much faster reaction rates and a significant increase in efficiency. In 
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addition, the application of a catalyst reduces the required reaction temperature and 

applied pressure during the reaction since the required activation energy decreases. By 

definition, the catalyst is not consumed during the reaction and does not influence the 

thermodynamic equilibrium of the reactants and products [25]. The ideal catalyst for the 

particular reaction is further highly selective. This means, it favors the formation of the 

desired product and suppresses undesirable side products [26]. 

 

Figure 2: a. Schematic representation how a catalyst influences the reaction path cf. [26] and b. 
Specific surface area as a function of particle size (for nickel particles with a density of 
ρ=8900 kg/m³) cf. [27]. 

 

Today, catalysts play a crucial role in 90% of all commercially produced chemical 

products and are the key for emissions control e.g. in automotive. Most of the applied 

catalysts are heterogeneous catalyst. The main advantage of using a heterogeneous 

catalyst is that, being a solid material, it is easy to separate from the gas and/or liquid 

reactants and products of the overall catalytic reaction [28]. Since the reaction in such a 

heterogeneous system takes place at the surface of a solid, the surface to volume ratio 

of the applied catalyst is essential. The surface to volume ratio is particular high for 

nanoparticles compared to that of traditional bulk and micrometer-sized ones. For 

particles with a diameter of 30 nm, 10 % of the atoms are placed on the surface and are 

available as active sites. For particle with a 3 nm diameter, already 50 % of the atoms 

are placed on the surface and can actively take part at the reaction. Figure 2b illustrates 

the significant increase of specific surface area with decreasing particle size. This allows 

to build the reactors smaller and to reduce investment costs for large equipment. In 

addition, this fact reduces the number of "unused atoms" inside the particles. The later 

one is especially important when expensive catalyst materials, such as the precious 

metals (platinum or rhodium) are used. 



Page 4 

Universität Bremen < Henrike Großmann > 

Nanoparticles further gained great scientific attention in the resent years as they build a 

bridge between the properties of bulk materials and atomic or molecular structures. 

Whereas the physical properties of bulk materials are not significantly influenced du to 

variations in the size, nanoparticles possess size dependent properties. In the nano 

regime quantum effects play a dominating role leading to unique mechanical, electrical, 

magnetic, optical and chemical properties of the particles [29]. 

Nanomaterials are further expected to possess many improved properties over those of 

bulk and micrometer-sized ones, due to different effects in terms of volume, quantum 

size, surface defects, and macroscopic quantum tunnel [29, 30]. Since a catalyst particle 

in the nano range contains only of a few atoms, this catalysts can be assigned in the 

border area between molecular (homogeneous) and solid-state (heterogeneous) 

catalysts [26]. Nanoparticulate catalysts offer due to their special properties the potential 

to have a high selectivity, an extremely high activity, low energy consumption and a long 

lifetime. To realize this potential, a precisely adjustment of the size, shape, spatial 

distribution, surface composition and electronic structure is required. In addition, the 

thermal and chemical long-term stability of the individual components must be ensured. 

All these features are also of high importance when the particles are applied not as 

catalyst but as advanced energetic, electronic, photonic, magnetic and biomedical 

materials [31] and are, therefore, of high importance. 

All the heterogeneous catalysts, which are applied in the above described approaches 

e.g. the Fischer-Tropsch (FT) reaction, are typically highly complex multicomponent 

materials, where each of the materials plays a certain role in the chemical conversion 

process, for example, as active component, support, or oxygen storage component [16, 

32]. Although surface science studies in the recent years have contributed significant 

progress on the fundamental understanding of catalysis, most of the applied commercial 

catalysts are still produced by "mixing, shaking and baking" of several components [33]. 

The specific design of nanoscale structures is hard to control and synthesis-structure-

performance relationships are not fully understood. A further considerable issue 

regarding nanomaterials is the limited possibility to characterize these structures. 

Because of its complex physico-chemical properties and the considerably small size in 

the nanometer scale, the characterization of these catalysts is highly challenging. The 

detailed characterization is, however, indispensable to develop and enhance production 

processes which allow a tailored design of catalyst. 
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Flame Spray Pyrolysis (FSP) is, for example, a suitable method for the production of 

nanosized metal oxide catalysts. It is a high temperature aerosol technique and is 

suitable for the synthesis of metal oxide catalysts from almost all metals and transition 

metals [1]. The extension of the normal Flame Spray Pyrolysis to the Double Flame (DF) 

approach allows the specific designs of multicomponent catalysts and the controlled 

dispersion of catalytic material on a support. In this case, the combustion of two different 

metal oxide precursors takes place in two individual flames which are aligned so that 

they intersect at a defined temperature range. The temperature profile of these 

intersecting flames is the key parameter when designing the final multicomponent 

catalyst. A variety of different catalyst formations is realizable ranging from a mixture of 

oxides on the atomic scale to the formation of surface deposited particles. Additionally, 

the modification of properties such as particle size, shape, and specific surface area is 

possible for each component individually by adjusting the flames separately. Currently 

few other synthesis routes can offer this flexibility in multicomponent catalysts design, 

which makes the Double Flame Spray Pyrolysis (DFSP) to an attractive approach. DF 

synthesized catalyst can, thus, contribute in the decoding of structure-reactivity 

relationships due to the possibility of a tailored catalyst design. In addition, flame 

synthesized catalyst have enormous potential to show an increased efficiency compared 

to commercial catalysts. Therefore, this thesis investigates the fundamentals of the DF 

process and for the first time identifies guidelines for ideal process adjustments based on 

the intensive study of different material systems. 
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2 Multicomponent nanoparticles applied as heterogeneous 

catalysts 

Since the end of the 1990s, and with the development of nanoscience, nanocatalysis has 

clearly emerged as a domain at the interface between homogeneous and heterogeneous 

catalysis which offers unique solutions to answer the demanding need for catalyst 

improvement [33]. Nanocatalysts offer special properties due to its nanodimension as 

discussed e.g. in the review of Wang et al.: 

 “surface and interface effect (unusual properties of extremely small crystals that 

arise from the damage of a boundary between a material and its surrounding 

environment) 

 small size effect (novel properties of extremely small crystals that arise from the 

decrease of the atom’s density of amorphous nanoparticles near the surface 

layer) 

 quantum size effect (unusual properties of extremely small crystals that arise 

from confinement of electrons to small regions of space in one, two, or three 

dimensions) 

 macroscopic quantum tunnel effect (when the total energy is less than the barrier 

height, extremely small crystals can still pass through the barrier) [34]”. 

Since the heart of a heterogeneous catalyst involves the active sites at the surface of the 

solid, an appropriate catalyst design includes a support. This support helps to maximize 

the surface area and stabilizes the catalyst material against sintering. The combination of 

a catalytic material and a support system describes, therefore, one of the most common 

multicomponent systems in catalysis. The application of a support increases not only the 

surface area of the catalyst; it can further influence the reaction pathway to a great 

extent [35]. The interface between the two components plays a critical role in catalysis, 

since interfacial phenomena, such as strong metal–support interactions (SMSI) are 

present. This SMSIs favor e.g. the chemisorption properties of group VIII metals at 

elevated temperatures when supported on reducible oxides [36]. So the development of 

multi component structures is motivated by the fact that resulting structures will combine 

the single properties and may give rise to novel collective properties [37]. 

Chapter 2.1 describes the required properties of nanoparticulate multicomponent 

catalysts in more detail. Chapter 2.2 gives an insight in the description of different types 

of multicomponent arrangements and highlights applications of the different catalyst 

designs. Chapter 2.3 presents the applied characterization techniques for the later 
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investigated multi component particles and chapter 2.4 summarizes the approaches for 

the characterization of the degree of mixing in multicomponent catalyst systems. 

2.1 Requirements of nanoparticulate multicomponent catalysts 

The general criteria to characterize heterogeneous catalysts are their activity and 

selectivity, the thermal and mechanical properties, their stability, morphology and its 

costs. The activity of a catalyst is the property of the catalyst to form the desired product 

under certain reaction conditions (temperature, pressure etc.). Conversion is the 

indicator for the overall catalyst activity and related to a specific chemical reaction. The 

definition of conversion is the number of moles product converted per number of moles 

reactant. In most of the catalytic reactions, several reaction paths are present in parallel 

to the desired product and the formation of by-products takes place. Therefore, the 

selectivity of a catalyst plays an essential role. Its definition is the percentage of the 

desired product formed in relation to all formed products.  

Reaction mechanism: Reactions involving heterogeneous catalyst are always located 

on the surface of the catalytically active material. The atoms of the catalyst surface play 

a key role in the reaction procedure, since their function is to break the bonds between 

the reacting species and to build new bonds to form the product species [26, 33, 38, 39]. 

There are two main mechanisms in heterogeneous catalysis [40] represented in Figure 

3: In the Langmuir-Hinshelwood-mechanism, where both reactants A and B must be 

adsorbed from the gas phase (I) onto the catalyst surface (II). The adsorbed species 

diffuse on the surface of the catalyst and a bonding between A and B takes place (III). 

The last step in this mechanism is the desorption process of product C from the catalyst 

surface (IV). In the Eley-Rideal-mechanism, reactant A adsorbs onto the catalyst surface 

(I). The reactant B, which stays in the gas phase (II), reacts with the adsorb reactant A 

and a stable bonding between the components is formed (III). The last step is again the 

desorption process of the product C from the catalyst surface (IV). Whether a catalytic 

reaction proceeds via a Langmuir–Hinshelwood, Eley–Rideal or another less prominent 

mechanism has significant implications on the reaction kinetic. Theoretical studies have 

demonstrated that the surface structure of the catalyst, which changes within a multi 

component catalyst due to the particular composition, can influence which of the 

mechanism is the predominate one [41]. However, at present it is postulated that the 

most frequent reaction mechanism is Langmuir–Hinshelwood [42]. 



Page 8 

Universität Bremen < Henrike Großmann > 

 

Figure 3: Schematic presentation of the two main mechanisms in heterogeneous catalysis 
including the educts A and B and the product C. 

 

Size effects: The overall active surface for the catalytic reaction increases due to a 

reduction in particle size, because the number of “unused” atoms, which are present in 

the bulk, significantly decreases. Certain effects e.g. the surface, interface and quantum 

size effects get dominant. Lopez et al. demonstrated that gold (Au) particles in the nano 

dimension are considerably more reactive than extended Au surfaces, because of the 

low coordinated Au atoms, which can interact stronger with adsorbates. Additionally, 

gold nanoparticle have sites with a geometry that are particularly well suited for reactions 

involving bond breaking (and formation) in small molecules [43]. 

Catalytic particles in the nano dimension have further a benefit when expensive and rare 

active components e.g. Pt, Pd, or Au are applied, since the overall amount of the utilize 

material is significantly reduced. The dispersion gives an insight, how high the 

percentage of actual catalytically effective atoms on the surface is in relation to the total 

number the atoms of the component. A dispersion of 1 (or 100%) indicates that all atoms 

of the material are accessible on the surface. Typical catalytic materials have a 

dispersion between 0.5 (particle sizes of less than one nanometer) and 0.1 for particle 

sizes around 10 nm. 
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Sinter effects: One challenge with nanocatalyst is, however, the deactivation due to 

sintering, also called aging. This issue is especially high when nanocatalysts are applied, 

since the very high surface area to volume ratio of nanoparticles comes with the 

challenge that the individual particles will tend to coalescence and form larger particles to 

reduce the total surface energy [44]. This leads to a significant decrease of catalytic 

activity due to a loss of active surface area. Deactivation by sintering occurs due to high 

reaction temperatures especially above the Tamman temperature of the solid. The 

Tamman temperature is the temperature where atoms of a solid become mobile. One 

way to face this issue is a specific catalyst design, which ensures a high thermal stability 

of the active component during the reaction process. Since the active component often 

has a low heat-resistance, the deposition of the active component on a thermal stable 

support material reduces sintering significantly. The particles of the catalytically active 

component are fixed onto a high surface area support in such a way that inter particle 

contacts between the active component are hindered. A stable interface between the 

support and active component is essential to prevent coalescence, especially at harsh 

reaction conditions. For a high catalytic activity, a uniform dispersion of the active 

component on the support is required. This maximizes the distance between the 

individual particles of the active components deposited on the support particle. 

The support is, however, not only a stabilizer for the active component, its chemical and 

physical properties also influences the catalytic activity of the reaction system 

significantly [45, 46]. The mechanical strength, the thermal stability and the porosity of 

the support are important with respect of its catalytic application [47]. A central issue in 

catalyst design is that educt and product molecules can approach and leave the catalyst 

surface fast and without undesired limitations [38]. The same applies for the formed 

products, so that they can leave the catalyst surface unhindered, even if their molecule 

diameter is significant larger than the one of their educts. It is further essential that the 

entire provided surface is also accessible to the reactant molecules, which can 

approach, either from the gas phase or from the liquid phase. The porosity and the 

minimal pore size of the catalyst system should be high enough to ensure a constant 

reactant and product flow. Further the individual adjustment of the particle size of the 

support and the active component is an important issue for all catalytic applications, 

since it influences the catalytic activity significantly [48]. In all cases, the ideal particle 

size of the individual component is highly depended on the particular reaction. 

Strong metal-support interaction: As already stated earlier, the interaction between 

support and catalytic material is a further key to tune the catalytic activity. Interfacial 
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phenomena, such as strong metal–support interactions (SMSI) are only present in 

multicomponent systems. They are dependent on the choice of the support material and 

significantly influence the activity and selectivity. When group VIII metals (Fe, Ni, Rh, Pt, 

Pd, and Ir) are supported on reducible oxides (TiO2, CeO2 etc.), the adsorption of H2 and 

CO is drastically reduced, but competitive hydrogenation versus hydrogenolytic reactions 

are greatly favored [49]. So methanation production from CO or CO2 and H2 is enhanced 

by three orders of magnitude [50]. 

Spillover effects: The spillover effect is only present in multicomponent system and can 

also influence the catalytic performance. Spillover involves the transport of active 

species adsorbed or formed on a first surface (donor phase) onto another surface 

(acceptor) that does not adsorb or form the active species under the same conditions 

[51]. The result is the reaction of this species on the second phase either with other 

adsorbing gases and / or the reaction with or the activation of the second phase [52]. 

Figure 4 illustrates a schematic of the spillover effect on a multicomponent system 

including three components: 1. metal catalyst, 2. support and 3. an additional reactive 

phase. The example on the right illustrates hydrogen spillover from a metal onto its 

support and a second spillover to an additional reactive surface (in this case a reducible 

metal oxide). On this surface it may react with a hydroxyl to produce water (OH + H → 

H2O) [53]. In this reaction step, the metal of the metal oxide support is exposed and 

creates adsorption or catalytic sites. 

 

Figure 4: a.) Schematic representation of spillover: from a metal absorbing surface onto a 
support; and then onto another surface in contact with the support and b.) Pathway of a hydrogen 
spillover both reprinted with permission of [53]. 

 

Boudart et al. choose “spillover” to describe the migration of hydrogen atoms (H) from 

metal particles to its support, because the H atoms spill over from hydrogen-rich to 

hydrogen-poor surfaces [54]. Deutschmann further discussed that besides hydrogen 
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spillover, oxygen spillover may play an important role in oxidation reactions catalyzed by 

multi component oxides. One example is the addition of antimony (Sb) oxide to a 

selective oxidation catalyst. “This addition enhances the catalytic activity at high levels of 

selectivity by a factor of up to five relative to the Sb-free system, although antimony 

oxide itself is completely inactive [25]. So far, the experimental verification of the exact 

physical nature of spillover processes is very rare. In summary the term “spillover” is 

typically used to explain nonlinear effects (synergistic effects) on the performance, when 

chemically different components of a catalytic materials are combined [25]. 

Photocatalysis: A special type of reaction with heterogeneous catalysts is 

photocatalysis. The approach of this reaction type has expanded rapidly within the last 

four decades, since it offers promising approaches for energy and environmentally 

related problems. Solar water splitting and the purification of air and water that contain 

low concentrations of pollutants are the major applications so far [55]. The photocatalyst, 

which mainly consists of a transition metal oxide (e.g. TiO2, WO3 and BiVO4) or another 

semiconducting material, absorbs light (hν). The size of the bandgap, determines which 

wavelengths of the light spectra can be absorbed. The energy of the absorbed light must 

be equal to or greater than the band-gap energy Eg (hν ≥ Eg) to generate a free 

photoelectron in the conduction band and a photo- hole in the valence band. The excited 

electron reacts with an oxidant and produces a reduced product. The reaction between 

the generated holes and a reductant results in an oxidized product. Both reactions take 

place at the surface of the catalyst. Figure 5 schematically presents the reaction steps 

for the photocatalytic water-splitting process. Which types of surface reactions are 

energetically realizable highly depends on the energetic positioning of the valance and 

the conduction band. 

 

Figure 5: Photocatalytic water-splitting process using heterojunctions. 
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The characteristic parameter for the catalytic efficiency of a photocatalyst is the quantum 

yield. This is by definition equal to the ratio of the reaction rate in molecules per second 

to the photonic flux in photons per second [56]. The quantum yield can significantly 

decrease due to the recombination of excited electrons and holes. When a 

recombination takes place, the energy gained from the excitation of the electron is 

released as undesired heat. Following well known design aspects help to reduce the 

probability of such a recombination event and leads to an increasing electron lifetime 

[55]: 

- a high crystallinity and a low defect concentration to avoid recombination in the 

bulk; 

- a small particle size to minimize the length of the diffusion path of the exited 

electrons and holes to the surface. 

Within the resent years, the focus within photocatalysis shifts more and more in direction 

of multicomponent materials, since single materials e.g. pure TiO2 or Fe2O3 fail in 

reaching the requested activity. One approach is the combination of a photocatalyst and 

a co-catalyst in a multicomponent system. The deposition of noble metal co-catalysts 

e.g. platinum (Pt) or rhodium (Rh) on the photocatalyst surface can reduce the 

recombination significantly, since it improves the charge separation within the 

semiconductor and reduces the overall recombination rate. 

Quite more challenging and a relatively novel and promising strategy to reduce the 

recombination rate is the formation of heterojunctions [57] as presented in Figure 5. A 

heterojunction describes the interface between two different crystalline semiconductors, 

where the difference in the position of the particular conduction bands results in a 

transfer of the photo-excited electrons from conduction band of component X to the 

conduction band of component Y. The hole transfer takes place simultaneously from the 

valance band of component Y to the valance band of component X. This results in a 

spatial separation of photo generated electrons and holes [58]. These photocatalytic 

multicomponent catalysts are, however, very complex systems and highly sensitive to 

surface defects which result in undesired recombination. The challenge is to implement a 

robust synthesis method which results in defect free particles and a stable and a nearly 

defect free interface between the two components to avoid recombination.  

A third promising approach to achieve a highly active catalyst is a mixture of two 

components on atomic scale, since this so called mixed metal oxides offer promising 

positions of the conduction and the valence band, which are not present in single 
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material system. A suitable position of the bands is, however, necessary to utilize light 

with wavelengths in the visible light region, since this represent the main part of the solar 

spectrum. 

All the discussed issues within this paragraph, including the influence of particle size, 

support interaction, surface accessibility, sinter stability and so forth give an idea of the 

enormous complexity of a real catalyst system. The next section defines the different 

combinations of materials in a multi component system and introduces the different 

mixing states investigated in the experimental part. 

2.2 Design and application of nanoparticulate multicomponent catalysts 

Multi component nanoparticle catalysts can exhibit a variety of different mixing states. A 

mixing state describes the distribution of the chemical components within a particulate 

system. The investigated particulate systems within this thesis are aggregates. An 

aggregate contains several primary particles that are chemically bonded (sintered) [59]. 

The formation of these fractal-like aggregates is characteristically for the aerosol 

synthesis of nanoparticles, described in detail in chapter 3.2. 

Figure 6: Illustration of different types of primary particles, which contain either a single or multiple 
components. 
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A primary particle is a single particle, which consist either of a single component 

(bottom row) or of multiple components (middle and top row) as illustrated in Figure 6. 

Multiple component primary particles are further divided in particles which contain a 

mixture on atomic scale and a mixture on inner particulate scale, explained in detail in 

chapter 2.2.1. 

These primary particles are the building blocks for further mixing states within a so-called 

particle collective. A particle collective describes the accumulation of at least two 

different types of primary particles in form of an aggregate or an agglomerate (physically 

bonded aggregates) [59]. Figure 8 schematically illustrates 10 different mixing states, 

which are of high importance within the following chapters. In a first step, following 

distinctions are done: 

a. Mixing states within a primary particle (bottom / blue color code) 

and mixing states within a particle collective (top). 

The mixing states within a particle collective are further divided in: 

b. Mixing states within a deposited system (orange color code) 

c. Mixing states within an aggregated system (yellow color code) 

A deposited system describes a mixture of at least two different types of primary 

particles (X and Y) which have a ratio between the diameter of the particles X and Y of 

dX/dY ≤ 0.5 (with dX ≤ dY). For a ratio, dX/dY > 0.5 the system is called aggregated 

system. 

 

Figure 7: Illustration of different particle clusters with a cluster size of four particles. 

 

Within an aggregate, primary particles of the same type can form particle cluster. A 

particle cluster includes all particles which are of the same type of primary particle and 

are connected with each other via a homo contacts. A homo contact denotes the 

particle contact between two primary particles of the same type. The cluster size 
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represents the number of particles which are connected via a homo contacts illustrated 

in Figure 7. 

Figure 8: Schematic illustration of different mixing states within multi component catalysts: Mixing 
states within a primary particle (blue color code) including a1 a doped crystal structure, a2 a 
mixed metal oxides a3 a core shell structure and a4 polycrystalline particles. The boxes for the 
mixing states a1 and a2 as well as a3 and a4 are interconvertible between the deposited and the 
aggregated system. Mixing states within a particle collective describe either a deposited system 
(b1-3, orange color code) or an aggregated system (c1-3 yellow color code). The degree of 
mixing within a particle collective is decreasing from a mixture on particle scale to a mixture on 
agglomerate scale. 

 

The degree of mixing is an indicator how many hetero contacts between the different 

components are present and related to a particle collective. A hetero contact denotes 

the interphase between two different types of primary particles. This interphase (hetero 



Page 16 

Universität Bremen < Henrike Großmann > 

contact) is required to take advantage of the properties of both components including the 

special properties of the interphase. 

By definition, the degree of mixing is the highest when the maximum number of 

possible hetero-contacts is present for all primary particles within a particle collective. 

Both in a deposited and in an aggregated system, this is the case for a mixture on 

particle scale. 

Degree of mixing in particle collectives: particle scale > cluster scale > agglomerate 

scale  

Whereas the degree of mixing describes the mixing state within a particle collective, 

comprised the uniformity of the mixture all particle collectives within a sample. A 

sample is defined as uniform in cases where only one mixing state is present on 

aggregate scale throughout the whole sample. The uniformity of the mixture is the 

highest when the hetero-contacts are uniformly distributed within the sample. The 

presence of particle collectives within the sample, where e.g. a mixture on particle scale 

exists next to a region with a mixture on agglomerate scale significantly decreases the 

uniformity of the mixture. It is possible to have a uniform mixture with a low degree of 

mixing, when two types of aggregates are uniformly mixed on agglomerate scale 

throughout the whole sample. 

Table 1 lists specific examples for all the different mixing stages according to the number 

of components involved. Roman numerals introduce the arrangements and the related 

capabilities as heterogeneous catalyst in the text. A supplementation and extension of 

this presented list of particle arrangements is possible by include e.g. more than four 

components. 

2.2.1 Mixing states within a primary particle 

Mixing of two or more components within a primary particle can take place on two main 

mixing scales: Mixing on atomic and mixing on inner particulate scale. The formed 

aggregates consist of primary particles which have all the same mixing state. 

1. Mixing on atomic scale 

The mixture of two or more components on atomic scale can lead either to the formation 

of a mixed metal oxide or to a doped crystal structure. 
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Mixed metal oxides (a2) consist of a crystal structure of at least two different elements, 

where all metal atoms (A and B) have a covalent binding to the oxygen. Possible are 

binary, ternary and quaternary systems of amorphous or crystalline nature. Typical 

stoichiometric forms are perovskites (ABO3), scheelites (ABO4), or spinels (AB2O4). 

Table 1 includes a variety of examples where mixed metal oxides are applied in a 

catalytic system (I, IV, VII, VIII and X) and highlights the reason for the application of a 

multicomponent material. Of special interest is also the synthesis of metastable mixed 

metal oxide phases because of their superior catalytic properties [60, 61]. 

In doped crystal structures (M-AOX) (a1), the host component keeps its crystal 

structure and the second component migrates in this so called “host structure” without a 

change of its crystal structure. The dopant (M) can be either a noble metal atom e.g. 

Platinum (Pt) or a metal atom e.g. Titan (Ti).  

Within the resent years, the application of doping and especially the application of mixed-

metal oxides gained more and more interest in the field of catalysis, since e.g. surface 

properties or bandgap positions differ significantly from single component materials. This 

offers various advantages compared to single materials. 

In multicomponent materials, the specific surface properties, which influence the catalytic 

activity significantly, can be tuned form acid–base to redox properties. This is realizable 

due to adjustments in material composition of the mixed metal oxide or due to variations 

of the doping content [62, 63]. Mixed metal oxides (I) further exhibits unique bandgap 

positions compared to single material semiconductors [64]. Doping (I) is successfully 

applied to modify the bandgap size and position of semiconductors [65]. This bandgap 

modifications are beneficial e.g. for the photo-oxidation capability [66]. 

2. Mixing on inner particulate scale 

This mixture describes a primary particle which consist of at least two components that 

form two different crystal phases (e.g. crystalline and amorphous): 

This can either be in form of so called core-shell particles (a3), where one phase 

covers the surface of a particle containing the second phase or in form of 

polycrystalline particles of disordered structure (a4) [67]. The different phases, in core 

shell and polycrystalline particles, can either contain two metal oxide phases or a noble 

metal and a metal oxide. One example is the flame synthesis of particles with an inner 

ceria core of spherical shape that is encapsulated by a 1 to 2 nm shell of amorphous 
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titania. Core-shell nanocatalysts can exhibit unique catalytic properties that are not 

present in either the core or the shell materials [68]. 

One example for a disordered system is a “raisin–bun”-type nanocomposite containing 

e.g. MoO3 and SiO2 particles. This special system can consists of 1.0 nm sized MoO3 

particles, which are homogeneously dispersed in 23 nm silica spheres. The 

nanocomposites exhibits enhanced catalytic activities and good reusability, attributed to 

the unique structure [69].  

2.2.2 Mixing state within a particle collective 

For mixtures extending the single particle scale, the distinction between deposited (b, 

orange color code) and aggregated (c, yellow color code) systems is used and presented 

in Figure 8. In both systems the degree of mixing varies based on the scale the two 

different types of particles are mixed:  

3. Mixing on particle scale: This mixture describes a particle collective which consist 

of at least two different types of primary particles. The two types of particles form 

a high number of hetero contacts. 

4. Mixing on cluster scale: This mixture describes a particle collective e.g. an 

aggregate which consist of at least two different types of particle clusters. 

Compared to a mixture on particle scale the number of hetero contacts is 

decreasing while the number of homo contacts is increasing in a mixture on 

cluster scale. 

5. Mixing on agglomerate scale: This mixture covers at least two types of 

aggregates which consist only of one type of primary particles and are mixed 

within an agglomerate. 

Particle mixing in a deposited system: The main characteristic of deposited systems, 

also called decorated systems, is the significant difference between the particle sizes of 

the different components. In this thesis, the critical value for the ratio in diameter 

between the primary particle size of component X (dX) and component Y (dY) is set to 

dX/dY = 0.5. Therefore, a deposited system represents a ratio where dX/dY ≤ 0.5. In cases, 

where the ratio between deposit and support particle tends towards zero, the system has 

certain similarities to nanocomposite materials, where nanoparticles are deposited e.g. in 

a continuous polymer matrix [70]. 

In deposited systems commonly small (noble-) metals (M) and in certain cases other 

oxides of the form BOx, are dispersed on a support metal oxide particle AOx (III). This 
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deposition can also be partial on one of the support component, when more than one 

type of support particle is present (V and VIII). When two types of deposits exist, they are 

either decorated on one component (VI) or partially on different supports (IX and X). A 

typical catalyst / support structure is the most prominent example for a deposited system 

where particles of the active component, are deposited on a particulate support [71]. This 

deposition increases the sinter stability of the active component, compared to the single 

material systems and offers an enhanced catalytic performance because of e.g. spillover 

effects. A co-catalyst, which is deposited on a semiconductor surface to reduce the 

charge recombination, is another prominent example for the advantages of multi 

component materials [17]. Zhang et al. demonstrated that the deposition of PdO on 

Co3O4 (III) particles adjust band-gap and Fermi energy levels which finally has significant 

influences on hazard potential of the particles [72]. Shimizu et al. increased the NO 

sensing properties of gas sensors due to the deposition of 5.0 wt.% Cr2O3 on SnO2 (III) 

which results in the formation of micro p-n junctions [73].  

Particle mixing in aggregated systems (AOx + BOx): This case describes a mixture, 

where two particles of nearly equal particle diameters are mixed within an aggregate 

(dX/dY > 0.5). Compared to physically mixed particle systems, sintering ensures a stable 

interface between the two different types of metal oxides particles in an aggregated 

system. The two types of particles can e.g. consist of two different oxides (II, V, IX), of a 

single and a mixed metal oxide (IV,VIII) or two mixed metal oxides (VII). Heterojunctions 

described by Marschall et al. are representative for this particle system [58]. Sasikala et 

al. demonstrated that heterophase structured TiO2 and SnO2 (II) particles showed 

enhanced photocatalytic activity for hydrogen generation compared to pure TiO2 due to 

the enhanced charge separation in the composite system [74]. Jia et al. investigated 

successfully the BiVO4-SrTiO3:Rh heterojunction (VIII) system and indicated that a stable 

interface between both components is essential for the charge separation [75]. Another 

example where particle mixing in aggregated systems is beneficial compared to a single 

component material is the presence of an additional oxygen storage component, as 

presented in the work of Strobel et al. for a NOx storage-reduction system (V und VIII) 

[76, 77]. Particle mixing in aggregated systems also plays an important role for sensors, 

where p-type nanoparticles percolate between n-type particles (II,IV and VII) [78]. 

The compositional and structural complexity of the described catalyst components offer 

many degrees of freedom for tuning their catalytic properties for the desired application 

[32]. Table 1 presents specific examples and their catalytic applications for different 

types of mixtures according to the number of involved components.  
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Table 1: Specific examples and catalytic applications for different types of mixtures according to 
the amount of involved components  
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I 

 

One type of mixed 
metal oxide or doped 
particles 

- LaCrO3: organic reactions [62]  
- CaWO4, SrWO4,: photocatalysis [64]  
- Fe- doped TiO2: photo oxidation [66] 

II 

 

Two different types of 
metal oxides particles 
(sintered interface) 

- MnOx // Al2O3 and FeOx // Al2O3: partial 
oxidation of methane [79] 
SnO2 on TiO2: hydrogen generation [74] 

III 

 

Small (noble) metal 
particles dispersed on 
one metal oxide 
particles 

- PdO // Co3O4: cellular redox 
homeostasis [72] 
- Pt // TiO2: photocatalytic mineralisation 
of sucrose [80] 
Cr2O3 // SnO2: NOx Sensing [73] 
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IV 

 

Mixed metal oxide and 
single metal oxide 
particles (sintered 
interface) 

- CoMo // Al2O3: hydrotreating [81] 

V 

 

Two different types of 
metal oxides particles, 
one type decorated with 
a noble metal 

- Pt- BaCO3 // Al2O3: NOx storage-
reduction [76] 

VI 

 

Two different types of 
(noble) metals 
decorated on a metal 
oxide 

- (Ru, Rh, Pt, Pd) // Al2O3: partial 
oxidation of methane [82] 
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VII 

 

Two different types of 
mixed metal oxides 
particles 
(sintered interface) 

-Ba5Ta4O15 // Ba3Ta5O15: hydrogen 
generation [83], 
- CaFe2O4 // MgFe2O4  degradation of 
isopropyl alcohol and hydrogen 
production from water [84] 

VIII 

 

Mixed metal oxide and 
single metal oxide 
particles decorated with 
a noble metal 

- Pt- BaCO3 // CeXZr1-XO2:NOx storage-
reduction [77]  

IX 

 

Two different types of 
metal oxides particles, 
both decorated with 
different noble metals 

- BiVO4:Ru // SrTiO3:Rh: visible light 
photocatalysis [75]  

X 

 

One mixed metal oxide 
particle decorated with 
two types of noble 
metals 

- Pt // Ru // Y2Ta2O5N2: water reduction 
and oxidation [85] 

 metal oxides mixed metal 
oxides 

 (noble) metals 
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2.3 Characterization techniques for multicomponent catalysts 

Catalytic activity and performance of heterogeneous catalysts are highly dependent on 

structural characteristic e.g. particle size, crystallinity, reducibility and especially for multi 

component systems the material dispersion. The knowledge, how the material 

morphology influences the catalytic performance is the key to tailor catalysts for its 

application. The following section introduces a selection of established characterization 

techniques. 

2.3.1 X-ray powder diffraction 

X-ray powder diffraction (XRD) is a frequently applied analytical technique for phase 

identification of a crystalline material and provides information on unit cell dimensions. 

XRD rapidly gives information on the crystal structures, on crystallite size (grain size) and 

preferred orientations in polycrystalline or powdered solid samples using Rietveld 

refinement [86]. It can further be used to determine modal amounts of oxides 

(quantitative analysis). Regarding the catalytic performance XRD gives first insights on 

composition and structure e.g. on atomic mixing (ABOx) or separate phases (AOx + BOx). 

It further gives an indentation on the crystallinity of the sample which is an additional 

parameter for the catalytic performance. 

The X-rays are generated by a cathode ray tube, filtered to produce monochromatic 

radiation, focused and directed towards the sample. The technique bases on 

constructive interference of monochromatic X-rays and the crystalline sample. Scattered 

monochromatic X-rays that are in phase, result in constructive interferences when 

conditions satisfy the Bragg's Law : 

n·λ=2d sin θ ( 1 ) 

Here is n an integer called the order of the reflection (n=1,2,3…), λ the wavelength of the 

X-rays, d the distance between two planes in the atomic lattice, and θ the angle between 

the incident ray and the scattering planes [86]. Scanning the sample within a range of 2θ 

angles, detecting and counting the X-rays, results in characteristic X-ray scans, which 

cover all possible diffraction directions of the lattice due to the random orientation of the 

powdered material. Conversion of the diffraction peaks to d-spacing allows identification 

of the material because each material has a set of unique d-spacing. The results are 

compared with standard reference patterns in the so-called Rietveld refinement. 
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The limitations of the techniques are a possible peak overlay for small particles which 

hinder a distinct characterization. Further, the system cannot detect amorphous particles 

and has a detection limit for mixed materials in the range of ~ 2-5%. Hence, one can 

never be sure that there are no other phases present than the ones detected with XRD 

[86].  

2.3.2 Adsorption based methods to determine particle sizes 

Since the reaction in heterogeneous systems takes place on the surface of the 

particulate catalysts, the specific surface area is one of the key parameter. Especially in 

multicomponent systems (catalyst /support system), the distinction between the total 

surface area and the specific surface area of the active phase plays an important role. 

The Brunauer-Emmett-Teller (BET) method helps to determine the overall specific 

surface area, based on the phenomenon of physical adsorption of gases on the external 

and internal surfaces of a solid material. When an active component is deposited on an 

inert support, chemisorption is applied to determine the specific surface area of the 

active phase. The main differences between physisorption and chemisorption are 

described in the following section: 

Main characteristics of physisorption: 

 describes the formation of physical bonds with a surface 

 is a reversible process with low bonding forces 

 is not limited to certain materials 

 includes multi-layer adsorption 

 takes place with all gases below their critical temperature 

In 1938, Stephen Brunauer, Paul Hugh Emmett and Edward Teller published the first 

article about the BET theory [87]. The presented approach allows the determination of 

the specific surface area (SSA) based on the amount of adsorbed gas at a given 

pressure. BET systems utilize inert probing gases such as nitrogen for the quantification 

of the SSA. The principal assumption of the BET theory is the application of the 

Langmuir equation to every adsorption layer [88]. The connection between relative vapor 

pressure and amount of adsorbed gas at a constant temperature results in the so called 

adsorption isotherm and is describes by the linear relation between 
P

𝑛𝑎(𝑃0−P)
 and 

𝑃

𝑃0
 , 

where P is the actual vapor pressure, P0 is the vapor pressure at saturation and 𝑛𝑎 the 

total amount of absorbed gas [89]. In practice is the range of application is limited to 0,1 -
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 0,3 for 
𝑃

𝑃0
  [90]. With the help of the adsorption isotherm, the specific surface area (SSA) 

of the material can be determined. Based on the assumption of monodisperse spherical 

primary particles (which often divagates from the actual particle form) a so-called BET 

equivalent diameter dBET can be generated from the SSA with the help of the material 

density ρp, see equation ( 2 ): 

𝑑𝐵𝐸𝑇 =
6

𝑆𝑆𝐴∙𝜌𝑝
   ( 2 ) 

Especially since most of the catalyst systems deviate from a spherical shape and the 

actual density of the synthesized material can be unknown, discussions based on the 

BET equivalent diameter dBET involve uncertainties. A discussion based on the SSA is a 

reasonable alternative. 

In order to determine the ratio of the surface in a catalyst / support system, where the 

catalyst is chemically active, chemisorption is a suitable method. 

Main characteristics of chemisorption: 

 describes the formation of a chemical bond with a surface 

 exhibits significant higher bonding forces compared to physisorption 

 the nature of the bonding can be irreversible 

 must overcome an activation energy 

 is much slower than physical adsorption 

 is limited to active species 

 is limited to the formation of a monomolecular adsorbed layer 

 needs the presence of certain reactive gases (typically H2 or CO) 

Chemisorption is a method to determine directly the number of reactive surface atoms, 

based on a measurement of the gas uptake. When the stoichiometry for the reaction of 

chemisorption is known, the quantity of the adsorbed gas on the active species gives the 

metal surface area and the metal dispersion. The dispersion can be determined based 

on two types of methods: static ones (such as volumetric and gravimetric) and dynamic 

ones which are based on gas thermal conductivity (continuous flow and pulse adsorption 

methods) [91]. 

In static chemisorption method, an isotherm of the total chemisorption (strong and weak 

interactions) is determined after a high temperature evacuation. In a low temperature 

evacuation, the weak physisorbed molecules are removed while the strong chemisorbed 

molecules remain at the surface. Then a second isotherm of the weak chemisorbed 
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species is determined. The subtraction of the weakly absorbed number of molecules 

from the total absorbed amount results in the amount of strongly and irreversible 

adsorbed gas. This strong chemisorption is the base for calculating the surface area and 

the metal dispersion [92]. In dynamic methods, an inert gas continuously flows over the 

solid. Stepwise pulses of adsorbing gas are injected into the gas flow. Recording the 

amount of injected gas compared to the amount of gas passing through the sample gives 

the adsorption. At the beginning, the active solid surface adsorbs the sample gas (strong 

interaction) until constant peaks appear and indicates saturation. The major difference 

between dynamic and static chemisorption methods is that the static method only 

considers the strongly adsorbed species, while the dynamic method measure strong and 

weakly chemisorbed species [93]. 

The metal dispersion D is calculated based on the ratio of the total number of metal 

atoms present at the surface of the catalyst (NS) and the total number of metal atoms at 

the surface and in the bulk (NT) see equation ( 3 ). 

𝐷 =
𝑁𝑆

𝑁𝑇
   ( 3 ) 

The value for the dispersion ranges from 0 to 1 (or 0 and 100%). Assuming spherical 

particles, relationships between metal dispersion, surface area and mean particle 

diameter can be established [91]. However, recent studies have demonstrated that the 

assumption of spherical particles and the non-observance of metal support interaction, 

can result in significant deviations from the real particle sizes [94]. 

2.3.3 Electron microscopy 

Electron microscopy, a straightforward imagine technique, helps to determine the size 

and shape of single and multicomponent particle systems. This method uses a beam of 

accelerated electrons as a source of illumination [95]. Figure 9 illustrates the interaction 

between the sample and the primary electron beam, which has a characteristic 

wavelength of less than 1Å and enables monitoring close to atomic detail. Based on 

Chorkendorff et al. [86], detectable signals, when a primary electron beam of energies 

between 100 and 400 keV hits a sample in the following scenarios: 

 “Electrons passes through the sample without suffering energy loss (depending 

on sample thickness)  

 Electrons are diffracted by particles if these are favorably oriented towards the 

beam, enabling one to obtain crystallographic information 
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 Electrons collide with atoms in the sample and backscattering takes place. 

Backscattering becomes more effective with increasing mass of the atom (e.g. Pt 

has a higher yield of backscattered electrons compared to lighter TiO2) 

 Auger electrons and X-rays are formed in the relaxation of core-ionized atoms 

(Application: e.g. EDX) 

 Electrons excite characteristic transitions in the sample which can be studied by 

analyzing the energy loss suffered by the primary electrons (Application: EELS)” 

[86]. 

 

Figure 9: Interaction between the primary electron beam and the sample in an electron 
microscope leads to a number of detectable signals, reprinted with permission of ref. [86] 

 

Transmission electron microscopy (TEM) images are based on transmitted electrons, 

have a resolution down to atomic scale (1-2Å) and show many characteristics on the 

internal composition of the sample, such as size, shape and crystal structure. In TEM, 

the analysis only allows small amounts of the sample at a time. TEM is, thus, a relatively 

time consuming technique with a low throughput of samples. 

Scanning electron microscope (SEM) images are based on scattered electrons have a 

lower resolution down to a range of 5-10 nm and focus on the sample surface and its 

composition. SEM allows the analysis of larger amount of sample at a time, however, at 

the cost of resolution. Compared to TEM, SEM provides a 3-dimensional image. 

With respect to the analysis of multicomponent materials, however, both methods 

suffering from the fact that a fast identification of the components is challenging, when 

particle size and shape of the different materials are similar. The application of scanning 
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transmission electron microscope (STEM), which combines characteristics of TEM 

and SEM is, thus, a suitable alternative. Rasterize the beam across the sample makes 

these microscopes suitable to combine imaging with analysis techniques such as 

mapping by energy dispersive X-ray (EDX) spectroscopy and electron energy loss 

spectroscopy (EELS). This allows a detailed elemental identification. Combining STEM 

and annular dark-field imaging (ADF-STEM), where images are formed using large angle 

scatter electrons, it is possible to form atomic resolution images, where the contrast is 

directly related to the atomic number (z-contrast image). For example, Pt particles 

appear significant brighter in STEM images compared to TiO2, due to the significant 

different in atomic number. 

Atomic force microscopy (AFM) is a scanning probe microscopes technique, which 

measures local properties of the sample surface, such as height, friction or magnetism 

using a sharp tip as a probe. Resolutions down to a few nanometers are realizable. To 

acquire an image, the probe performs raster-scans over a small area of the sample, 

measuring local properties simultaneously. Compared to TEM and SEM, it can provide 

three-dimensional images without an extensive sample preparation. If the nanoparticle 

materials have distinctly different morphologies, AFM imaging is theoretical able to 

differentiate between them. An AFM equipped with phase imaging capability (sensitive to 

variations in material properties such as adhesion or viscoelasticity), can also record a 

phase map along with the surface topography. This enables the mixing characterization 

of nanoparticles with similar size and morphology [31]. 

2.3.4 Temperature-Programmed Reduction 

Temperature-Programmed Reduction (TPR) is a technique to characterize the reduction 

behavior of heterogeneous catalysts. TPR determines the number of reducible species 

and identifies the temperature when reduction takes place. Within the analyzing 

treatment a gas, typically hydrogen in an inert carrier gas such as nitrogen or argon 

passes the sample, while the temperature increases linearly with time. During the 

analyzing procedure, the consumption of hydrogen through adsorption/reaction is 

monitored based on changes within the concentration of the gas mixture downstream 

from the reaction cell. The resulting plot contains the hydrogen consumption over the 

temperature. The analysis of the diagram offers information on the amount of consumed 

gas and is therefore an indicator for the occurred reduction steps. For example, the 

reduction of Co3O4 takes place in two different steps: First the reduction of Co3O4 to three 

times CoO and in a second step the reduction of CoO to metallic cobalt. The consumed 

amount of H2 differs in the ration 1 to 3 from step one to two) 



 Page 27 

Universität Bremen < Henrike Großmann > 

An important aspect of TPR analyses is that the sample does not need to have any 

special characteristics other than containing reducible metals. 

2.4 Degree of mixing in multicomponent particle systems 

Within the recent years, the interest in mixing and dispersing nanoscale particles has 

significantly increased. The uniformity of these nanoscale mixtures is essential to 

guarantee e.g. constant catalytic properties within the sample. However, the 

characterization of the contacts on nano scale presents a major challenge to the 

currently available measuring techniques [96] and the number of suitable methods which 

can provide a resolution on this length scale, is little. 

Frequently applied methods to determine the uniformity of particle mixtures in the 

micrometer range are sieving and weighting or the determination of the material 

composition using chemical analysis. These approaches, however, fail on nanoscale due 

to their limited resolution. Currently only imaging techniques provide the necessary 

resolution and therefore, play an essential role in mixing characterization on nanoscale. 

Examples for imaging methods are transmission electron microscopy (TEM), scanning 

electron microscopy (SEM) and atomic force microscopy (AFM). Although these image-

based methods are time consuming and suffer frequently from the challenge that a 3D 

object is investigated based on a 2D projection, they offer the possibility to determine the 

uniformity and the degree mixing in nanoparticulate qualitatively. The deviation resulting 

from applying a 2D examination is yet unknown and displays the need for a detailed 

evaluation concerning the suitability of the analysis. 

Most of the studies, with respect to mixing on the length scale of nanosized aggregates 

discuss mixing only qualitatively, lacking of a suitable measure [31, 97]. The following 

two subsections present a selection of different image based approaches to determine 

the uniformity of nanosized mixtures and introduce parameters to quantify the uniformity 

and the related degree of mixing.  

2.4.1 Approaches to determine the uniformity of a particulate mixture 

Wei et al. [31] investigated several imaging methods and their results indicated that the 

capability of imaging techniques to determining the quality of nanoparticle mixing 

significant depends on the physical and chemical properties of the nanopowders. SEM 

was suitable for characterizing powder mixtures having a distinct difference in particle 

shape or a high difference in atomic number. Only EELS was able to characterize 

mixtures of components that are very similar in shape and atomic number. EDX provides 
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information on the uniformity of various material mixtures, but has to struggles with 

limited resolution. The work of Wei et al. further reveals that the AFM method is 

promising, however, has to be further optimized to successfully differentiate between 

different components and to reliably determine uniformity and the resulting degree of 

mixing [31]. 

Daumann et al. investigated the qualities of shear mixing tools for nanosized aggregates 

in the range of 140-300 nm and evaluated the uniformity with respect to the 

concentration of the components within TEM images [98, 99]. They suggested that 

parameters, such as fractal dimension or agglomerate size, are not suitable for the 

characterization of the mixing. They further stated that the determination of the mass 

concentration using energy dispersive X-ray spectroscopy (EDX) for the determination of 

the atomic concentration on spots of TEM images is the only correct way for the 

characterization of mixtures on aggregated scale. However, their approach to analyze 

the concentration of the components in aggregates lacks contact information on primary 

particle scale. In addition, the resolution of EDX is limited on the length scale of a few 

nanometers. Therefore, this approach is not suitable for the systematic analysis of the 

mixing characteristic on primary particle level. 

One challenge in determining the uniformity of a sample is the choice of the evaluated 

length scale. A mixture may be described as uniform on a certain length scales, whereas 

investigations on a smaller length scale reveal segregation for the same evaluated 

system [100]. The suitable length scale varies from system to system and has to be 

statistically validated for each case [101]. 

2.4.2 Parameter to quantify the uniformity of a particulate mixture 

Wei et al. stated in their review on mixing and characterization of nanosized powders 

that numerous studies, with respect to mixing of nanosized powders discusses uniformity 

and the degree of mixing only qualitatively [31]. To quantify the uniformity of nanoparticle 

mixtures, it is necessary to know which measured variables x constitute a suitable 

parameter [99]. 

Karnezis et al. introduced three different variables x to quantify the uniformity of a 

mixture in the field of Metal Matrix Composites (MMCs) based on TEM image analysis 

[102]: the nearest neighbor distance, the radial distribution function and the quadrat 

method. The nearest neighbor method determines the distance of the centers of gravity 

between one particle and its closest neighbor. The resulting distribution of the distances 
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gives insights on the uniformity of the samples. This method has it main weakness when 

particles clustering occur. The radial distribution function counts the number of particles, 

when a circular disc of radius r is centered on a particle. Again, the resulting distribution 

gives insights on the uniformity of the samples. The quadrat method divides images with 

a grid of square cells and counts the number of particles in each cell. The quadrat 

method, earlier investigated from Rogers [103], was found to be a suitable method for 

this approach. Kim et al. applied the method for the characterization of Metal Matrix 

(nano)-Composites (MMnCs) using TEM imaging [70]. These approaches have the 

potential to be transferred for the analysis of the uniformity in deposited systems. 

An appropriate method to determine the uniformity in aggregated systems is to 

determine the average cluster size. As defined earlier, a cluster includes all particles 

within an aggregate / agglomerate that are of the same type and are in chemical contact. 

By definition, a cluster contains at least two primary particles of the same type. A large 

cluster size correlates with a low degree of mixing. The cluster size distribution gives 

again insights on the uniformity of the evaluated mixture. 

Another method to examine particle mixing within aggregates is the analysis of the 

number of contacts (coordination number) between the different components. The 

coordination number is directly linked to the percolation and an indicator for the material 

functionalities [104]. A relative hetero coordination number c̅Het describes the number of 

contacts to a particle of a different component cHet in relation to the overall number of 

contact, including hetero cHet and homo contacts cHom (particle contact with the same 

component). Ayeni et al. [100] and Chandratilleke et al. [105-107] utilizing a comparable 

approach to analyze mixing in single particle systems. Both simulated the mixing 

dynamics of spherical non-aggregated particles for mixing in different shaped tumblers 

using the discrete element method (DEM). A high relative hetero coordination number 

c̅Het is linked with a high degree of mixing. The uniformity of the sample can be evaluated 

based on the variance of the hetero coordination number. 

As mentioned most of the presented analyzing methods evaluate the uniformity of a 

sample based on the resulting distribution of the variables x. Kim et al. applied three 

different methods for the analysis of the received distributions: Morisita’s index, the 

particle density, and the Skewness-Quadrat Method [70]. They found that the last one is 

the most suitable for a quantitative analysis of the uniformity of a nanoparticulate sample. 

The image-based analysis of the degree of mixing in aggregated systems comes with 

the challenge to determine the boundaries of the aggregate. Therefore, the uniformity of 
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the overall sample can be used as a first indicator on the degree of mixing. However, for 

a more detailed analysis of the degree of mixing the distributions of single agglomerates 

can be analyzed. Independent which variable x is applied as parameter (nearest 

neighbor distance, particles per cell or the cluster size) the distributions of a uniform 

mixture has to match the following criteria both for deposited and aggregated systems, 

illustrated in Figure 10. 

 

Figure 10: Different distributions describing the uniformity of a mixture, whereas a decrease in 
uniformity takes place from a to c. 

 

(a) A distribution which is bell-shaped, has a high symmetry (the difference between the 

median and the arithmetic mean is small and the skewness approaches zero) and a 

small standard deviation indicates a uniform product quality. 

Deposited system: Each support particle in the particle collective has nearly the same 

number of deposited particles. 

Aggregated system: An aggregate / agglomerate consist of clusters which have all the 

same cluster size. 

(b) An increase in the standard deviation and a slight skewness characterize a less 

uniform mixture. 

Deposited system: The amount of deposited particles per support significantly varies. 
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Aggregated system: The size of the present cluster within an aggregate / agglomerate 

significantly varies. 

(c) Large standard deviation and an asymmetric distribution with a high skewness of the 

distribution characterize a non-uniform sample. 

Deposited system: Both the number of primary particles, which are decorated with a high 

number of deposits and the amount of support particles without a deposit significantly, 

increases.  

Aggregated system: The sample contains regions with a mixture on particle scale next to 

regions with a mixture on aggregate scale. 

Another appropriate procedure to evaluate the uniformity of a particulate mixture is to 

take a number of random samples (Ns) and determine the variance in their composition: 

the higher the uniformity of the mixture, the lower the expected variance [108].  

    𝜎2  ≈ 𝑠2 =
1

𝑁𝑠
∙ ∑(𝑥𝑖 − 𝑥)2

𝑁𝑠

𝑖=1

 

( 4 ) 

Equation ( 4 ) represent the dependence of the variance σ2 on the number of samples Ns; 

the expectancy x and the values of the measured component i, xi [99]. The number of 

samples Ns, which is required to determine the variance σ2, is theoretically infinite. Under 

real conditions, when costs and experimental time plays an important role, the empirical 

variance s2
 is determined based on the number of analyzed samples. 

Dividing the empirical standard deviation s by the expectancy x, gives the variation 

coefficient, applied e.g. by Daumann et al [98, 99] and presented in equation ( 5 ). 

    𝜐 =  
√𝜎2 (𝑥𝑖,

𝑡𝑚)

𝑥
≈

√𝑠2

𝑥
 

( 5 ) 
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3 Synthesis techniques for multicomponent nanoparticles 

Nanocatalysts can be synthesized using two main approaches: top down and bottom up, 

see Figure 11. In top down methods, mechanical, chemical or another form of energy 

disintegrates bulk material into smaller 

fractions. Micropatterning techniques 

such as Lithography (photo-, ion beam -

, electron- or X-ray-lithography) and 

inkjet printing, cutting, etching and 

grinding are typical fabrication 

techniques. This physical technologies 

enable the design, fabrication and 

embedding of nanostructures in a 

functional host environment [109]. 

In bottom up methods, the synthesis 

process starts from single atoms or 

molecules that coalesce with other 

atoms and molecules to form larger 

nanostructures via chemical reactions. 

Bottom up approaches utilize the concepts of molecular self-assembly and/or molecular 

recognition and are able to produce two-dimensional or three-dimensional products. 

They are often significantly cheaper than top-down methods, which makes them 

attractive for applications. However, the adjustment of the individual particle sizes and 

the mixing states of the final product are still challenging [109]. Especially in 

multicomponent particle systems, as investigated in this thesis, the individual size 

adjustment of the particles is essential for the product quality. The separate synthesis of 

the individual components combined with a subsequent mixing process is an approach 

that reduces the influencing synthesis parameter significantly. This enables an individual 

particle size adjustment. Procedures to subsequently intermix the different components 

after the synthesis are e.g. the ball milling process [110-113] or the lab scale application 

of pestle and mortar [114]. However, these approaches involve multi-step processing 

and can result in insufficient chemical bonding between the different components or non-

uniform mixtures. Additionally, the process conditions in these processes can affect the 

particle size of the individual components subsequently and can lead to broad size 

distribution and varying particle shape or geometries. Further, the insertion of impurities 

in the system has a negative impact. Based on these reasons the direct synthesis of 

multicomponent materials is preferred. The following chapters present a selection of 

Figure 11: Top down and bottom up approach for 
the synthesis of nanoparticles. 
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bottom up synthesis methods and gives detailed information on the flame spray pyrolysis 

process. 

3.1 Bottom up synthesis methods 

Two main routes represent the bottom up methods and can realize a direct synthesis of 

multicomponent nanoparticles: the liquid and the gas-phase route. Liquid-phase methods 

apply chemical reactions in solvents and the formation of colloids. The formed 

nanoparticles can then be stabilized by surfactants or ligands against aggregation [115]. 

Gas-phase synthesis techniques are based on homogeneous nucleation in the gas 

phase and subsequent condensation and coagulation [116]. The applied synthesis 

technique in this thesis is the flame spray pyrolysis, which belongs to gas phase 

techniques. 

Figure 12 gives an overview on the most common liquid (blue) and gas (red) phase 

synthesis methods. Especially the gas phase synthesis offers the opportunity to 

synthesize multicomponent systems in a single step. Even so, both methods are 

theoretically suitable for the synthesis of single and of multicomponent materials, the 

specific adjustment of the final product characteristic is, especially for the multi 

component materials, limited. Here, the application of surface deposition methods is a 

suitable approach (bottom part) to overcome these limitations, since the particle 

characteristic of both components is adjusted separately in this multi-step route. In 

surface deposition approaches, either atoms or small atomic clusters diffuse on the 

surface of previously, from liquid or a gas phase route synthesized support 

nanoparticles. They form the desired second or third component as a complete layer or 

as smaller particles on the support particle surface [37].  

The following sections present a selection of the most common bottom up techniques. 

This includes a discussion of the advantages and disadvantages regarding the 

technology and the product quality and an overview regarding the ability to synthesize 

highly complex multicomponent materials without a subsequent mixing process. The 

focus of the second part of the chapter is the detailed description of the particle formation 

process and the process parameters applied in the single and double flame spray 

pyrolysis set-up. 
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Figure 12: Illustration of common liquid (blue) and gas (red) phase synthesis method applied for 
the synthesis of single and multicomponent materials (top part). For the specific design of more 
complex multicomponent materials, one or more additional material(s) can be deposited on the 
surface of a (multicomponent) support (bottom part). The Co-precipitation and flame spray 
pyrolysis schematic are reprinted with permission of ref. [117]   
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3.1.1 Liquid-phase techniques 

So far mostly liquid-phase or also called wet-phase techniques are applied for the 

industrial manufacturing of catalytic particle systems [118]. In liquid-phase methods 

chemical reactions in solvents lead to the formation of colloids. Figure 13 presents the 

fundamental steps within the liquid phase synthesis. The precursors are either present in 

the liquid phase or dispersed as a solid in the solvent. The reactants undergo liquid-

phase or liquid-solid surface reaction and form intermediates. These intermediates can 

pass through further reaction steps until the final component develops in the liquid 

phase. Due to homogeneous or heterogeneous nucleation, primary particle growth starts 

and continues by condensation effects. A stabilization of the formed particles by 

surfactants or ligands in the liquid phase results in the formation of single nanoparticles. 

Limited stabilization leads to nanoparticles agglomerate [119, 120]. 

Figure 13: Fundamental steps within the liquid phase synthesis. Graphic is adapted from 

ref. [119, 120]. 

 

Common liquid phase synthesis methods are the following: 

1. Co-precipitation 

2. Solvothermal methods 

3. Sol-gel methods 

4. Microemulsions method 

5. Colloidal method 

The major advantages of all the liquid-phase techniques are the mainly cheap precursor 

and the synthesis of monodisperse particles. Further, the syntheses of highly porous 

materials with a high specific surface area (e.g. zeolites) are possible in these 

approaches. 
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However, as the applied temperature in liquid phase methods are low, this can result in a 

limited temperature stability of the products during following catalytic reaction. An applied 

thermal post-treatment increases the temperature stability of the catalysts. This thermal 

treatment further helps to achieve desired (crystalline) product phases, which may have 

not directly formed because of the low process temperatures during the synthesis. A 

post-treatment, however, bears the danger of a significant decrease in specific surface 

area and pore volume. The major disadvantage of these techniques are the high number 

of different process steps, such as filtration, purification, drying and calcination which 

makes a continuous process control very difficult to handle. Therefore, for most of the 

liquid-phase syntheses routes batch processing is inevitable. 

Following examples give an insight for the suitability of liquid phase methods for the 

synthesis of multicomponent particle materials. Wang et al. reported on the preparation 

of ultra-small monodisperse MoO3/SiO2 nanocomposites using reverse microemulsions 

[69], where 1 nm small MoO3 particles are uniformly distributed in 23 nm large silica 

particles. Dependent on the precursor and the material ratio, limited types of 

nanocomposites can also be synthesized using solvothermal methods as shown by Sun 

at all for a WO3/TiO2 system [121]. In sol-gel methods, the synthesis of multi component 

materials can be prepared due to a controlled stoichiometry when mixing sols of different 

components. Li et al. presented a single step synthesis of the multicomponent system 

FeCo/Al2O3, where α-FeCo particles are homogeneously dispersed in the Al2O3 matrix 

[122]. Aerogels are also suitable substrate materials for subsequently produced 

multicomponent materials, since they offer a highly porous structure and the additional 

component can easily deposited on the particle surface [123]. However, the individual 

size adjustment of the particles is very limited in this approach and highly related to the 

utilize concentration ratio.  

3.1.2 Gas-phase techniques  

In the recent years, the gas-phase synthesis gained increasing interest for the synthesis 

of nanomaterials [124, 125]. Already today, the large-scale production of singular 

nanoparticulate materials such as SiO2, TiO2 and Al2O3 is industrial implemented [25]. 

Especially aerosol processes have furthermore the potential to produce multicomponent 

materials [116]. 

Figure 14 highlights the fundamental steps within the gas phase synthesis. The process 

starts with the evaporation of the precursor, followed by gas phase reactions and 

supersaturation effects until the primary particles formation takes place by homogeneous 
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or heterogeneous nucleation. The primary particles grow based on condensation and 

coagulation. A detailed concept of the particle formation steps in gas phase follows in 

chapter 3.2. 

 

Figure 14: Fundamental steps within the gas phase synthesis. Graphic is adapted from 

ref. [119, 120]. 

 

Common gas phase synthesis methods are the following: 

1. Flame based synthesis 

2. Furnace based synthesis 

3. Laser based synthesis 

4. Electrospraying 

5. Sputtering 

The major advantage of the gas phase techniques compared to the liquid ones is that 

the implementation of continuous processes is more feasible. They are also a suitable 

method for the direct synthesis of multicomponent materials. A direct precipitation of 

nanoparticles from the gas phase to the support particles realizes the synthesis of 

coatings or the decoration of noble metals on support particles in a single step [126]. 

Figure 12 illustrates the potential of the flame process to synthesize these 

multicomponent materials in a continuous single step process [47, 127]. Compared to 

conventional preparation techniques such as the liquid-phase route, the aerosol 

technique enables continues production, which is a significant benefit for large-scale 

productions. Additionally, it reduces the liquid volumes and surfactants required for high 

yield of high purity materials [128]. The reproducibility of continuous gas phase 

synthesized products is higher than in batch processes produced particles [116]. 

One challenge of the gas phase methods is that the separation of the products from 

relatively voluminous gas streams. This generates the demand of efficient filters or 
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cyclone systems. Further, the applied precursors require a high purity since a purification 

step during the synthesis step is not possible. This demand leads, however, also to the 

formation of purer products with fewer impurities compared to liquid phase synthesis. 

The prices of the applied precursors in the gas phase can be significantly higher than the 

one for the liquid phase. Current research already focuses on the development of 

precursors from cheaper raw materials through various routes. This should help to 

decrease the prices of the precursor in future [1].  

One further advantage of gas-to-particle routes is the high external surface area of the 

nearly spherical and solid particles. They have a particle size in the range of micrometer 

to nanometer, depending on the process conditions. Next to the high purity, this is an 

important requirement for a high catalytic activity. Gas phase techniques tend to 

synthesize non-porous materials, since the formation process offers high temperatures 

and fast cooling rates. These are also the reasons why gas phase synthesized particles 

offer a high thermal stability and a good mass transfer during the catalytic reaction [47]. 

It has to be mentioned, that gas phase approaches often results in powders with a wide 

size distribution and only to a limited extent in monodisperse particle size distributions 

[129]. Under certain conditions, flame synthesis can result in the production of non-solid 

spherical, (e.g. hollow) particles as explained in section 3.2. A precise process control 

prohibits this circumstance. One major disadvantage of the flame methods is the 

formation of hard agglomerates which leads to difficulties in producing high-quality bulk 

materials [130]. This may be avoided by cooling the flame, for example, using a 

quenching ring [131]. 

Shim et al. investigated an ultrasonic spray pyrolysis process for the synthesis of 

Al2O3/ZrO2/TiO2 ceramic composite particles, where all the formation of all three phases 

took place in parallel [132]. Sourice et al. synthesized carbon-covered silicon 

nanoparticles in a continuous one-step process by applying a two stages laser pyrolysis 

reactor. In a first stage crystallized silicon cores form which are covered by a carbon 

continuous shell in the second stage [133]. The synthesis of multicomponent particles in 

a single step is further realizable based on the evaporation of multicomponent targets 

e.g. a mixture of metallic and ceramic targets [134]. However, the ideal adjustment of the 

resulting mixture is still challenging.  

Especially the flame-based methods offer the potential for the synthesis of different types 

of multi component materials in a single step. Flame-Assisted Spray Pyrolysis (FASP) 

allows the synthesis of mixed oxides such as SrTiO3 [135] and metastable β-SrMnO3 and 
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NiMn2O4. Guo et al. synthesized composites materials e.g. FexOy/SiO2 core-shell 

particles [136]. For the SiO2 core, they applied silica colloidal with a particle size 10 nm. 

Multicomponent materials have also been synthesized with vapor-fed aerosol flame 

(VAFS) synthesis, for example, V2O5/AI2O3 [137] or V2O5/TiO2/SiO2 powders [138]. 

Flame spray pyrolysis (FSP) is the youngest of the flame based synthesis processes and 

the most heavily explored in recent years. It offers a high potential for the production of 

complex and functional nanomaterials in a single step [1]. Strobel et al. realized, for 

example, Pt deposited on Al2O3 support [139] and Schulz et al. presented an example 

with a SiO2 coating on a CexZr1-xO2 host particle [140]. Section 3.2.3 introduces the 

different configurations for the synthesis of multicomponent particles in more detail. 

3.1.3 Surface deposition methods 

Although nanosized multicomponent powders can be synthesized using liquid and gas 

phase synthesis methods, the ability to fully design and control them is still lacking [141]. 

Both methods have one major challenge in common: a high dependency between 

particle sizes and the initial material concentration in the synthesis process. This 

dependency conflicts with the circumstance, that the concentration ratio between the 

individual components is mostly predetermined. However, the methods offer the 

possibility to influence particles sizes with process parameters such as pH, time, 

temperature and flow rates. This adjustment gets more complex for an increasing 

number of different components in the synthesis process.  

Therefore, the application of surface growth methods is a possible solution to form the 

desired material combination in complex systems, since particle properties like particle 

size can be adjusted separately in this multi-step process. In the surface deposition 

approaches, the production of the nanoparticulate components occurs firstly, by either a 

liquid or a gas phase synthesis route. The second component is than deposited in an 

additional step based on two main principals: by deposition of previously produced 

nanoparticles by diffusion, electrophoresis, thermophoresis, an inert force or by 

deposition of gaseous, liquid or solid precursors which are transformed to the product via 

heterogeneous nucleation on the surface [37]. 

There are several techniques which belong to the surface deposition methods. The 

methods can again be divided in liquid and gas phase techniques based on the physical 

conditions: 
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Liquid phase techniques: 

1. Incipient Wetness Impregnation (IWI) 

2. Deposition–Precipitation techniques 

Gas phase techniques: 

1. Atomic Layer Deposition (ALD) 

2. Chemical Vapor Deposition (CVD) 

3. Physical Vapor Deposition (PVD) 

The appropriate surface deposition technique depends on the requirements of the 

multicomponent system. The applications last from methods which offer a high uniformity 

with the drawback of being time consuming and cost intensive to quicker and cheaper 

solutions. The later ones then have to cope with a non-uniform distribution or even 

individual clustering and can result in a limited chemical bonding between the different 

components. The main disadvantage of all these approaches is, however, that a multi-

step processing is involved which can be prejudicial when it comes to industrial 

applications and large-scale production. 

3.2 Flame spray pyrolysis 

Section 3.1 introduces several methods for the synthesis of multi component materials 

and discusses their advantages and disadvantages. Flame spray pyrolysis (FSP) is one 

promising synthesis method which covers various requirements for the successful 

synthesis of multicomponent materials and is the applied synthesis technique within this 

thesis. 

FSP is a high temperature aerosol method that converts a metal containing precursor 

into oxide or noble metal nanoparticles [1, 2]. Within this synthesis technique, a self-

sustaining flame operates as the synthesis reactor [2, 47]. In the last years, the research 

interest on this synthesis method has increased significant. A short residence time, high 

temperatures and large temperature gradients characterize the process. The main 

advantages of the process are the production of multicomponent systems in one-step 

and the high production rates [142, 143]. Figure 15 presents the basic design of the 

experimental set up.  

For the FSP synthesis, a metal precursor is dissolved in a combustible organic solvent. A 

two-phase nozzle atomizes this precursor solution using either air or pure O2 [2, 47]. 

Since the combustion takes place in a self-sustaining flame, a rather small supporting 

flame of premixed methane and oxygen ignites and sustains the spray combustion. 
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Particle formation takes place as described in the following section. Filters, cyclones or 

electrostatic precipitators collect the flame-made particles. Alternatively, the flame 

products can also be deposited directly onto a substrate [144]. 

 

Figure 15: Experimental set-up of FSP using an air-assisted nozzle and a supporting CH4/O2 
flame (Reprinted with permission of ref. [2]). 

 

3.2.1 Particle formation process 

The following section describes the main particle formation mechanisms, characterizing 

the synthesis of particles in the liquid and the gas phase (liquid to solid or the gas to solid 

route). Figure 16 illustrates the five main steps of the particle formation on the example 

of the FSP process. The reaction zone for the particle synthesis in the FSP process is 

the flame. Due to significant temperature gradients within the reaction zone, all described 

steps take place simultaneously distributed all over the flame reaction zone. 

1. Precursor spray evaporation 

A two-phase nozzle introduces the carbon-based precursors in the flame environment 

and the dispersion gas flow (air or pure O2) atomizes the precursor solution. The gas has 

a velocity just below sonic speed at the nozzle outlet. For standard flame conditions, this 

procedure results in droplets of the range of 7-19 μm [145]. Gröhn et al. investigated the 

fluid-particle dynamics during the flame spray synthesis of ZrO2 particles and 

demonstrated a hollow-cone spray structure at low height above the nozzle [145]. They 

further presented that 95% of the spray volume has already evaporated at 25 mm height 



Page 42 

Universität Bremen < Henrike Großmann > 

above the nozzle at standard conditions. Micro explosions attend the droplet evaporation 

and the chemical reaction, respectively a combustion of the gaseous precursors as 

investigated by Rosebrock et al. [146, 147]. The corresponding metal component 

transitions in the gas phase and oxidizes immediately. A supersaturation of the product 

vapors starts the nucleation process. 

 

Figure 16: Illustration of the particle formation in the FSP process. 

 
2. Nucleation and surface growth 

Nucleation is a process where a metastable system, such as a supersaturated vapor, 

initiates a discontinuous phase transformation. Previous bonds of the precursor break 

and a clustering of the released metal atoms in the vapor phase creates a new phase. 

Homogenous and heterogeneous nucleation characterizes a nucleation process [148]. 

Homogenous nucleation occurs in the absence of any solid interface. Prior to the 

initiation of homogeneous nucleation, the concentration of the metal atoms respectively 

the metal oxide molecules increases with time leading to a supersaturation of the product 

vapor. The rapid cooling in the flame further accelerates the effect of supersaturation. 

Because the supersaturated vapor is not energetically stable, the atoms respectively the 

metal oxide molecules separate out and the formation of a nuclei in the gas phase starts. 

A nucleus indicates a small nanoparticle with less than 104 molecules or atoms, 

corresponding to a diameter of only a few nanometers [116]. For a given 

supersaturation, concentration in the gas phase a critical nucleus size exists. Nuclei with 
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sizes below are unstable and evaporate, beyond the critical size the nuclei are stable 

and continuously grow. The stability of a nucleus is determined considering the changes 

in Gibbs free energy associated with the process of nucleation [37]. The ratio of the 

partial pressure of a species to its saturated vapor pressure defines the saturation ratio S 

and the resulting critical radius rc. In case S > 1, the nucleus grows; if S < 1, the nucleus 

dissolves; and if S = 1, nuclei and vapor are at equilibrium. Nuclei with a radius equal or 

greater than rc are thermodynamically stable and can lower their free energies through 

continuous growth. Nuclei that smaller than rc would dissolve to decrease the free 

energy. 

Heterogeneous nucleation occurs preferentially at special sites of a surfaces (e.g. 

phase boundaries or impurities) on preexisting particles. The basic assumption is that at 

preferential sites the effective surface energy is lower which decreases the activation 

energy. As a result, nucleation at these preferential sites is preferable and occurs at 

lower saturation levels. As a result, heterogeneous nucleation occurs more often than 

homogeneous nucleation [37]. Nevertheless, under real existing reaction conditions it 

can be assumed that both kinds of nucleation occur consecutively and parallel [148]. 

 

Figure 17: LaMer plot describing the nucleation principle for nanoparticles. The qualitative curve 
describes the atoms respectively molecule concentration c as a function of time. (Reprinted with 
permission of ref. [148]). 

 

LaMer and his colleagues transferred the classical nucleation theory to the nanoparticle 

synthesis back in the 1950s. The basic idea of the concept is to separate nucleation and 

growth. Figure 17 displays the LaMer plot including the three characteristic stages[148]. 

(I) The concentration of atoms respectively molecules increases and exceeds 

the critical supersaturation level (CS) which is theoretically necessary to start 

homogeneous nucleation. 
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(II) In praxis, rapid self-nucleation just starts after passing the level (Cmin) which 

indicates the required activation energy for nucleation. So-called burst 

nucleation takes place (metastable zone). 

(III) Due to the burst nucleation, the supersaturation level lowers immediately 

below its self-nucleation level Cmin. The nucleation process stops and the 

particle further grow by diffusion of further atoms respectively molecules from 

the vapor phase towards the particle surfaces. This surface growth can be 

interpreted as heterogeneous nucleation/growth and the nuclei grow up to a 

primary particle.  

The expected corresponding nuclei or respectively the primary particle concentration with 

respect to time increases fast at the self-nucleation stage (II) and stays more or less 

constant during the final growth stage (III). Since the diffusion coefficient of atoms 

respectively molecules in the gas phase is three orders of magnitude larger than that in 

the liquid phase, the rate of growth by condensation is very rapid compared to liquid 

phase techniques [149].  

Most common flame-made materials have spherically shaped primary particles. 

However, also cubic, polyhedral and rod like shapes have been synthesized using FSP 

[144]. Suzuki et al. investigated the formation of several oxides using an inductively 

coupled plasma (spray–ICP) method. They synthesized plate-, bar- and foil-like, 

polyhedral and cubical particles and confirmed that some oxides revealed a primary 

particle morphology characteristic of their crystal structures and the related surface 

energies [150]. They suggested that gas-solid reaction, occurring on the surface of 

nuclei, control predominantly particle growth of non-aspherical particles. Atoms or 

molecules condense from the gas phase and not by coalescence as described in the 

next section. Tani et al. synthesized ZnO particles using FSP and observed a rod-like 

shape for primary particles at higher solution feed rates. They postulated that this rod-

like particles may indicate that the ZnO particles are also predominantly formed by 

surface growth of the primary particles rather than by coalescence [151]. 

3. Particle growth by coalescence 

Coagulation of particles takes place at high particle concentrations and is a consequence 

of particle collisions. The coagulation theory bases on collisions related to Brownian 

motion and field forces e.g. gravity and internal electric fields. Assuming strong adhesive 

forces, which are characteristic for small particles, these collisions result in the formation 

of particle accumulations. In these cases, where the reaction temperature in the flame is 
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still high enough, the primary particles further grow by coalescence. Coalescence 

describes the process when several particles merge in order to reduce their surface free 

energy. The reason is that the surface of the resulting particle is smaller than the sum of 

the individual particles. The temperature dependence of the material properties 

determines the particle coalescence significantly. Figure 18 illustrates the coalescence 

process schematically.  

 

Figure 18: Particle coalescence 

 

Self-preservation is a characteristic of particle size distributions attained in flame 

synthesis processes. Size distributions are self-preserving, in cases the different 

distribution fall on top of each other, when scaling them with factors, e.g. the average 

particle size. Since particle growth is controlled by Brownian coagulation, the geometric 

standard deviation of the self-preserving lognormal number distribution σgeo for FSP 

synthesized particles is ~ 1.46 [152]. Particle size distributions which have a shape that 

is invariant with time and only depends on the collision frequency function, are 

characteristic for aerosols that undergo Brownian coagulation. 

The relation between characteristic collision time and characteristic coalescence time 

describes the degree of coalescence [153]: 

τcoalescence < τcollision → Spherical particle 

τcoalescence > τcollision → Aggregate 

In the case of a shorter coalescence time compared to the collision time, the aerosol 

consists of individual particles which completely coalesce after each collision. Whereas 

aggregates form when the collision time is shorter compared to the coalescence time 

[154], described in detail in the next section.  

4. Particle aggregation 

The complete coalescence, resulting in spherical particles, is only sufficiently fast in the 

high temperature zones of a flame reactor. In contrast, partial coalescence also known 

as the formation of sinter necks leads to the formation of aggregates. In this case, strong 
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covalent bonds connect the primary particles chemically. The driving force of these 

processes is again the reduction of surface area due to necking between particles. 

Figure 19 presents a schematic of the aggregation process, which results in the 

formation of so-called “hard agglomerates”. 

 

Figure 19: Formation process of aggregates 

 

Windeler et al. postulated that the rate at which the coalescence time exceeds the 

collision time determines the particle shape and the extent of necking [155]. In these 

cases, the coalescence time exceeds the collision time and therefore, the shape of the 

individual particles retains. Subsequent collisions form aggregates composed of particles 

held together by weak van der Waals forces, represented in Figure 20 a. The degree of 

necking between the particles significantly increases when the coalescence time slowly 

becomes longer than the collision time. This formation of necks gives the resulting 

aggregate its strong hold. 

 

Figure 20: Schematic illustration of the Collision and Coalescence time a) Coalescence time 
quickly passes the collision time: weak van der Waals forces hold the particles together; b) 
Coalescence time slowly passes the collision time: particles form large necks (Reprinted with 
permission of ref. [155]. 

 

In the examined flame process an aggregate is usually composed of a few to several 

hundred primary particles which are in the size range from 5 nm to 50 nm [156]. The 

fractal theory describes the structure of aggregates. Fractals are structures with 
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geometrically similar shapes at different levels of magnification as defined by Mandelbrot 

[157]. However, the scaling relationship for fractals is not fully accomplished for small 

aggregates since they contain only a few primary particles, therefore, their structure is 

considered as fractal-like. Particle cluster- particle cluster aggregation, where particle 

clusters containing a certain number of primary particle, coagulate with other particle 

clusters to form a larger aggregate is a suitable way to describe the formation of 

aggregates in the FSP process. 

The fractal dimension Df characterizes the structure and varies depending on the nature 

of the collision process. Chain-like agglomerates have a Df of approximates 1 and for 

compact agglomerates, Df approaches 3. Nanoparticle agglomerates synthesized by the 

FSP or other flame based methods result in a fractal dimension of Df = 1.8 [154]. 

The number of primary particles (Np) within an aggregate can be calculated based on the 

fractal dimension Df, the radius of a primary particle (r), the gyration radius of the 

aggregate (Rg) and an experimentally determined fractal prefactor kf as presented in 

equation ( 6 ). 

    𝑁𝑝   = 𝑘𝑓 (
𝑅𝑔

𝑟
)

𝐷𝑓

 
( 6 ) 

The fractal prefactor for FSP synthesized particle is kf = 1.3 [154]. The ratio between full 

coalescence and neck sintering influences the average number of primary particles in an 

aggregate. The overall particle concentration and the residence time of the particles in 

the high temperature zone of the flame highly influence this ratio. Faster cooling rates 

and high temperatures favor the formation of less aggregated particles. Laser irradiation 

or electrical fields can also influence the degree of particle aggregation, generally 

resulting in less aggregated structures [144]. 

A more practically orientated method to determine the average number of primary 

particles (Np) is based on the mobility diameter (dm), as shown in equation ( 7 ). 

Eggersdorfer et al. determined experimentally the constant prefactor km = 1 and the 

mass-mobility exponent Dfm = 2.15 for FSP synthesized aggregates using differential 

mobility analyzer (DMA) and aerosol particle mass (APM) measurements [158]. 

    𝑁𝑝   = 𝑘𝑚 (
𝑑𝑚

𝑟
)

𝐷𝑚

 
( 7 ) 

Compared to the gyration radius, the mobility diameter dm of the aggregates can be 

determined more easily in experiments. Here, the differential sedimentation in a sucrose 

gradient due to high rotation of the centrifuge gives rise to the mobility diameter of the 
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aggregate. Another method is the already mentioned differential mobility analyzer (DMA) 

which works based on a size-selective electrostatic precipitator. 

In the recent years, detailed theoretical studies on the dynamics of the aggregation 

process of fractal elements have been published [159-163]. The studies using e.g. 

discrete element modeling (DEM) to investigated influencing parameters on the particle 

diameter and the extent of aggregation e.g. TiO2 [164-166], SiO2 [131], or ZrO2 [158]. 

5. Agglomeration 

In cases, the temperature in the flame drops below the sinter temperature of the oxide, 

the formation of so-called (soft) agglomerates starts. Agglomerates are groups of 

aggregates kept together by mainly physical bonds and can be broken up quite easily. 

Capillary forces, van der Waals forces and electrostatic forces dominate these physical 

bonds. Salameh et al. studied the rearrangement within agglomerate structures in detail 

and demonstrated an unfolding and breakage process of agglomerates [167]. This 

process starts with the formation of a roughly linear chain of aggregates until a breakage 

of a chain based on aggregate detachment at a primary particle –particle contact takes 

place. The identified specific kinetics during the aggregate rearrangement are rolling, 

sliding, or torsion. They also demonstrated that the established macroscopic models 

such as capillary forces and van der Waals forces are not sufficient to describe the acting 

contact forces correctly. A combination of non-continuous solvation forces and capillary 

forces describes the contact forces acting between the single primary 

particles/aggregates in the agglomerate more sufficiently. 

The following chapter highlights the presence of significant temperature gradients within 

the reaction zone of the flame process. Therefore, it can be assumed that all presented 

reaction mechanisms (1-5) are coexistent within the flame reaction zone. 

3.2.2 Temperature profile and synthesis parameters 

Schulz et al. [168] and Gröhn et al. [145] performed fundamental work on the 

experimental investigation of the temperature and flow characteristics in the single flame 

spray process. Gröhn and coworkers additionally conducted Computational Fluid 

Dynamics (CFD) simulations of the single flame combustion process and combined this 

analysis with particle formation models. Noriler et al. investigated the FSP flame 

regarding the chemistry-turbulence interaction for the description of the combustion 

reactions [169]. 
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Figure 21 presents the experimentally determined flame temperature of Schulz and 

coworkers [168]. A constant temperature region up to 2500°C characterizes the highly 

exothermal precursor combustion up to 5 cm above the burner. This constant region 

follows a significant temperature decrease with increasing height above the burner. This 

decrease results from the flame expansion due to air entrainment. The high gas 

velocities in the flame lead to short residence times of the synthesized particles of a few 

milliseconds.  

 

Figure 21: Temperature profile of the flame spray at standard conditions (squares), with quench 
ring installed at 6 cm (circles) and without precursor feed (triangles). (Reprinted with permission of 

ref. [168]) 

 

Adjustments of the synthesis conditions strongly influence the particle characteristics of 

FSP synthesized particles. The main parameters influencing the time/ temperature profile 

during the synthesis process are the following: 

 Reactor geometry 

 Mass flows of the precursor and dispersion gas 

 Type of carrier gas 

 Reaction pressure 

 Precursor (e.g. different decomposition kinetics and reaction enthalpies) 

The application of a quench ring also affects the temperature profile since it reduces the 

temperature significantly; see Figure 21 (circles). Its application stops the particle growth 

and lead to a reduced primary particle size and further suppresses the formation of 

aggregates. 
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A high precursor flow rate, leads to a high concentration of the precursor within the flame 

and an enlargement of the high temperature zone combined with an increase in particle 

size. Increasing the dispersion gas flow rate, in contrast, reduces the flame height. This 

shortens the residence time and results in smaller particles. This trend is demonstrated 

for different oxides e.g. bismuth oxide [170], ceria [171] and zinc oxide [151]. Mädler et 

al. [2] investigated the influence on the combustion enthalpy of the solvent and the 

choice of the dispersion gas in detail. Experiments have revealed that in cases the 

oxidant is oxygen, the droplets burn much faster than in air. The particles longer remain 

in the high temperature regime which results in an increase in particle size [2]. Next to 

the flame temperature has the choice of the precursor a huge influence on the particle 

characteristic since it influences, the nucleation process significantly. 

The morphology of the synthesized particles further depends on the evaporation rate of 

the precursor solution. Spherical primary particles in an aggregate form when the 

evaporation time is short and the particle formation takes place as described in section 

3.2.1. In contrast an incomplete droplet evaporation leads to hollow and shell-like 

micron-sized particles [144]. 

While most of FSP synthesized particles are metal oxides, the synthesis of metallic 

nanoparticles is possible under restrictive oxygen flame conditions. An inert gas-filled 

glove box, for example, provides an atmosphere with a reduced amount of O2 which still 

has a sufficient amount of O2 for the complete combustion of hydrocarbon fuels [1]. 

3.2.3 Synthesis of multicomponent particles 

Dependent on the kinetics and the thermodynamics of the applied materials a synthesis 

of different types of multicomponent materials in the conventional FSP process is 

possible as illustrated in Figure 22. 

Route I represents the typical formation route of a single material as described in detail 

in the previous section. In route II, a surface layer of one component fully coats a host 

particle. Schulz et al. presented an example with a SiO2 coating on a CexZr1-xO2 host 

particle [140]. When a full encapsulation is not attainable, either due to insufficient 

amount of the secondary component or due to phase segregation, small atomic clusters 

form on the surface of the other component. Route III presents this deposition on various 

metal oxide supports. It takes mostly place for fine noble metals (Ru, Rh, Pd, Ag, Pt to 

Au) or even alloys [1]. In most of the cases, the low boiling/sublimation points of the 

noble metals relative to that of the oxide supports allow sequential nucleation and growth 
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along the concentration gradient of the spray flame. The support metal oxide firstly 

nucleates at high temperature followed by a heterogeneous nucleation of the noble 

metals at cooler downstream gas temperature. The rapid quenching of the high flame 

temperatures and the short residence times, significantly prevent sintering of the noble 

metals on the support surface. The noble metal (or deposit) particles maintain their high 

surface dispersion. A strong interaction with the support limits the mobility of the deposits 

and its sintering. This leads to a high temperature stability of the multicomponent 

particles. Kydd et al. further have successfully deposited non-noble metal CuO on a 

CeO2 support [172].  

 

Figure 22: The formation of different types of multicomponent materials using the conventional 
FSP process (Reprinted with permission of ref. [1]) 

 

In some multicomponent systems, the different particle phases tend to segregate 

completely (Route IV). This results in a low miscibility of the components and a particle-

 particle mixture with only physical cohesion. However, this route is very unusual in a 

single flame process. It has so far only be reported for the CeO2/Bi system applying a 

restrictive oxygen flame [173]. Route V represents the formation of polycrystalline 

particles. Here, two components e.g. SiO2 / ZnO form individual phases within a single 

particle [174, 175]. Route VI describes homogeneous mixing in the form of mixed metal 

oxides and doped structures. A broad variety of materials has been synthesized using 

this methods reaching from Fe-doping of ZnO [176] or TiO2 [177], solid solutions e.g. 

CeXZr1-XO2 [178] to mixed metal oxide phases e.g. BiVO4 [179]. 
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Especially the synthesis of particles using routes II-IV are somewhat limited by the 

thermodynamic properties, e.g. the differences of the vapor pressures. Difference in 

boiling points and solid-state phase miscibility of deposit-support materials play a central 

role in the synthesis process. This is particularly important when the deposits nucleate at 

high temperature and solid-state reaction, e.g. phase miscibility, formation of complex 

oxides with support materials cannot be neglected [1]. The double flame system 

introduced in the following section helps to avoid these limitations. 

3.3 Double flame spray pyrolysis 

The combination of two single FSP reactors to a double flame (DF) Spray Pyrolysis 

configuration offers the possibility to synthesis a variety of multicomponent materials. 

In the DF set up the particle characteristic can be uncoupled from thermodynamic 

properties. This allows to tailor the mixing state and to tune the individual particle sizes. 

The particular materials nucleate in different flames and the intersection of the two 

flames at a defined distance and angle results in a certain mixing state. The geometric 

configuration and the corresponding process conditions (e.g. temperature) in the mixing 

zone influence the resulting material characteristic significantly. The concentration ratio 

of the sprayed components, the adjustment of the geometric flame parameters and the 

physical properties of the single components allow the tailored synthesis of mixing states 

within a single particle or within a deposited and an aggregated system presented in 

Figure 23.  

 

Figure 23: The DF configuration allows the synthesis of a deposited particle systems (a) or an 
aggregated system (b). 
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Table 1 on page 20 summarizes various possibilities for multicomponent catalysts 

ranging from binary to quaternary systems. A single step synthesis of these different 

mixing stages is realizable when applying the DF configuration. The DF enables the 

combination of two single flames in various combinations: One flame synthesizes mixed 

metal oxide particles containing two components (Route VI Figure 22) whereas the 

second flame synthesizes a deposited system (Route III). This type of combination 

enables e.g. the partial deposition of an active component on one of two different support 

components. 

The number of publications reporting novel materials with DF Pyrolysis has increased 

considerably within the last couple of years demonstrating a broad range of applications 

[76, 77, 180-189]. Ernst et al. [181] separated the synthesis of carbon support and Pt 

particles into two flames allowing the surface deposition of Pt on carbon compared to 

carbon-coated Pt particles made in a single flame. Strobel et al. introduced the DF 

process for the synthesis of NOx storage-reduction catalysts as it allows the preferential 

deposition of noble metals on either the support or the storage component, as shown for 

Pt/Ba/Al2O3 [76] and Pt/Ba/CexZr1−xO2 [77]. Here, they have combined the synthesis of a 

deposited and an aggregated particle system using the DF approach. The elimination of 

an inactive spinel phase in the DF process was investigated by Høj et al. [184] and 

Tepluchin et al. [186]. Wang et al. synthesized an Al2O3/ SiO2 support in one flame and 

palladium as the active component in the other flame and tested the catalysts for their 

hydrogenation of a model aromatic ketone acetophenone [185]. All studies highlight that 

the two individual flames allow a higher flexibility in tuning the resulting catalyst 

properties, final composition and size. The temperature profile along the flame axes, 

mainly adjusted by the intersection distance are the key parameter within the DFSP 

process and influence the composition of the synthesized material directly. So far, the 

focus of all the performed studies was mainly on the application of different material 

systems rather than a study of the process conditions themselves. 

Figure 24 represents the ideal cases of the multicomponent particle formation in the DF 

process. The adjustment of the nozzle distance d and the intersection angle α define the 

intersection distance I. The intersection distance further influences the synthesized 

mixing state. The intersection angle α influences how uniform a certain mixing state is 

synthesized. 
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Figure 24: Illustration of the influence of the intersection distance on the resulting mixing state 
within an aggregated system. The schematic can be adopted for a deposited system. 

 

(a) Intersection in the gas / vapor regime: The intersection distance of the flames, 

when both precursors are still in gas/ vapor phase, results in atomic mixing and the 

formation of mixed metal oxides or doping comparable with route VI in Figure 22. The 

intersection in the gas / vapor phase allows the synthesis of mixtures on atomic scale 

based on two immiscible precursors, which might be limited in the single flame approach. 

(b) Intersection in the nucleation / coalescence regime: Mixing in a zone, where 

nucleation and primary particle formation starts, can result in the formation of 

polycrystalline particles, described in Route V in Figure 22. The characteristic of the 

synthesized particles highly depends on the miscibility of the material. When the two 

particle materials tend to segregate, the formation of individual primary particles is 

possible. A high miscibility favors the formation of polycrystalline particles up to a mixture 

on atomic scale, due to supplementary diffusion processes. 
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(c) Intersection in the aggregation regime: An increase in the flame intersection 

distance, up to the aggregation regime, favors the formation of individual oxide particles, 

which form a mixture on particle scale. Since the temperature at the intersection point is 

sufficient for partial sintering, the different primary particles are chemically bonded 

(sintered) at their interfaces. 

(d) Intersection in the agglomeration regime: A further increase in intersection 

distance, associated with a decrease of the temperature in the mixing zone, leads to a 

mixture on agglomerate scale. A single aggregate contains primary particles of a single 

element / oxide or with the same mixing state. The aggregates exhibit physically bonding 

to each other. 

The reaction zone is characterized by steep temperature gradients along the flame axis 

and in horizontal direction. Since the temperature induces the particle formation regime, 

it is assumed that the described regimes are present in parallel during the synthesis 

process. 
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4 Synthesis of multicomponent catalysts using the double flame 

Multicomponent materials are the building blocks for novel efficient catalysts. Chapter 2 

presents a discussion of the different types of multicomponent catalysts and summarizes 

their diversity and applications. Chapter 3 introduces the flame process as a suitable 

method for the single step design of multi component catalyst. The following chapter 4 

presents in detail the tailored double flame synthesis of a binary and a ternary material 

system for two different catalytic applications. 

The first study focuses on a flame made binary catalyst for the Fischer-Tropsch 

synthesis. Chapter 4.1 presents the basics of the Fischer-Tropsch reaction and 

highlights the state of the art catalysts for the process. Chapter 4.2 contains insights on 

the flame synthesis of the binary catalysts, which consist of small cobalt particles 

dispersed on an Al2O3 support and presents the catalytic results of the test reactions. 

The second study investigates the tailored design of a ternary catalyst for the preferential 

oxidation of carbon monoxide (PrOx). Chapter 4.3 presents the basics of the PrOx 

reaction and highlights the state of the art catalysts for the process. In chapter 4.4 is the 

focus on the tailored synthesis of a ternary catalyst. The desired characteristic is a 

mixture of CeO2 and Fe2O3 on particle scale and partial deposition of Pt on the Fe2O3 

surface. A selective variation of the catalyst structure, due to parameter adjustment in the 

synthesis process, helps to determine essential insights on the synthesis process. It 

further provides a basic understanding of the reaction mechanism and is therefore a 

milestone on the way to a tailored catalyst design. 

4.1 Fundamentals of the Fischer-Tropsch-synthesis 

The Fischer-Tropsch (FT) synthesis is an industrial process to produce energy rich 

hydrocarbon-chains from syngas mixture of CO and H2 [10-12]. The applied syngas can 

be gained from different raw materials such as coal (Coal to Liquid - CTL), natural gas 

(Gas to Liquid - GTL) or biomass (Biomass to Liquid - BTL). Figure 25 illustrates the 

basic reaction of the FT-reaction on the surface of a heterogeneous catalyst. The basic 

reactions of the FT process are the formation of paraffinic ( 8 ) and olefinic ( 9 ) chains, 

where n is typically in the range of 10-20.  
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nCO + (2n + 1)H2 → CnH2n+2 + nH2O ( 8 ) 

nCO + 2nH2 → CnH2n + nH2O ( 9 ) 

Next to the advantage of a sulphur- and nitrogen-free synthesis, the FT process can 

have, depended on the applied catalyst, a high selectivity for straight-chain alkanes 

which are suitable as diesel fuel. Undesirable side reactions are the formation of 

methane (n = 1). In addition to alkanes, small amounts of alkenes, as well as alcohols 

and other oxygenated hydrocarbons form as side products. 

 

Figure 25: Schematic representation of the Fischer-Tropsch reaction on the catalyst surface. 

 

The development of the technology started in the early 1900s. In Germany this method 

was applied during the 1930s and 1940s to produce liquid fuels from syngas-derived 

coal [190, 191]. After the Second World War, the company Sasol started the production 

of gasoline and diesel fuel via the Coal to Liquid - CTL route [11, 15, 192]. The economic 

viability of the CTL approach is significantly influenced by the political situation of the 

producing country (e.g. existing embargoes) and got financially unattractive with 

decreasing oil price in the 90’s [11]. One economic way to produce synthesis gas is the 

direct usage of natural gas, obtained as by-product from oil production. Sasol and Qatar 

Petroleum have realized this Gas to Liquid - GTL route on industrial scale, for example, 

in Qatar [193]. 

The most promising route regarding the future feasibility is the Biomass to Liquid – BTL 

one. Because of the limited crude oil reserves, an increasing awareness for the climate 

change and the duty toward future generations to economize responsible with our 

energy resources, the FT process is undergoing a renaissance. The research effort in 
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this field drastically increased within the last years. Next to the development of new 

reactor technologies, the development of new catalysts with high activity and selectivity 

are essential to secure the profitability of the process in the long term [194].  

4.1.1 Fischer-Tropsch-catalysts 

The two main functions of the catalyst are the activation and dissociation of CO bonds 

and the formation of C-C and C-H bonds. Temperatures in the range of 200–350°C and 

a pressure in the range of 1.5–4.0 MPa are characteristic conditions for the FT synthesis. 

The employed catalysts typical consist of group VIII transition metal oxides. Vannice et 

al. [195] showed that the molecular average weight of hydrocarbon chains produced by 

FT synthesis decreased in the following sequence: Ru > Fe > Co > Rh > Ni > Ir > Pt > 

Pd. Only Ru, Fe, Co and Ni have catalytic characteristics that are appropriate to consider 

them for a commercial production. However, under practical reaction conditions, Ni 

based catalysts produce specific methane. Ru is too expensive and its worldwide 

reserves are insufficient for large-scale industry [191]. Therefore, Co and Fe-based 

catalysts are the preferred choice for FT diesel synthesis. Especially Co based catalysts 

have a high hydrocarbon selectivity, thus, a yield of straight-chain alkanes, and low 

activity for the water gas shift reaction [196]. To reach the required activity of the 

catalysts a high dispersion of small cobalt particles ideally in the range of 6 – 10 nm 

[197, 198] on a stable support is mandatory. [11, 191, 199-201]  

Silica has intensively investigated as support materials, since it offer high specific surface 

areas [202, 203]. However, industrial Co-based FT catalysts are routinely prepared on 

an alumina support. This support has the advantage of high mechanical strength, a good 

thermal stability and advanced textural structures [202-206]. Yet, a major problem 

associated with the use of alumina is the potential formation of cobalt aluminates. Cobalt 

aluminum spinels are only reducible in hydrogen at very harsh conditions. This 

characteristic can result in a significant and undesired loss in catalytic activity [207, 208].  

4.1.2 Flame made Fischer-Tropsch-catalysts 

So far, two authors worked on the flame-based preparation of Co catalysts specifically 

for the FT reaction. Chaisuk and co-workers proved the general scalability of the FSP 

process to produce ZrO2 supported Co-FT catalysts resulting in catalysts with different 

Co dispersion by varying the preparation parameters, such as precursor feed rate and 

the concentration of the solution [209]. The catalyst testing in the FT reaction occurred at 

atmospheric pressure and at an operation temperature of 220°C. Teoh et al. studied a 



 Page 59 

Universität Bremen < Henrike Großmann > 

flame made Ru-doped cobalt-zirconia catalysts with the outcome that their performance 

is competitive with a benchmark catalyst obtained by classical impregnation under 

industrially relevant conditions [210]. This demonstrates the potential of the FSP process 

to synthesis Co-based FT catalysts. Further, flame made cobalt oxide on different 

supports was tested for reactions other than FT. Turrà et al. e.g. investigated Co/SiO2 

structures, synthesized using FSP [211]. Høj et al. studied the preparation of Al2O3 

supported Mo/Co nanoparticles for hydrotreating applications and faced the difficulty of 

cobalt aluminate formation during single flame synthesis [81]. 

4.2 Flame synthesis of a supported catalysts for the Fischer-Tropsch reaction    . 

The following study explores the DF synthesis of a catalyst which consists of small cobalt 

particles deposited on Al2O3 as a state of the art support for FT reactions. The aim within 

this deposited system is to achieve a mixture on particle scale (3). The challenge in the 

synthesis of this multicomponent catalyst is to suppress the formation of inactive mixed 

metal oxide phases. 

Whereas the single flame process (SF) forms the undesired cobalt aluminate spinel 

phase (1), the double flame approach offers the potential to suppress its formation and to 

result in a reducible and active Co catalyst supported on Al2O3. The hypothesis of the 

study is that the systematic variation of the intersection distances of the two aerosol 

streams influences the characteristic of the synthesized catalysts as illustrated in Figure 

26. Small intersection distances are assumed to result in the formation of mixed-metal-

oxides, eventually in form of polycrystalline particles with Al and with Co rich areas (2). 

The adjustment of higher intersection distances offers the desired mixture on particle 

scale (3). 

A further increase in intersection distance is assumed to result in a mixture on cluster 

scale and is therefore related with an undesired decrease in the degree of mixing (4). In 

the physically mixed sample (PM), the mixture of the two components is on aggregate 

scale, lacking the formation of chemical bonding at the interface (5). Both the mixture on 

cluster and aggregate scale would result in reduced temperature stability, because of an 

intimidate contact between the sinter active Co-particles and the missing stabilization on 

the Al2O3 support. 
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Figure 26: Working hypothesis for the formation of the resulting catalysts sprayed with different 
flame geometries (SF = single flame, DF = double flame, PM = physical mixture). 

 

The purpose of the study is to find the specific intersection distance for the Co / Al2O3 

material system, where a mixture on particle scale takes place. The requirement is a 

stable and uniform dispersion of the Co particle on the Al2O3 support. A final test of the 

synthesized particles demonstrates its catalytic activity and selectivity in the FT-reaction. 

4.2.1 Synthesis and characterization of binary Al2O3 / Co catalysts 

Different catalysts with a Co content of 10 wt. % help to get a full picture regarding the 

influence of the intersection distance on the material formation. The DF synthesis 
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process provides samples synthesized with four different intersection distances of the 

flames. The SF process offers the base for synthesizing additional two types of alumina-

supported catalysts: The first way is a subsequent deposition of flame made cobalt 

particles / aggregates on an alumina support. The second way is to spray the two metals 

combined in the single flame. For the latter conditions two different setting are 

synthesized: one with the same 10 wt. % Co loading as used for the DF samples and 

one with a distinctly higher cobalt loading of 50 wt. %. This helps to understand the effect 

of increasing Co content in the spinel phase. Pure cobalt oxide and alumina 

nanoparticles serve as references from the SF approach. Table 2 lists all specification of 

the samples, notation, synthesis method, amount of cobalt in the powder, flame 

parameter including intersection distance and angle and the specific surface area of the 

samples. 

Table 2: Overview of the synthesis conditions and the specific surface areas (SSA)  

 

While the two single flame made Co/Al2O3 powders exhibit a similar surface area 

independent of the Co content, a significant increase in the specific surface areas (SSA) 

of the DF powders is observable. Its increase rises from around 90 m2/g for the DF 15 

and DF 17 sample to 178 m2/g for DF 51. This trend leads to the conclusion that the 

particle formation differs dependent on the intersection distance. Spraying in the single 

flame or adjusting small intersection distances leads to an interaction of the alumina and 

cobalt molecules, respectively particles, in the nucleation and coalescence dominated 

regime as already discussed in chapter 3.3. Here, the temperature is still high and 

primary particle formation is in progress. A mixture of Co and Al on atomic scale is likely, 

resulting in a formation of an Al-Co spinel. When the flames intersect at high distances, 

the temperature in the mixing zone is lower and primary particle formation completed. In 

this stage, aggregation and deposition instead of coalescence dominates the mixing 

process of the two components. 

Notation 
Synthesis 

method 
Amount Co 

[wt. %] 
Intersection 

distance I [cm] 
Intersection 
angle α [°] 

SSA 
[m2/g] 

  
      
 

Co3O4 SF 100 --- --- 98          

Al2O3 SF 0 --- --- 153          

SF 10 % Co SF 10 --- --- 130          

SF 50 % Co SF 50 --- --- 129          

DF 15 DF 10 15 20 94          

DF 17 DF 10 17 20 92          

DF 26 DF 10 26 20 123          

DF 51 DF 10 51 10 178          
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The observed differences in primary particle size indicate a significant difference in the 

mixed oxide composition for the small intersection distance (DF 15) compared to the SF 

powder. STEM and EDX analysis of various particles in different areas of the sample 

(exemplary presented in Figure 27) confirm this assumption. Co is homogeneous 

distributed within a single particle in the SF sample. The DF 15 samples in contrast 

exhibits large pure alumina areas and small Co enrichments forming deposits (bright 

spots). The conduction of zero loss images and Co mappings is necessary to determine 

changes in the particle size distribution of this Co deposits. They are carried out for all 

DF samples and presented exemplary for DF 15 and DF 51 in Figure 28. For all as-

prepared DF powders, the cobalt deposits disperse well on the alumina support. 

Changes in the intersection distance do not affect the size of the cobalt rich particle 

significantly. They have an average diameter of about 12 nm. The TEM diameters of the 

alumina support particles are in the range of 4 to 40 nm (Figure 32), showing a 

decreasing trend for higher intersection distances. 

 

 

Figure 27: STEM images and EDX analysis indicating a homogeneous Co distribution within a 
single particle for the SF 10 % Co sample (left). The DF 15 catalyst (right) in contrast exhibiting 
large pure alumina areas (1) and small Co enriched areas (2). 

The measurable changes in particle size and distribution of the DF samples are clearly 

associated with the increase in intersection distance and base on several physical and 

chemical reasons. These reasons presumably arise all simultaneously: First, the 

temperature history of particles travelling through the flame changes with intersection 

distance. For small intersection distances, the entrainment flow, which has a cooling 

effect on the flames, is limited. Secondly, a higher combustion enthalpy density (higher 

energy per volume ratio) [212] is provided through the second flame, leading to a longer 

residence time of the particles at high temperatures. Both effects result in an increase of 

primary particle size due to an extended coalescence dominated phase. For high 
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intersection distances, the second aerosol stream might increase the degree of 

turbulence and the entrainment. This results in an addition cooling of the aerosol streams 

and in a lowering of the primary particle size. However, detailed CFD calculations are 

required for the validation of this assumption. Strobel et al. [76] and Høj et al. [184] 

reported a trend of decreasing particle size with increasing intersection distance for 

different material systems. Besides this, the limitation of entrainment also leads to higher 

particle concentrations in the mixing zone when the two flames interact at small 

distances compared to individual flames (full entrainment from all directions). The 

coalescence rate increases and promotes the synthesis of large particles. This effect 

explains why the alumina particle size of as-prepared DF catalysts decreases with 

increasing intersection distance. The cobalt oxide particle size stays constant, even so 

different cobalt spinel phases are formed and this formation can be related with different 

particle sizes [213]. 

 

Figure 28: Zero loss and Co EF-TEM mappings of the FT active DF 26 and DF 51 catalysts 
before (left) and after FT catalysis (right). The inset shows Co particles with a higher 
magnification. 

 

To get a more detailed insight in the different catalysts formed using DF, the 

determination of the crystal phases is essential and realized using XRD analysis (Figure 

29). The patterns of the pure cobalt and the pure alumina samples, synthesized in the 

SF approach, help to indicate the major phases. Cobalt forms Co3O4 while the alumina 

crystallizes in the γ-Al2O3 phase. In contrast to the pure oxides, a detailed phase 

assignment for all alumina-supported cobalt FT-catalysts is highly complex, since the 

formation of mixed metal oxides is related with nearly identical crystal structures. Pure 
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Co3O4, as well as the cobalt aluminates Co2AlO4 and CoAl2O4 crystallize in the same 

cubic spinel structure and show only minor differences in their lattice constants: 8.036 Å 

for Co3O4, 8.087 Å for Co2AlO4 and 8.092 Å for CoAl2O4 [214]. Next to this three 

stoichiometric spinels a large variety of non-stoichiometric cobalt aluminate spinel 

phases (Co3-xAlxO4, 0 ≤ x <3) exist [214]. This brings about very similar peak positions for 

all different material compositions and causes limitation in the exact phase 

determination. Nevertheless, based on the position of the reflexes, which shift to higher 

angles for increasing aluminum content, qualitative changes of the cobalt content within 

the spinel structure and the formation of pure alumina can be identified. 

 

Figure 29: XRD patterns for the DFSP samples prepared with different intersection distances 
compared to patterns for samples prepared using the single flame (10 and 50 wt. % Co, pure 
Co3O4 and Al2O3).  

 

The SF 10 % Co sample has a small alumina reflex at 2θ = 38.5° and all major cobalt 

aluminate spinel peaks. However, none of the stoichiometric spinels fit the recorded 

pattern of the SF 10 % Co sample exactly. The CoAl2O4 phase which contains the 

highest amount of aluminum in the stoichiometrically phases, has a strong reflex at 

2θ = 65.8°. In the SF 10 % Co sample this reflex is shifted 0.9° in direction of the pure 

alumina peak which is positioned at 2θ = 67°. This shift reflects a calculated composition 

of Co0.2Al2.8O4 and is an indication for either a high amount of Al bonded within a cobalt 

alumina spinel phase or a combination of pure alumina and CoAl2O4. A specific 

differentiation between the two options is not possible based on the XRD results. For the 

SF 50 % Co sample, the main peak at 2θ = 36.8° is congruent with the characteristic 

Co3O4 reflex at 2θ = 36.8° and the spinel phases CoAl2O4 and Co2AlO4 at 2θ = 36.7°. 
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The calculated composition of the SF 50 % Co sample matches nearly the CoAl2O4 

spinel phase.  

The DF samples present separate cobalt oxide and alumina peaks. The peak at 

2θ = 34.6° clearly indicates the formation of pure CoO in the DF process. A possible 

explanation for the formation of CoO, rather than cobalt oxide in the highest oxidation 

state +3 (Co3O4)) is the limitation of O2 supply in the DF compared to the SF process, as 

discussed in the literature [213]. In addition, either pure Co3O4 or cobalt aluminate spinel 

phases are formed for the DF samples, a distinction between both is, however, not 

possible. The peak broadening of the DF samples indicates decreasing particle sizes, 

which is consistent with BET and TEM results. In addition, the observed increase in 

background noise reveals an increasing content of X-ray amorphous phases. The 

calculated content of the amorphous phase for the DF 26 sample is 17 % and increases 

to 37 % for the DF 51 sample.  

 

Figure 30: UV-Vis spectra of the SF 10 % Co and 50 % Co catalyst, all DF samples and pure 
cobalt oxide nanoparticles. 

 

The determination of the oxidation state of the Co using UV-Vis gives more detailed 

insights in the stoichiometry of the formed spinel. Figure 30 shows the UV-Vis spectra in 

reflection mode. The pure cobalt oxide nanoparticles which are black in color show two 

broad bands at 400 and 700 nm attributed to the 1A1g  1T2g and 1A1g  1T1g transitions 
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of octahedral coordinated Co3+ [191, 215]. On the contrary, cobalt is tetrahedral 

coordinated in the SF 10 % Co sample, indicating an alumina rich spinel. The blue color 

of the SF 10 % Co sample corresponds to adsorption bands with minima at 543, 583 and 

637 nm highlighted in the right part of Figure 30. The increase of the cobalt amount to 

50 wt. %, results in a decrease of intensity of the three bands that are characteristic for 

tetrahedral coordinated Co2+. Instead, a strong band at around 400 nm appears, 

attributed to the presence of Co3+ ions in octahedral sites. The powders synthesized with 

the DF have a greenish/black color. The UV-Vis spectra of all four samples exhibit similar 

features. No trend is visible which would provide a clear indication for changes in phase 

composition. Two broad bands at around 420 and 720 nm are characteristic for the 

observed color of the samples and represents cobalt in the oxidation state +3 [214, 216]. 

In contrast to the single flame prepared samples, the formation of an alumina-rich spinel 

with tetrahedral coordinated Co2+ is not observed, evidenced through the absence of the 

dominant triplet at 540-650 nm. 

Temperature programmed reduction (TPR) is used to investigate the reduction behavior 

of the catalysts, since XRD and UV-Vis analysis are unable to indicate significant 

differences in the crystal structure of the Co rich mixed phases. Figure 31 presents the 

results. The FSP synthesized pure cobalt oxide nanoparticles show a two-step reduction 

behavior typically observed in the literature [217]. Whereas the first peak represents the 

reduction of Co3O4 to CoO, the second peak stands for a further reduction to metallic 

cobalt, consuming three times more hydrogen than the first step. The TPR spectrum for 

the SF 10 % Co catalyst only shows a dominant peak in the high temperature regime 

above 800°C while the catalyst with increased Co content (SF 50 % Co) exhibits low 

temperature peaks between 300-500°C in addition to high temperature reduction peaks 

(> 500°C). The peaks in the temperature regime below 500°C result from the reduction of 

pure cobalt oxide. The reduction of Co particles, which strongly interacting with the 

alumina support or the cobalt aluminates, takes place at higher temperatures [218, 219]. 

Combined with the information received from the XRD and UV-Vis analysis, the 

formation of cobalt aluminates in spinel phase, instead of pure cobalt oxide particles 

supported on alumina, is obvious when cobalt and aluminum precursors are sprayed as 

one feedstock in the single flame. The triplet band in the UV-Vis spectra (Figure 30) 

between 540 and 650 nm indicate the formation of an alumina-rich spinel with cobalt in 

the oxidation state +2 (Co3-xAlxO4, 2 ≤ x <3) for the SF 10 % Co catalyst. This is 

congruent with the XRD analysis even indicating the existents of pure γ-Al2O3 crystallites. 
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The high temperature peak above 800°C in the TPR profile indicated that this aluminum-

rich spinel is hardly reducible under normal FT conditions [220] (Figure 31). 

 

Figure 31: TPR profiles of pure cobalt oxide nanoparticles and in-situ alumina-supported cobalt 
catalysts (10 and 50 wt. % Co) synthesized using SFSP and DFSP catalysts with different 
intersection distances. The reduction profiles are recorded with a heating rate of 10°C/min.  

 

To fully investigate the effect of an increased cobalt content on the resulting structure 

when using the single flame approach, the catalyst SF 50 % Co completes the study. 

The comparison of this sample to the SF 10 % Co identifies no structural changes with 

respect to surface area, particle size and shape (BET, TEM). However, the UV-Vis and 

TPR results point to the formation of pure cobalt oxide combined with cobalt aluminates. 

This formation is in agreement with the phase diagram [213] in regions where more 

cobalt is present than required for the formation of a stoichiometric spinel. The triplet UV-

Vis band indicates the presence of octahedral coordinated Co3+ as found in pure Co3O4 

and/or cobalt-rich aluminates as well as Co2+. The later species points to an alumina-rich 

spinel, as cobalt exists exclusively in the oxidation state +2 in such an aluminate. The 

intensity of the corresponding band, however, is reduced compared to the SF 10 % Co 

catalyst. The work of Khodakov et al. supports that the formation of large amounts of 

hardly reducible spinel (Co3-xAlxO4, 2 ≤ x <3) can, thus, be excluded [191]. While UV-Vis 

is not able to distinguish between Co3O4 and cobalt-rich aluminates (Co3-

xAlxO4, 0 ≤ x <2); TPR measurements clearly prove the presence of Co3O4 in the 

SF 50% Co sample. The typically observed two reduction peaks in the low temperature 

regime below 500°C indicate formation of pure cobalt oxide. The peaks with reduction 
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temperatures above 500°C, in contrast, are assigned to cobalt aluminates (Co3-

xAlxO4, 0 < x ≤ 2) with different Co compositions [220]. In summary, the structural data 

reveal the formation of cobalt oxide nanoparticles deposited on a cobalt aluminate 

support. Supposedly, such a system is catalytically active for FT; however, the high 

overall Co-content is not economically reasonable so any further investigation of this SF 

approach are conducted. As already stated in Figure 26 (a), cobalt and aluminum oxide 

prepared using the SF approach result in a mixture on atomic scale with variable 

compositions. The samples are either unreducible and FT inactive or economically 

unreasonable. 

The DF approach reduces the spinel formation when generating alumina and cobalt 

oxide nanoparticles in individual flames. The process produces, depended of the 

intersection distance, individual and well-dispersed cobalt oxide particles on the alumina 

support. The TPR analysis in Figure 31 identifies significant differences between the four 

DF catalysts depended on the intersection distance of the flames: The low-temperature 

reduction peak at around 390°C for DF 15 shifts to 360°C for the DF 51 sample. In 

addition, the intensity of the peak positioned at 480°C (CoO to Co) increases from the 

DF 15 to the DF 51 sample. The lower intensity in the temperature regime above 500°C 

suggests that the amount of irreducible cobalt aluminate spinel is significantly smaller for 

the DF 51 compared to all other DF samples. In fact, the ratio between the areas of the 

peaks above 500°C and the areas of the peaks below 500°C decrease with flame 

intersection distance.  

Hanssteen et al. investigated the reduction behavior for different cobalt aluminates with 

variable cobalt and alumina contents (Co3-xAlxO4; 0 ≤ x < 3) in more detail [220]. As 

mentioned before, they reported an increase in reduction temperature with aluminum 

content. Based on their results, the DF 15 and DF 17 consist of greenish Co2,5Al0,5O4 

spinel with high cobalt content in the +3 oxidation state. The UV-Vis results support this 

assumption. The first reduction peak centered at about 390°C indicates that in this spinel 

type structure Co3+ reduces to Co2+ in the temperature regime below 500°C. Further 

reduction to metallic cobalt only occurs at temperatures higher 500°C since the alumina 

containing spinel matrix still incorporates the cobalt (Co2+). This result indicates the 

formation of non-reducible cobalt aluminate particles deposited on an Al2O3 support. TPR 

measurements suggest that with a further increase in intersection distance (DF 26 and 

DF 51), the amount of hardly reducible Co2,5Al0,5O4 decreases in favor of Co3O4. The 

increase of the reduction peak at 480°C is one indicator. The first reduction peak for the 

catalysts DF 26 and DF 51 at around 360°C cannot only be assigned to the reduction of 
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Co3+ to Co2+ of the Co2,5Al0,5O4 phase but also to the reduction of Co3O4 to CoO as 

already observed for pure cobalt oxide. The peak centered at 480°C indicates the 

second reduction from CoO to metallic cobalt. This leads to the assumption that the 

synthesis parameter of the DF 26 configuration and even more the one of the DF 51 

configuration are suitable for the synthesis of reducible Co particles on an Al2O3 support. 

4.2.2 Sinter stability and catalytic performance in the FT reaction 

As discussed in chapter 2.1 not only the material itself plays an important role, when it 

comes to activity and stability of the catalyst, also the way in which the active component 

is deposited on the support has major influence. The FT activity is tested for all powders 

with 10 wt. % Co at 20 bar and 230°C in a fixed bed reactor. 

 

Figure 32: TEM images of the single flame made pure Co3O4 and SF 10 % Co catalysts and 
double flame made DF 15 and DF 51 catalyst before and after FT reaction. 

 

For detailed investigations of the sinter stability, and to benchmark the activity of pure 

cobalt particles, eliminating any type of spinel formation, Co3O4 nanoparticles are 

synthesized in the SF approach, and subsequently supported on commercial alumina. 

The structures of the materials, before and after FT reaction, are exemplary illustrated on 

the TEM images in Figure 32. The significantly larger dark particles after FT indicate a 

high sinter activity, most likely during activation in pure H2. This high sinter activity results 

in a significant loss of FT-active metal surface area. In the catalytic testing, no FT activity 

is observed under the investigated conditions for the subsequently supported sample. 

The procedure of a physical mixing of the components followed by a heat treatment does 

not result in sufficiently strong interactions between the pure cobalt oxide nanoparticles 
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and the alumina support. The applied ultrasonic pretreatment, to break up the large 

cobalt oxide agglomerates that are typically formed during flame synthesis, is ineffective 

and the pure cobalt oxide aggregates cannot be disintegrated prior to the dilution with 

alumina in ethanol. As a result, sintering is favored due to close contact of the cobalt 

oxide nanoparticles. Although mechanical mixing with a ball mill is a common measure to 

overcome this problem, the FT performance of such systems is usually inferior in 

comparison to that of catalysts prepared by the standard incipient wetness impregnation 

(IWI) technique [210]. This is the reason why this approach is not further investigated. 

The in-situ supported cobalt-alumina samples, however, regardless of whether they are 

prepared by single or double flame did not show any structural changes in the TEM 

images acquired before and after FT. The zero loss images and Co mappings after the 

reaction of the DF 26 and DF 51 catalyst showed, if at all, only a slight increase in Co 

particle size (Figure 28). 

 

Figure 33: Evolution of cobalt time yield over 50 h time on stream (CTY = moles CO converted 
per gram Co-metal per second). The FT reaction is performed at 230°C, 20 bar and a total gas 
velocity of 62.5 mL/min (H2:CO:N2 = 6:3:1) in a fixed bed reactor.  

 

Even so, all flame made catalysts exhibit good sinter stability, established due to the 

strong metal support interaction accomplished in the flame process, the SF Co/Al2O3 

catalysts and the catalysts prepared with the double flame approach, using short 

intersection distances (DF 15 and DF 17) showed any FT activity. This is in agreement 

with the results of the structural analysis, that all this samples exhibit a large amount of 

irreducible cobalt aluminates. On the contrary, catalysts prepared using higher 



 Page 71 

Universität Bremen < Henrike Großmann > 

intersection distances (DF 26 and DF 51) showed FT activity with a constant Co time 

yield over 50 hours on stream (Figure 33). Of the two catalysts, the FT activity is slightly 

higher for the DF 51 compared to DF 26.  

The main products for the flame made catalysts, DF 26 and DF 51, are linear paraffin’s 

(Table 3). For both catalysts, a similar selectivity pattern is observed, with the DF 51 

sample producing slightly more methane. As compared to the standard IWI catalyst 

showing a methane selectivity of 12 wt. %, the flame synthesized catalysts produced 

somewhat more methane (17 – 20 wt. %). Smaller C5+ yields and lower olefin to paraffin 

ratios (3-5 times) are further observed for the DF 26 and DF 51 catalysts in the 

investigated hydrocarbon-fractions C4-C6 as well (Table 3). These observations indicate 

stronger hydrogenation activity of the flame made catalysts leading to chain termination 

and paraffin formation due to hydrogen adsorption. In contrast, the CO2 selectivity with 

about 1 wt. % for all catalysts is not affected by the intersection distance. 

Table 3: FT performance of the double flame and reference catalysts investigated at 230°C, 
20 bar and a total gas velocity of 62.5 mL/min (H2:CO:N2 = 6:3:1) in a fixed bed reactor. 

 
       CTY* 
(molCO/gCo s) 

Sel. (wt. %) 
CO2 

 

    CH4     
 

C2-C4 
 

C5+ 
Olefin/Paraffin 
C4        C5       C6   

      

DF 15 --- --- --- ---  --- ---        ---        ---        

DF 17 --- --- --- ---       ---  ---        ---       ---       

DF 26 2.8·10-4 1.3 17.0 20       62 0.9        0.6      0.3       

DF 51 3.4·10-4 1.0 19.6 16       64 0.7        0.5      0.3       

*CTY: cobalt-time yield: moles CO converted per gram Co-metal per second. 

 

4.2.3 Conclusion            . 

The obtained results confirm the hypothesis proposed in Figure 26 (1) – (5). The 

synthesis in the SF involves a mixture on atomic scale (1) in form of the non-reducible 

mixed metal oxide CoAl2O4. When the synthesis takes place in the DF setting and the 

flames intersect at distances up to 17 cm (DF 15 and DF 17) the coalescence phase is 

still fully developed. This proposes a mixture on inner particulate scale, respectively on 

particle scale (2), indicated by the formation of Co- rich spinels next to Al -rich regions. 

Intersection distance of 26 and 51 cm (DF 26 and DF 51) leads to the formation of 

individual cobalt oxide particles which are deposited on an alumina support (3). 

However, this mixing on particle scale is still accompanied with the formation of clearly 

identifiable amounts of irreducible cobalt rich-spinels. A mixture neither on particle cluster 
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scale (4) nor on agglomerate scale (5) are detected even for the highest intersection 

distance of 51 cm. 

The results further indicate that the spinel phase is the thermodynamically favored crystal 

phase. Even for the catalyst synthesized with an intersection distance of 51 cm a full 

elimination of the spinal phase does not occur. The ratio of cobalt and alumina within the 

spinel phases changes, however, from an alumina rich spinel phase CoAl2O4 in the SF to 

cobalt rich spinel phase Co2,5Al0,5O4 for the DF setting. In contrast to the SF approach, 

where variable Co contents (10 and 50 wt. % Co) lead to similar particle sizes, the 

support particle size for DF made catalysts is influenced by the flame reactor geometry: 

smaller particles are obtained with increasing intersection distance. The decrease in 

particle sizes can either be based on changes in the material composition of the final 

product (predominantly spinel phase for DF 15 and DF 17 and pure cobalt oxide + 

alumina for the DF 51) or on temperature and velocity profiles of the DF setting. Chapter 

5 shows the influence of the geometric parameter in the DF process on the temperature 

and velocity profile in detail. A further issue at high intersection distances, which has to 

be investigated in more detail, is an advanced flame spreading due to ambient air 

entrainments. The jet propagation is advanced and the entrainment region of the flames 

in the mixing zone is already highly developed. This leads to the situation, that the 

probability to get in contact with a particle synthesized in the opposed flame is significant 

higher for particles, following a streamline near the inner entrainment region than for 

particles positioned at a streamline in the outer entrainment region. This may lead to 

significant differences in the material structure which emphasis the necessity of a 

fundamental study on the mixing parameter in the DF process. 

Combining all results the most promising intersection distance of the investigated 

samples for the syntheses of FT-active Co-alumina catalysts is in the range of 51 cm. 

Here the individual particle formation is nearly completed; significant agglomeration of 

the Co has not started. The high sinter stability of the DF samples indicates that the 

aerosol streams still provide enough energy at the intersection point, that partial sintering 

of the cobalt oxide particles on the support is possible. This sinter stability is essential to 

face harsh reaction conditions during the following FT process. However, to further 

increase the FT-activity the remaining spinel phase in the DF 51 has to be decrease, 

while keeping the sinter stability of the cobalt oxide. A further increase of the intersection 

distance combined with an increase in the intersection angle to increase the mixing 

process of the jets could be one approach. Another approach to increase the activity is to 

tune the particle size of the active component and the support, which can be adjusted 
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individual, through variations in precursor concentration, gas velocities, and ratio of the 

oxygen stream in the different flames as discussed in chapter 3.2.1. Adjusting these 

parameters results in the synthesis of cobalt particle with an optimum size about 6-8 nm, 

independent of the concentration ratio between active component and support.  

4.3 Catalysts for the preferential oxidation of carbon monoxide  

In proton exchange membrane fuel cells (PEMFC) the chemical energy is present in a 

fuel, e.g. H2. The conversion of the H2 into water using O2 generates directly electrical 

energy [221-224]. This approach is a promising alternative to combustion engines 

because of its high efficiency, low operation temperature, and limited pollutant emission 

[221]. Due to their fast reaction kinetics, cells fueled with H2 are preferred compared to 

e.g. methane. One way to produce the consumed H2 is the photocatalytic water splitting 

process. However, this production route is still under investigation, since efficiencies are 

still considerably low. An alternative way is the production of hydrogen based on the 

reformation of a hydrocarbon fuel produced e.g. from biomass. This approach comes, 

though, with the challenge to reduce the CO content in the H2 feed stock stream. Already 

small traces of CO in the hydrogen stream can significantly depress the performance of 

the PEMFC due to the strong adsorption of CO on the mostly Pt based electro catalysts. 

This is especially an issue, in cases where an on- board generation of the H2 is 

considered, to bypass a risky storage of pure H2 in the vehicles. A supplemented water-

gas-shift (WGS) reaction can reduce the CO concentration to 1,000-10,000 ppm [221]. A 

reduction to 10-100 ppm, however, is required to ensure the efficiency of the PEMFC. 

The application of the preferential oxidation of CO (CO-PrOx) realizes this additional 

reduction of the CO concentration. Here, a heterogeneous catalyst oxidizes the CO 

selectively to CO2 ( 10 ) as presented in Figure 34.  

2CO + O2 → 2CO2 ( 10 ) 

Since the CO is present within a H2 atmosphere, the competing reaction is the 

combustion of hydrogen ( 11 ):  

2H2 + O2 → 2H2O  ( 11 ) 

The goal of the catalysts design is to ensure a reasonable selectivity of oxygen to CO 

instead of H2 oxidation [225]. To implement this, a fundamental understanding of the 

characteristic of the catalyst and reaction mechanism is essential. This helps to realize 

the design of catalyst with a high turnover frequency and a high selectivity and thus, the 

implementation of the CO-PrOx as commercial tool. 
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Figure 34: Schematic representation of the preferential oxidation of CO (PrOx). 

4.3.1 CO-PrOx- catalysts 

Oh and Sinkevitch published 1993 an overview on the activity and selectivity of PrOx 

catalysts by testing a variety of catalytic materials, supported on alumina, in a laboratory 

reactor feed stream containing CO, H2, and O2 [226]. They investigated noble metals 

such as Pt, Pd, Rh, and Ru and oxidation catalysts including Co/Cu, Ni/Co/Fe, Ag, Cr, 

Fe, and Mn to identify promising catalytic systems. Until now, the most appropriate 

catalysts for the CO-PrOx reaction are Pt, Rh and Ru, since they achieved nearly 

complete CO conversion at low temperatures. Kahlich et al. demonstrated the influence 

of the temperature on the CO selectivity using a Pt/Al2O3 catalyst [225]. CO displaces H2 

from the metal surface at temperatures lower than 150°C. This fact results in a preferred 

oxidation of CO compared to H2 and a significant selectivity increase for the CO 

oxidation. The application of higher temperatures leads to a lower surface coverage of 

the CO and results an increase in H2 adsorption. The selectivity shifts in direction of H2 

oxidation. 

Liu et al. stated that several bimetallic systems (active component on support) exhibit 

much improved PrOx performances compared to the monometallic counterparts [227]. 

The improved activity is based on geometric (high dispersion of the catalytic component) 

and/or electronic effects (modification of the electronic structure of the catalytic active 

component due to interaction with the support) [228]. Pt is so far the most common 

active component for the PrOx reaction and its interactions with several support systems 

has been investigated: Pt/Al2O3 [225, 229-231], Pt/FeOx [232-234], Pt/CeO2 [223, 235]. 

Al2O3 is an irreducible support and the oxidation of CO takes place by a relatively 

straightforward Langmuirian-type adsorption on the Pt surface. The reaction mechanism 
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becomes more complex in cases Pt deposited on a reducible support such as CeO2. A 

high oxygen conversion at low temperatures and a maximum in selectivity is observed at 

much lower temperatures for the Pt/CeO2 system than for Pt/Al2O3 [229]. This shift 

towards low temperature reactions is often related to the reducibility as well as the 

oxidation state of the support. CeO2 is active in transient oxygen storage and it 

promotes, applied as a support, the oxidation even under oxygen-poor conditions [236]. 

Several studies have presented that CeO2 supported catalysts are able to oxidize carbon 

monoxide even in the absence of oxygen due to its oxygen storage capacity [237-239]. 

The reducibility and the oxygen mobility abilities of CeO2 can be further improved in 

multicomponent systems e.g. by doping different cations with smaller ionic radii such as 

Fe [240]. Fe-modified CeO2 systems combining the redox behavior of the cerium 

(Ce4+/Ce3+) and iron (Fe3+/Fe2+) cations leading to a remarkable improvement of their 

oxygen mobility which is directly related to the formation of oxygen vacancies [241, 242]. 

4.3.2 Flame made CO-PrOx- catalysts 

Kydd et al. are the only group so far, focusing on the synthesis of CO-PrOx catalysts 

using the FSP approach. They investigated the CuO/CeO2 system with Cu loading from 

1-12 wt.% and demonstrated that the rapid and high-temperature synthesis that occurs 

during the FSP process is an effective and simple strategy for producing highly active 

CO-PrOx catalysts [172, 243]. Christensen et al. synthesized CeO2 in a SF process and 

tested its activity in catalytic soot oxidation [244]. Further catalytic active systems e.g. 

Pt/Al2O3 [139, 245] have been synthesized using FSP, the particles are, however, tested 

in reactions different from the preferential oxidation of CO. 

4.4 Flame synthesis of ternary catalysts for CO-PrOx 

The aim of the second study is the synthesis of CeO2 and Fe2O3 support particles which 

are mixed on particle scale. This intimate interaction between the FeOx and CeO2 

particles is supposed to have a positive influence on the reducibility of the catalyst. 

Additionally, it is assumed that the exclusive deposition of Pt on the Fe2O3 favors H-

spillover effects. The performance of experiments with varying intersection distances, as 

illustrated in Figure 35, helps to identify the intersection distance which results in the 

desired mixing of FeOx and CeO2 on particle scale (3). A synthesis with small intersection 

distances is supposed to results in the formation of Fe-doped CeO2 particle decorated 

with Pt since the flame synthesis of Fe and Ce is known to result in a doped crystal 

structure [246]. The product characteristic is supposed to vary slightly from the one 

achieved in the SF process (1), since the SF process offers the possibility of a uniform 
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atomic mixture within the primary particles. In the DF process, the formation of 

polycrystalline particles is conceivable, since mixing in the coalescence phase takes 

place (2). 

  

Figure 35: Working hypothesis of the formation of the resulting catalysts sprayed with different 
flame geometries (SF = single flame, DF = double flame, PM = physical mixing). 

 

An increase of the intersection distance enables the synthesis of the desired mixture of 

CeO2 and Fe2O3 on particle scale (3). The formation of individual particles allows taking 

advantage of the particular properties of the single oxide materials, e.g. the oxygen 

reduction capacity. A mixture on particle scale and a stable interphase between the 

support components ensures the required oxygen mobility between the two components. 
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The addition of Pt, exclusively on the Fe2O3, further favors a low temperature activity due 

to the application of a reducible support. Mixtures on cluster (4) and on aggregate scale 

(5), are supposed to take place at high intersection distances or in a physical mixture, 

respectively. This mixing state limits the oxygen mobility between the CeO2 and Fe2O3 

components significantly and is, thus, undesired. The following section presents the 

results of the catalyst characterization to determine the influence of the intersection 

distance on the mixing state and the resulting CO-PrOx activity. 

 

4.4.1 Synthesis and characterization of ternary Fe+Pt / Ce catalysts 

The study includes in total eight different flame synthesized samples. Five catalysts are 

set up in the SF and three catalysts in the DF with systematically varying intersection 

distances. Table 4 gives an overview of the parameter and the received specific surface 

area. All tested multicomponent catalysts have a final composition of 5 wt.% Pt, 8 wt.% 

FeOx (as Fe2O3) and 87 wt.% CeO2. 

Table 4: Overview of the synthesizes conditions and the specific surface areas (SSA) 

 

XRD measurements give first insight which of the crystal structure is the most dominant 

in the synthesized powders. Figure 36 illustrates the XRD patterns for pure Fe2O3 and 

CeO2, the SF and all three DF samples. The patterns indicates the formation of γ-Fe2O3 

analog to earlier FSP synthesized Fe2O3 by Li at al. [247] and of CeO2 analog to Mädler 

at al. [171]. The comparison of the pure CeO2 pattern and the SF pattern containing Fe 

and Ce allows no clear statement, in which crystalline form the Fe is present, when 

spraying both materials in the SF. A significant shift of the characteristic CeO2 (200) 

reflex at 2θ = 33° due to Fe doping, visible e.g. for the sol-gel synthesis of Fe-doped 

CeO2 [248], misses in the pattern of the FSP sample. However, there is still the 

possibility of Fen+ cationic doping in CeO2. Since the ionic radius of Fe2+ (ionic radius of 

Notation 
Synthesis 
method 

Molratio 
Fe-Ce  

Intersection 
distance I [cm] 

Intersection 
angle α [°] 

SSA 
[m2/g] 

Pt– size 
[nm] 

  
     
 

FeOx SF --- --- --- 258 ---         

Pt-Fe2O3 SF --- --- --- 244 2.1 ± 0.7         

CeO2 SF --- --- --- 138 ---         

Pt-CeO2  SF --- --- --- 147 0.8 ± 0.2         

Pt-Fe-Ce SF 1 : 5 --- --- 116 0.7 ± 0.2         

DF 18 DF 1 : 5 18 20 128 1.1 ± 0.3         

DF 23 DF 1 : 5 23 20 139 1.3 ± 0.4         

DF 33 DF 1 : 5 33 20 158 1.9 ± 0.6         
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0.097 nm) is quite similar to the one of Ce4+ (0.092 nm) [249], a substitution along with 

the formation of oxygen vacancy to preserve charge neutrality is likely. Since this 

substitution comes with a negligible variation in the lattice cell parameters, no peak 

shifting in the XRD pattern is expected. 

  

Figure 36: XRD pattern of pure Fe2O3 and CeO2, the SF sample containing Pt-Fe-Ce and the 
three DF samples with increasing intersection distances, Inset: HR-STEM of the DF 33 sample 

 

Pure Fe2O3 reflex cannot be identified, even for the sample with the highest intersection 

distance. However, the presence of crystalline Fe2O3 is nevertheless possible, since 

small crystals are almost invisible to XRD due to the significant X-ray scattering [247]. 

The HR-TEM image in Figure 36 clearly indicates the presence of small Fe2O3 crystals in 

the sample, since the indicated lattice distance of 0.32 nm corresponds to the γ-Fe2O3  

crystal plane [247, 250]. The explanation for an absence of Fe2O3 peaks in the XRD 

could be the low Fe content (8 wt. %) and the small crystallite size. 

Figure 37 presents STEM images of the single flame samples: Pt-Fe2Ox3 (a), Pt-CeO2 (b) 

and Pt-Fe-Ce (c) and of all three DF samples (d-f). The Pt-FeOx contains spherical Fe2O3 

particles. Because of the lower boiling point of Pt compared to Fe2O3, the Pt particle 

formation starts at a later stage compared to the nucleation of the metal oxide support, 

resulting in the typical deposit structure straight out of the SF setting (clearly visible as 

bright spots) [139]. 
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Figure 37: STEM images of the (a) Pt-FeOx, (b) Pt-CeO2 and (c) Pt-Fe-Ce sample synthesized in 
the SF and the three DF samples with increasing intersection distance (d-f). Insets: SAED pattern 
of the corresponding samples. 

 

The precursor concentration in the pure Fe flame is considerably low resulting in a high 

specific surface area of the Fe2O3 with 258 m²/g. The deposition of Pt results in a slight 

decrease of the specific surface area to 244m²/g. The average diameter of the Pt 

deposits is with dD = 2.1±0.7 nm the highest for all samples, since the Pt concentration 

related to the pure Fe2O3 weight is 59.5%. The high Pt concentrations results in Pt 

mobility on the surface and sintering effects during the synthesis process and explains 

the decrease of the specific surface area. When the Pt concentration is significant lower 

compared to the support concentration, the addition of noble metals leads, however, to 

an increase of the specific surface area [1]. This described increase is visible when Pt is 

deposited on the CeO2 component. The pure CeO2 has a specific surface area of 

138 m²/g and the addition of platinum increases the specific surface area to 147 m²/g. 

The STEM image indicates that the synthesis of Pt-CeO2 results in angular CeO2 

deposited with Pt of an average particle size of dD = 0.8±0.2 nm. 

The lowest specific surface area 116 m²/g is achieved when spraying the Ce, Fe and Pt 

combined in the single flame. The platinum deposits have an average size of 

dD = 0.7±0.2. In this synthesis case Fe doping of the CeO2 is expected as presented e.g. 

from Channei et al. [246]. Even so, small amounts of Fe-doping in the flame made CeO2 

(d) DF 18 (e) DF 23 (f) DF 33

(c) Pt-Fe-Ce(a) Pt-FeOx (b) Pt-CeO2
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is known to increase the specific surface area, the opposite trend is observed for the SF 

case. One reason for this observed decrease is a slight increase in the overall precursor 

concentration due to the addition of 1/5 Fe compared to the pure and Pt decorated CeO2 

SF samples.  

The STEM images of the DF samples indicate significant differences between all DF 

samples, which are coherent with the BET results. In the later one, an increase of the 

specific surface area with increasing intersection distance is visible from 128, 139 to 

158 m2/g for the DF 18, 23 and 33 samples, respectively. Because the temperature in 

the intersection zone is lower with increasing intersection distance, less sintering is 

expected, represented by an increasing specific surface area. The significant increase in 

the SSA is in addition an indicator that separate Fe2O3 forms at increased intersection 

distances. Since the Fe- content is considerably low, this result in the formation of small 

Fe2O3 particles deposited on the CeO2 particles, visible in Figure 37(f). It is further 

interesting to note the general increase in Pt size with increasing nozzle distance in 

Figure 38, which at first sight, may appear to contradict the trend on support particle 

sintering.  

 

 

Figure 38: STEM - Pt particle size distribution based on 200 particle counts for all 6 Pt containing 
samples with the average Pt size listed in Table 4.  



 Page 81 

Universität Bremen < Henrike Großmann > 

At small nozzle distances (e.g. DF 18) the Pt particles deposits after the Fe and Ce 

flames have intersected and a deposition of Pt takes place on the mixing phase of the Fe 

and Ce components. This results in average Pt dimeters of dD = 1.1±0.3 nm. An increase 

in intersection distance leads to a mixture of the two particle streams after primary 

particle formation has started for both components, Fe and Ce. Here, the Pt deposits 

partly on the pure Fe2O3 particles. These results in the formation of larger deposits 

dD = 1.3±0.4 nm for the DF 23. Most of the Pt would be isolated on the Fe2O3 support for 

the sample synthesized at high nozzle distance DF 33. Since the available surface area 

of the pure Fe component is significantly smaller than the joint surface of Ce and Fe, 

sintering of the Pt on the surface of the Fe2O3 particles is favored. This results in an 

increase of Pt particle size to dD = 1.9±0.6 nm for the DF 33 sample. 

To get a more detailed picture on the reducibility of the catalysts again H2 temperature 

programmed reduction (H2-TPR) is conducted and presented in Figure 39. The H2-TPR 

results further underline the observed changes in material structure related to an 

increase of intersection distance. The most prominent characteristic comparing the DF 

samples is the shift of the reduction peak at 25 °C (for the SF) towards lower 

temperature as a function of increasing intersection distance. The inset illustrates the 

merging of the peak with the Lorentzian peak at -6 °C. This peak can be attributed to the 

reduction of PtOx on FeOx, while the TPR peak at ~25 °C is attributed to the reduction of 

PtOx on CeO2. 

 

Figure 39: (a) H2-TPR profiles of DF samples with increasing intersection distances as well as the 
SF synthesized Pt-Fe-Ce sample. Inset: Peak deconvolution of the DF and the SF samples. 

 

These results clearly indicate that with an increasing intersection distance, the formation 

of Pt selective deposited on pure Fe2O3 particles is predominant. The reduction peak for 
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PtOx on CeO2 misses almost completely for the DF 33 sample. In comparison to the SF: 

Pt-Fe-Ce sample where no reduction peak of Pt on Fe2O3 is present, inferring the 

absence of segregated FeOx and CeO2 phases. 

4.4.2 Catalytic performance in the PrOx- reaction 

The differences in the mixing state of the catalyst have also a significant influence on the 

catalytic performance, tested in a H2-rich stream. Figure 40 illustrates the CO conversion 

(a) and CO2 selectivity (b) over the temperature. The graphic presents the results for the 

DF synthesized catalysts with different intersection distances and the physically mixed 

Pt-FeOx and CeO2 (PM) and SF Pt-Fe-Ce sample. The applied reaction conditions are 

as followed: amount of catalysts = 20 mg, 50 mL min-1 of PrOx gas mixture (1% CO, 2% 

O2, 88% H2 in He; O/CO ratio of λ=4), GHSV = 7640 h-1. 

 

Figure 40: a) CO conversion and (b) CO2 selectivity plots over the temperature of the DF catalysts 
synthesised with different intersection distances and the mechanically mixed Pt-FeOx and CeO2 
(PM) and SF sample.  

 

In PrOx reactions of CO, the CO conversion trend is typically divided in two regions: the 

low- temperature reaction regime (T < T of maximum conversion) and high-temperature 

reaction regime (T > T of maximum conversion). These two characteristic regions are 

visible for all the catalysts, however, the temperature for the maximum CO-conversion is 

significant higher for the PM sample compared to the flame made samples. The DF 33 

sample exhibits the highest CO conversion at lower temperatures followed by the DF 23, 

DF 18 and the SF Pt-Fe-Ce sample. This trend is comparable with the trend of the low 

temperature reducibility in Figure 39. The PM sample has by far the lowest CO 

conversion at low temperatures. The order of CO conversion changes after passing the 

maximum conversion temperature. In the high-temperature reaction regime the PM 
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sample has the highest conversion, followed by the SF, DF 18, DF 23 and DF 33 

sample. The decrease in CO conversion comes due to a drop in selectivity, illustrated in 

Figure 40 (b). In the high temperature regime, the CO2 selectivity decreases for all 

samples down to 20%. The significant decrease in selectivity is based on the competitive 

adsorption of H2 and CO on the Pt active sites [225]. 

The catalytic results emphasize the significant influence of the different mixing states on 

the catalytic activity and selectivity. The catalyst synthesized with the highest intersection 

distances (DF 33) exhibits the lowest reduction temperature and the highest CO2 

selectivity. This fact highlights that the selective deposition of Pt on the Fe-support 

particles favors H-spillover. The combination of CeO2 and Fe2O3 on particle scale, 

present in the DF 33 sample, further influences the catalytic performance in a positive 

direction. This becomes apparent when comparing the performance of the DF 33 sample 

with the one of the PM sample. The latter has only physical bonds and no chemical 

(sinter) bonds between the CeO2 and the Fe2O3 particles. The chemical bonds between 

the CeO2 and the Fe2O3 particles are, therefore, the precondition for taking advantage of 

the oxygen storage capacity of the CeO2. A mixture of Fe and Ce on atomic scale (Fe 

doping of CeO2) decorated with Pt, which is present at smaller intersection distances and 

the SF adjustment, increases again the reduction temperature and decreases the 

selectivity. 

4.4.3 Conclusion  

The presented results are in line with the introduced working hypothesis stated in Figure 

35  (1) – (5). The synthesis in the SF is assumed to result in the formation Fe-doping of 

the crystalline CeO2 (1) even so a XRD peak shift is missing. At an intersection distance 

of 18 cm (DF 18), the particle formation is still in the nucleation / coalescence phase. 

Since singular Fe2O3 peaks misses in XRD pattern and no Fe2O3 particles are visible in 

the TEM image, again Fe doping is expected. However, the reduction behavior for the 

DF 18 and the SF sample differs significantly. This reveals a significant change in the 

mixing state even so this is not visible in TEM and XRD. Since the Pt has a lower boiling 

point compared to Fe and Ce, it forms deposits on the Fe-doped CeO2 particles. The 

increase in intersection distance to 23 cm, results still in extensive sintering and doping 

between FeOx and CeO2. The conducted analysis does not provide a clear insight, 

whether the Fe is uniformly distributed into the Ce matrix or if the primary particles 

containing different crystal phases (2). The best result regarding the suppression of Fe-

doping and the formation of a mixture of individual particles achieves the synthesis at an 

intersection distance of 33 cm. Here, the formation of individual Fe2O3 particles takes 
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place formed next to the formation of cubic CeO2 (3). STEM analysis indicates a nearly 

exclusive deposition of the Pt on the spherical Fe2O3 particles. Due to the higher amount 

of Ce compared to Fe (5:1), CeO2 cluster formation takes place. The mixing state 

present in sample DF 33 is, thus, a combination of mixing on particle and cluster scale 

(3-4). The sample characteristic of the DF 33 further differs significantly from the PM 

sample, where a mixture on agglomerate scales is present due to the preparation 

process (5). 

The specific surfaces area of the powders increases, related with a decreases of the 

particle diameter, from the SF sample in direction of the samples synthesized with higher 

intersection distances. The explanation for this trend is the separation of small Fe2O3 

particles with a high specific surface area and larger CeO2 particles. The Pt particle size 

exhibits an opposing trend with increasing particle sizes for increasing intersection 

distances. The reason for this contrary trend is the fact that Pt deposits for higher 

intersection distances exclusively on the Fe2O3 particles. This fact significantly reduces 

the available overall surface area and favors Pt sintering. 

The different mixing states of the synthesized samples result in considerable changes in 

reducibility and catalytic activity. The TPR results reveal a decrease in reducibility of the 

catalysts synthesized with increasing intersection distances, with a clearly visible shift of 

the reduction peak of the SF at 25 °C towards lower temperature. These results are 

consistent with the results of the catalytic tests, where a reduced reduction temperature 

and a good selectivity towards CO in the low temperature region is visible for the DF 33 

sample compared to the SF and PM samples. 

At the intersection distance of 33 cm, the DF offers the synthesis of a tailored mixture of 

CeO2 and Fe2O3 particles with a chemical particle bonding and the exclusive deposition 

of Pt only on the Fe2O3 particles. An aerosol synthesis in this high temperature 

environment promises further a high sinter stability of the catalysts. The catalyst 

synthesized with an intersection distance of 33 cm is, therefore, the most promising 

sample for further catalytic testing.  

So far, little knowledge on the detailed reaction mechanism is present, hindering the 

specific design of the catalyst and consequently the essential increase in activity and 

selectivity. The synthesis of the previously investigated catalysts with a specific design 

helps to understand the interplay between the different support components CeO2 and 

FeOx and to gain a deeper understanding of the CO-PrOx mechanisms. The joined 

publication of Dreyer et al. [5] includes a detailed discussion on the catalytic performance 
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of the synthesized model catalysts and proposes a detailed reaction path for the 

preferential oxidation of CO when applying ternary flame synthesized catalysts. 

4.5 Evaluation of the DF set-up for the synthesis of multicomponent catalysts 

Both the synthesis of the Fischer-Tropsch and the synthesis of the PrOx catalyst indicate 

the flexibility and suitability of the DF process to design multicomponent catalyst in a 

single step. The studies demonstrate that the tailored adjustment of the intersection 

distances of the two flams changes the mixing state of the synthesized catalysts 

significantly from a mixture on atomic scale to mixtures on particle/ cluster scale. The 

different distributions of the components result already in remarkable changes in catalytic 

performance; however, the full potential of the DF setting is not fully achieved. The 

catalytic activity and selectivity could be further enhanced by changing the particle 

characteristics e.g. particle size of the different components separately and independent 

of the overall material concentration. The DF process offers this process flexibility, since 

adjustments of the flame parameters (precursor and gas flow rate and precursor 

concentration) influence the particle sizes of the different component individually, while 

the overall ratio of the two components stays stable. A further demonstrated advantage 

of the DF process is that the synthesized catalysts exhibit a high sinter stability, which 

results from the high temperature during the synthesis process. 

These facts are the main reasons why the number of publications reporting novel 

catalytic materials using the DF process has increased significant within the resent years 

[76, 77, 180-189]. All these studies, including the presented ones, focus more on the 

synthesis of the desired multicomponent materials rather than on investigations of the 

underlying process conditions in the DF set up. The fundamental understanding of the 

DF process including the resulting temperature profile of the merging flames and the 

mixing process of the two particle streams is thus still missing. This detailed process 

understanding of the DF setting is, however, essential to further tailor the catalyst 

characteristic and enhance the catalytic performance of the DF catalysts. 

The following chapter presents the required basic investigations on the DF process 

parameters, including temperature diagnostics of varying flame profiles and for the first 

time a quantitative characterization of the the mixing states of the different synthesized 

particle samples. 
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5 Characterization of the mixing process during the DF synthesis of 

heterostructured nanoparticles 

The appropriate flame adjustment to achieve a certain mixing state in the double flame 

process is one key to significantly influence the catalytic activity and selectivity of the 

synthesized catalysts. To enable the synthesis of a tailored mixing state in the DF 

process three questions are in focus:  

1. Which process conditions (temperature profile, mixing characteristic) are present in a 

double flame system? 

2. How do these process conditions influence the resulting mixing state of the 

synthesized samples? 

3. What are suitable methods to quantitatively characterize the mixing states in 

nanosized multicomponent samples? 

The answers of these three questions are essential to predict the influence of parameter 

changes in intersection distance and angle. The following sections tries to give first 

answers these questions, since detailed temperature studies of the double flame process 

are lacking and the mixing process of the DF setting is largely unknown so far.  

The first section 5.1 presents investigations regarding the variation of the temperature 

profile from two intersecting xylene flames. Fourier-transform infrared (FTIR) technique 

and thermocouple measurements are the base for the experimental analysis of the 

temperature profile. Computational fluid dynamics simulations (CFD) complement the 

temperature measurements. The aim is to determine, how the additional heat source of 

the second flame and the limited entrainment of air within the DF setting influence the 

temperature profile of the reaction zone compared to the well-known SF configuration. 

The section further discusses the effect of the geometric configuration on the mixing 

process of the two individual gas streams based on the results of a CFD simulation. 

Section 5.2 experimentally investigates the influence of varying flame parameters on the 

mixing process in a deposited system. The influence of the expanded high temperature 

zone of the DF on the resulting particle characteristic is examined in detail. The 

quantitative determination of the degree of mixing in a deposited system takes place for 

the first time using TEM image-based statistical analyses (quadrat method). 
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Figure 41: Working hypothesis of the formation of the particles sprayed with different flame 
geometries (SF = single flame, DF = double flame, PM = physical mixture) left: Deposited system: 
Pt on TiO2 and right: aggregated system with TiO2 and WO3 primary particles 

 

The investigations focus on the multicomponent system Pt and TiO2 since this model 

system offers two main advantages: Firstly, an undesired formation of a mixed metal 

oxides and the occurrence of doping effects which can be neglected for the synthesis of 

Pt on TiO2 [80]. Secondly, the system offers the possibility of an independent particle 

size determination of support and Pt particles using H2/CO chemisorption and STEM 

analysis. Additionally is the influence of parameters such as concentration and precursor 

flow rates on the Pt dispersion in the single flame setting well known and has been 

investigated for different supports such as TiO2 or Al2O3 [80, 139, 168]. Figure 41 (left 

side) illustrates the working hypothesis for the performed experiments. The Pt – TiO2 

system forms a uniform mixture on particle scale in the SF. It can be assumed that a 

synthesis in the DF set up will result in mixtures on cluster scale or even on aggregate 

scale. To confirm this assumption a method to quantify the degree of mixing in a 

deposited system is developed and tested. An additional intention of the experiments is 

to investigate the influence of the intersection angle on the mixing process and to 
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determine the DF configuration which results in the same uniform mixture on particle 

scale achieved in the SF.  

Section 5.3 identifies a suitable method to quantify the degree of mixing in aggregated 

systems. The investigations are based on the multicomponent particle system TiO2 and 

WO3. The advantage of applying TiO2 and WO3 is the components significantly differ in 

their atomic number. This allows an individual particle analysis based on their contrast. 

Therefore, gray scale picture are generated using scanning transmission electron 

microscopy (STEM) combined with annular dark-field imaging (ADF-STEM).  

Pre-experiments determine the characteristic flame configuration (intersection distance 

and angle) which results in a mixture on particle scale for the TiO2 - WO3 system. In a 

second step, samples with three different configurations are synthesized and the 

average hetero coordination number of the particles within a particle collective is 

determined. The discussion of the results includes the influence of the intersection 

distances and angles on the mixing state and the uniformity on the sample. Figure 41 

(right side) illustrates the expected mixing states based on the adjustment of the flames. 

 

5.1 Temperature profile and mixing characteristic in the DF process 

 

Figure 42: Geometric configuration of the double flame (DF) set-up (not true to scale) with a) 
I1 = 10 cm and b) I2 = 20 cm intersection distance at constant intersection angle α = 20°, resulting 
in intersection points of the flame axes at a) 9.4 cm and b) 18.8 cm above nozzle level (NL). The 
shaded area indicates the inner entrainment region between the flames. 

 

The temperature in the reaction zone plays an essential role within the DF synthesis 

process since it directly influences the resulting mixing state illustrated in Figure 24 page 
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54. In this section the well-known temperature profile of the SF process is compared with 

the temperature profiles of two different flame configurations having intersection 

distances of 10 and 20 cm and an angle of α = 20 K, see Figure 42. 

Fourier transform infrared spectroscopy (FTIR) measurements give information on the 

vertical temperature profile along the flame axis (dashed line) and thermocouple 

measurements along the center axis (black dotted line). The position of both axes is 

illustrated in Figure 42. In Figure 43 are the FTIR-measured line-of-sight (symbols) and 

the thermocouple (gray line) based flame temperature matched with DFT simulated 

flame temperature profiles (black lines). 

As described in section 3.2.1 the temperature profile of the single flame involves a 

constant temperature region within the first 5 cm up to 2800 K where most of the 

combustion takes place. A significant temperature decrease follows, resulting from flame 

expansion due to entrainment of ambient air. The simulation (solid line) are in good 

agreement with Schulz et al. [168] and Gröhn et al. [251] reporting similar temperature 

profiles for such xylene-based FSP flames.  

 

Figure 43: FTIR-measured line-of-sight (symbols) and CFD-predicted centerline flame 
temperatures (thick black lines) along the flame axis for the single flame (circles, solid line) as well 
as the DF with I = 10 cm (diamonds, dashed line) and I = 20 cm (squares, dotted line) at constant 
α = 20°. Furthermore thermocouple-measured temperatures along the center axis (thin gray lines) 
are compared with the CFD-predicted ones (thin black lines) for I = 10 and 20 cm. 

 

The FTIR-measured single flame temperature profile (open circles) shows a maximum of 

about 3000 K within the first 5 cm before it rapidly decreases to around 1800 K at 10 cm 
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and 1000 K at 20 cm distance above nozzle level. FTIR measurements are line-of-sight 

averages that typically underestimate the centerline temperature in regions with steep 

radial gradients [252]. They show the largest experimental uncertainties (~12%) and the 

highest deviation to the simulated temperatures within the high temperature zone of the 

flame. This tendency is, however, attributed to low signal intensities in this optically thick 

part of the flame and steep temperature gradients which are especially observed at low 

heights above the burner [145, 168]. A reduced temperature in the flame center, due to 

droplet evaporation and maximum temperatures slightly off center, are additional 

reasons why minor changes in the measurement alignment can result in significant 

temperature changes in the high temperature part. This circumstance promotes 

measurement uncertainties and might be the explanation why the maximum temperature 

is higher in the FTIR measurements compared to the simulated flame center 

temperatures. The estimated parameters for the combustion model of the CFD 

simulation also have a significant influence on the temperature profile of the high 

temperature zone and may have to be further optimized in future. However, since the 

focus of the study is to investigate the temperature in the region of flame intersection 

these uncertainties play a tangential role. For the crucial distances higher than 5 cm, 

where radial temperature gradients become less pronounced, good agreement between 

the measurement and the simulated SF set-up is attained. 

In all temperature measurements, FTIR and thermocouple, as well as in the CFD 

simulation only xylene combustion is considered and precursor combustion is neglected. 

This is a reasonable procedure considering the fact that there are only minor variations 

in the combustion enthalpy due to the addition of a precursor (e.g. 4.5% for a 0.5 M TiO2-

flame compared to a pure xylene flame). 

Figure 43 further illustrates the flame temperature profiles of two varying intersection 

distances I = 10 (diamonds, dashed line) and I = 20 (squares, dotted line) at a constant 

α = 20°. In the I = 10 configuration the FTIR-measured average temperature is 200-

 300 K higher along the flame axis (between 10 and 20 cm) compared to the SF 

configuration. This higher temperature can be attributed to a reduced supply of cold 

ambient air in the inner entrainment region (see illustration in Figure 42). Around the 

geometric intersection point, mutual entrainment of hot gas seems to decelerate the 

cooling process of the flame compared to the SF set-up. These conditions result in 

higher temperatures along the flame axis for the DF set-up. This assumption was already 

suspected by Strobel et al. for similar double FSP configurations [76]. For the I = 20 cm 

configuration the FTIR measurements indicate a lower temperature deviation between 
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the DF and SF set-up. This suggests a significant reduction of the interaction along the 

flame axes of the two flames. 

The comparison of the maximum thermocouple- measured temperature at a horizontal of 

9.4 cm above the nozzle level in Figure 44  (black solid lines) indicates that the I = 10 (a) 

configuration has an approx. 200 K increased temperature compared to the I = 20 (b) 

one at this height. This is in good agreement with the FTIR results and a further 

verification of the assumption that the average temperature is increased for the I = 10 

setting due to limitations in the entrainment. The higher flame axis temperature, after 

passing the geometric intersection point, however, is less pronounced in the simulations. 

It can be assumed that the reason for this circumstance mainly results from differences 

in the entrainment conditions of the simulations compared to the experimental set-up. In 

the experimental setting, the nozzle holder geometry of the DF arrangement differs and 

therefore significantly influences the supply of cold ambient air into the inner region. This 

actual nozzle plate geometry may not be described accurately enough in the 

computational grid leading to the observed differences. 

The thermocouple- measured (thin gray dashed lines in Figure 43) and the simulated 

(thin black dashed lines) temperature profile along the center axis for the 

I = 10 configuration indicate a rapid rise in temperature from ambient conditions at 3 cm 

to 1650 K at 8 cm. This increase originates from the interaction of the two expanding 

flame jets (see simulated flow profiles in Figure 45) with outer aerosol stream boundaries 

already merging before the geometric intersection point. Simulation (thin black dotted 

line) and thermocouple measured (thin gray dotted line) temperatures for the 

I = 20 configuration indicate an approximately ambient temperature up to 8 cm on the 

center axis. Downstream the temperature slowly rises to a maximum of ~950 K attained 

shortly before the intersection point (18.8 cm on the center axis). This confirms that in 

the high temperature where most of the nucleation and primary particle growth takes 

place is only little interaction between the two flames, zone [168]. The illustration of the 

thermocouple- measured temperature in Figure 43 slightly underestimates the maximal 

measured temperature, since it is shifted in radial direction due to an experimental offset, 

visible in Figure 44. 
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Figure 44: Thermocouple-measured (gray lines, Exp) and simulated (black lines, Sim) 
temperature profiles along three horizontals 9.4 (solid lines), 14.1 (dashed lines) and 18.8 cm 
(dotted lines) above nozzle level for the double flame setting with a) I = 10 cm and b) I = 20 cm. 

 

Figure 44a illustrates the temperature profiles measured by thermocouple as well as 

CFD-predictions along horizontal lines at 9.4 (solid line), 14.1 (dashed line) and 18.8 cm 

(dotted line) distance from the nozzle level. Thermocouple and simulated temperatures 

are in good agreement considering the model limitations for the high temperature zone 

addressed earlier and the fact that thermocouple measurements are not corrected for 

radiation and convection [253]. Small radial shifts between measured and computed 

profiles result from the mentioned limited accuracy of the experimental alignment. Similar 

to the FTIR results, the thermocouple-measured temperature in Figure 44  is higher after 

passing the intersection point compared to the simulations (~80 K at a horizontal of 

18.8 cm and 14.1 cm). For higher temperatures (horizontal at 9.4 cm) inaccuracies for 

the thermocouple measurements due to radiation and convection are more important 

[253]. This leads to a lower experimentally determined temperature in contrast to the 

simulated ones. As thermocouple measurements tend to underestimate the temperature 

especially in the high temperature regime, it can be assumed that the actual temperature 

is significantly higher than the measured and the simulated one. 
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For the I = 10 cm setting, all profiles show only one maximum around the centerline 

confirming that the two flames have merged to a single one at 9.4 cm which corresponds 

to the geometric intersection point. This merging of the two individual flames doubles the 

hot aerosol mass flow, enthalpy and entrainment air requirement compared to a single 

flame, further explaining the higher temperatures downstream the intersection point 

observed with FTIR (Figure 43). Since the horizontal temperature profile gives an 

indication of the degree of flame expansion it is thereby indirectly a first indication for the 

mixing process of the aerosol streams. The results demonstrate that for small 

intersection distances I ≤ 10 cm the aerosol streams have already fully merged at 

temperatures above 1500 K where particle formation is still in progress. Mixtures on 

atomic and inner particulate scale are thereby conceivable. 

For higher intersection distances, I = 20  the merging of the temperature profiles is only 

completed for the horizontal at 18.8 cm above nozzle level (see Figure 44 b), where the 

temperatures are already below 1000 K and the primary particle formation process is 

presumably completed. Dependent on the precursor, mixtures on particle and particle 

cluster scale can be expected. For the horizontal profiles recorded at 9.4 cm and 

14.1 cm two local temperature maxima and a local minimum along the horizontals are 

visible. This characteristic of the temperature profile is an evidence for the existence of 

two individual spray flames in the outer regions. However, the temperatures increase in 

the inner entrainment region of the flames, distinctive visible for the horizontal one at 

14.1 cm, indicating a partial intersection of the flames upstream of the geometric 

intersection point (18.8 cm at the center axis). 

In summary, the experimental studies of the temperature profile suggest a slightly higher 

flame axis temperature for small intersection distances (I ≤ 10 cm) compared to the SF or 

higher intersection distances (I = 20 cm), due to limitations of the entrainment flow. 

Within the next section 5.2, the influence of this temperature increase on the product 

characteristic is investigated in more detail. 

How the interaction of the two flames takes place in detail is described by the status of 

the mixing process of the two aerosol streams. The status of the mixing process gives 

insight into the probability distribution of the components in the reaction zone. The mixing 

process is in progress as long as one component’s probability of presence changes with 

the position in the merged reaction zone of the flames. The mixing process is considered 

to be completed, when both components have the same probability of presence within 

the whole reaction zone of the flames. One way to visualize the status of the mixing 

process of the aerosol streams depending on the position in the reaction zone are CFD-
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simulated contour plots of the fraction ratio of scalars. Figure 45 illustrates these contour 

plots for the central plane of the I = 10 and I = 20 cm (α = 20°) setting. In this approach 

the simulations did not consider any particles and their migration e.g. by diffusion or 

thermophoresis. However, the particles typically present within the flame are small 

enough (Stokes << 1) to closely follow gas streamlines. It is further assumed that the 

formation of nanoparticles takes place after vaporization and combustion of the liquid 

precursor in the spray flame and its dynamics have no significant influence on the 

multiphase flow characteristics [169, 254]. 

The two nozzles release different types of scalars blue (0) and red (1) in the ratio 1:1. 

The mixing process of the aerosol streams is completed, when a fraction of 0.5 (gray) is 

achieved since this is the final component’s probability of presence as soon as the 

system is in equilibrium. A completed mixture process is a necessary requirement to 

achieve a uniform mixture, as defined in section 2.2 on page 13.  

 

Figure 45: Central plane contour plots of the fraction ratio of scalars released from nozzles 1 (red) 
and 2 (blue) for the I = 10 cm and I = 20 cm setting both with α = 20 . 

 

Comparing the I = 10 and the I = 20 setting significant differences in the mixing process 

and in the resulting uniformity of the sample are visible. In the I = 10 configuration the 

inner flame boundaries intersect at 4.7 cm above nozzle level resulting in a uniform 

mixture of the two scalars (fraction ratio ~0.5) around the centerline where temperatures 

are around 500°K. In contrast, blue and red scalars exist off-center in unmixed regions. 

These unmixed regions, however, diminish rapidly after passing the intersection point at 

a horizontal of 9.4 cm above nozzle level, since the mixing region quickly spreads to the 

outer boundaries of the combined reaction zone. At a horizontal height of 18.8 cm the 

mixing process of the aerosol streams is completed and a uniform mixture is achieved 
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throughout the whole reaction zone. During the mixing process of the aerosol streams, 

the temperature in the reaction zone is continuously above 600°K. 

For higher intersection distance (I = 20), the flame boundaries of the two expanding 

aerosol streams intersect significantly later compared to the I = 10 set up. The first 

interaction of the inner flame boundary takes place at a horizontal height of roughly 

9.4 cm above nozzle level and results in the formation of a uniform mixture around the 

center axis at temperatures around 600 K. This region slightly expands radially up to the 

intersection point at 18.8 cm but the expansion is limited in direction of the outer flame 

boundaries. Even at twice the intersection height, at a horizontal of 38 cm above nozzle 

level, a uniform mixture across the combined flame has not been achieved. Less intense 

turbulent mixing at lower gas velocities leads to this restricted mixing. Additionally, the 

overall domain of the aerosol streams is significantly broader for the I = 20 cm flame. It is 

more than twice as thick as the I = 10 cm flame at the intersection point, since for higher 

intersection distances the expansion and deceleration of the aerosol streams by air 

entrainment is even more pronounced. 

The contour plots further give a first indication that the mixing process of the flames 

highly depends on the adjusted flame configuration. Regions, where the mixing process 

of the two aerosol streams have already taken place at the high temperature and within 

the particle formation zone (inner entrainment region), can be present in parallel to 

regions, where mixing with the other aerosol stream takes place at significantly lower 

temperatures or a mixing of the two aerosol streams is completely absent. The DF 

process, however, offers a variety of geometric parameters to modify the mixing process 

of two aerosol streams and therefore the final product uniformity. 

In the next section, experimental investigations give for the first time systematic insights 

regarding the influence of the intersection distance and the intersection angle on the 

degree of mixing and the uniformity of the synthesized sample. 

5.2 Analysis of the DF mixing process in a deposited system 

For a detailed study regarding the influence of the flame configuration on the crystallinity 

and the individual particle sizes one SF and three DF samples (I = 10, 20, 35 with 

α = 20°) within the Pt and TiO2 system are synthesized. Table 5 lists the geometric 

parameters and the resulting SSA. 
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Table 5: Overview of the synthesizes conditions and the specific surface areas (SSA) 

The crystallinity and particle size are determined using X-ray diffraction, BET and H2-

dispersion measurements. Figure 46 shows the X-ray diffraction patterns of pure TiO2 

synthesized in the SF as well as 5 wt.% Pt/TiO2 produced with the SF and the three DF 

settings. The characteristic Bragg peaks in the pattern reveal that the titania consists of 

the crystal phases anatase and rutile. The ratio of the two phases is determined based 

on Rietveld fittings and reveal a ratio of 75 / 25 wt.% for the SF TiO2 and all DF samples. 

The average crystallite sizes are 21 nm for anatase and 5 nm for the rutile crystals. The 

anatase to rutile ratio and the average particle sizes are in good agreement with the work 

of Teoh et al. who synthesized Pt/TiO2 in the SF process [80]. Figure 46 further 

illustrates that the crystallinity of the titania support and the crystal sizes are both 

unaffected by the flame configuration and linked temperature changes in the reaction 

zone of the I = 10 setup. 

 

Figure 46: XRD patterns of pure TiO2 as well as 5 wt.% Pt/TiO2 nanopowders prepared with the 
single flame (SF) or the double flame (DF) with I = 10, 20 cm or 35 cm intersection distance and 
α = 20°. 

 

Notation 
Synthesis 
method 

Amount Pt 
[wt. %] 

Intersection 
distance I [cm] 

Intersection 
angle α [°] 

SSA 
[m2/g] 

  
      
 

TiO2 SF 0 --- --- 119          

SF SF 5 --- --- 117 

I=10 α=20   DF 5 10 20 129          

I=20 α=20   DF 5 20 20 120          

I=35 α=20   DF 5 35 20 120          

I=10 α=37.5   DF 5 10 37.5 108          
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Next to the crystallite size is the titania BET-equivalent diameter (open triangles) 

unaffected from the different double flame configuration as presented in Figure 47. All 

three double flame settings: I = 10 cm, 20 cm and 35 cm at α = 20° have an average 

BET-equivalent diameter in the range of 12.5 ± 0.6 nm. This diameter does not vary 

significantly from the one of the SF, which is 13.0 ± 0.3 nm. This result is in agreement 

with the work of Schulz et al. [168] who demonstrated the completion of the titania 

growth under comparable synthesis conditions at around 8 cm from the nozzle level. 

Therefore at the intersection distance of I = 10 cm the titania particle growth is expected 

to have already stopped. Molecular dynamics studies of Buesser et al. further 

corroborate the results since they illustrate in their work that rapid coalescence of small 

titania nanoparticles does not occur below approx. 1800 K [166]. This temperature is 

reached in the DF setting at ~10 cm from the nozzle (Figure 43). 

 

Figure 47: BET-equivalent diameter of the TiO2 particles (open triangles, left axis) and Pt 
dispersion (filled triangles, right axis) in the SF product powder and for the DF with α = 20° and 
I = 10, 20 and 35 cm. The titania primary particle size stays approximately constant for all 
conditions while the Pt dispersion determined by H2 adsorption isotherms is highest for the SF 
and decreases with increasing intersection distances of the DF indicating increasing Pt particle 
sizes. 

 

In comparison to the constant support particle characteristic the Pt particle size is 

affected by the different synthesis conditions. The X-ray diffraction patterns show a small 

peak at 2θ = 40° (vertical line in Figure 46) for all Pt-containing samples. This peak is 

attributed to metallic platinum. Only for the DF sample made with I = 35 cm a quantitative 

Rietveld analysis is possible resulting in a fitted Pt content of 4.71 ± 0.8 wt.%. This 

content reflects the nominal precursor composition of 5 wt.%. The determined Rietveld Pt 
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size is 2.7 ± 0.3 nm. In case of the other Pt-containing samples a sufficient signal-to-

noise ratio is missing referring to smaller Pt crystallites compared to the I = 35 sample.  

H2 chemisorption helps to achieve detailed insights into the Pt-particle size. While 

nitrogen adsorption is a measure for the size of the support particles, which constitute 

95 wt.-% of the product powder, H2 chemisorption provides an indicator for the Pt particle 

size in terms of Pt dispersion. The determined dispersion is the ratio of the H2-accessible 

Pt surface atoms to the total number of Pt atoms in the system. The highest dispersion, 

which correlates with the smallest Pt particle size, is obtained for the single flame 

configuration with a dispersion of 25% ± 2.4%, see Figure 47 (filled triangles, right axis). 

An increase of the intersection distance in the DF setting results in a decrease of the Pt 

dispersion and thus increases the Pt particle size. The lowest dispersion of 14.4 % is 

obtained for the highest intersection distance of I = 35 cm. This result is in qualitative 

agreement with Strobel et al. who also observed a size increase of alumina-supported Pt 

particle for higher intersection distances [76]. These results illustrate that the Pt particle 

size is significantly affected by the DF setting in contrast to the TiO2 support particles. 

The dispersion measurements are carried out with H2 and CO resulting in equivalent 

dispersions for both gases. XRD and TEM measurements performed before and after the 

chemisorption (sample I = 35 cm, α = 20°; data not shown) resulted in the same Pt 

crystallite size ruling out sintering during H2 pre-treatment. Previous single flame studies 

of Teoh et al. [80] and Schulz et al. [168] report Pt dispersions on TiO2 of 40% and 

above. Compared to this study the measured dispersions are considerably lower. 

However, it should be noted that in both cited studies the dispersion is measured 

differently using CO pulse chemisorption. A significant influence of the type of analysis 

method, here static adsorption isotherms vs. dynamic pulse chemisorption, on the 

absolute dispersion values is known [255]. The results are further affected by the choice 

of the evaluation method of the isotherms (extrapolation, racketing, langmuir). Strobel et 

al. obtained comparable dispersion in the range of 30% for FSP-made 5 wt.% Pt/Al2O3 

using H2 chemisorption and the isotherm method [139].  

These results give a first indication that the different physical properties of the particular 

material respectively the applied precursors highly influence the final product 

characteristic. Precursor with low boiling points and an extended region of nucleation 

and surface growth (e.g. noble metals like Pt) are more effected by geometric changes in 

the DF configurations (within the investigate parameter range) than materials, 

respectively precursors, where the particle formation process is completed within the 

high temperature regime of the flame (e.g. TiO2). 
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All investigated intersection distances, including the SF, result in mixtures on particle 

scale (Figure 50). However, significant differences in the uniformity of the deposition are 

visible (Figure 48). Distributions of different parameters such as Pt particle size and 

number of particles per cell help to experimentally quantify the uniformity of the 

synthesized samples. The analysis on bases of a distribution has certain advantages 

compared to average values. The form of the resulting distribution gives an insight into 

the uniformity of the investigated parameter. A resulting distribution which is bell-shaped 

with high symmetry (the difference between the median and the arithmetic mean is small 

and the skewness approaches zero [70]) and a small standard deviation indicates a 

uniform product quality. In contrast, a low uniformity is indicated by an asymmetric 

distribution (high skewness) and a large standard deviation. One appropriate way to 

illustrate the form of the investigated distribution is the use of boxplot representations, 

see section 2.4.2. 

 

Figure 48: a) TEM micrograph of a powder made in the DF with I = 35 cm and α = 20°. Upon 
mixing Pt particles deposit on titania supports which limits their further growth to ≤ 5 nm (top 
region). EDX reveals Pt-rich (EDX 1, top) and Pt-lean regions (EDX 2, bottom) in the produced 
powder. b) TEM and c) STEM images of Pt nanoparticles made in a pure Pt SF and deposited on 
a previously TiO2-coated glass-fibre filter. Primary Pt particles grow by homogeneous nucleation, 
coalescence and/or vapor condensation to sizes up to 20 nm. 

 

In a first step, changes within the Pt particle size distribution give an insight into the 

mixing characteristic of different flame configurations. Whereas a uniform Pt particle size 

distribution on the TiO2 support is known for the SF process (Figure 50a), a non-uniform 

distribution is observed for the DF process with high intersection distance I = 35 cm 
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(Figure 48a). The Pt diameter distributions (Figure 49) are obtained using TEM and 

STEM images of the SF (a) and DF with α = 20° and I = 10, 20 and 35 cm (b-d). Table 6 

provides the corresponding mean diameters and geometric standard deviations. 

In the SF, the formation of TiO2 support particles and Pt deposits take place 

consecutively. As discussed before, TiO2 nanoparticles formation takes place initially 

followed by a heterogeneous nucleation of small Pt atomic clusters on the TiO2 surface. 

The formed Pt atomic clusters then subsequently grow by Pt vapor condensation and 

rearrangement forming Pt particles [168]. Sintering of the Pt particles is hindered due to 

the immobilization on the TiO2 surface. The synthesis results in a log-normal Pt-size 

distribution with a Pt particle size of dTEM = 1.1 nm and a geometric standard deviation in 

the range of σg ~ 1.35 represented in Figure 49 (a). The σg of the SF is considerably 

smaller than the value representing coagulation and rapidly coalescing primary particles 

in the free molecular regime approaching their self-preserving size (σg = 1.46) [256]. The 

narrow size distribution, therefore, further supports that formation and growth of Pt 

particles mainly occurs by vapor condensation on pre-existing titania particles. 

 

Figure 49: Pt particle size distributions for the SF (a) and DF settings of I = 10 (b), 20 (c) and 35 
cm (d) with α = 20°, based on n=325 evaluated Pt particles each. A size distribution for I = 10 cm 
and α = 37.5° (e) is shown as well. The corresponding boxplot representations provide the lower 
quartile, the median and the upper quartile values (box), the lower and upper limit of the results 
(○), the arithmetic mean (Ӿ) and 1.5 times the standard deviation (whisker). 

 

When the Pt synthesis takes place without the presence of TiO2 support, Pt undergoes 

homogeneous nucleation before growth takes place by coalescence and/or 

condensation of additional Pt vapor. The primary particle growth stops at low particle 
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concentrations or when the temperature falls below the Pt sintering temperature (about 

450°C for Pt, [139]). This case is represented, due to a SF fed, only with Pt precursor. 

The primary Pt particle sizes go up to 20 nm when the Pt powder is collected on a 

(previously) TiO2-covered glass-fiber filter (Figure 48 b and c - no particle size 

distribution present). 

In double flame configuration, the Pt particle size depends strongly on the intersection 

distance. For short intersection distances, homogeneous nucleation of Pt has not or only 

partly started in the intersection region, leading to a Pt particle size in the range of the SF 

powder. For higher intersection distances, the Pt nucleation starts in the absence of TiO2 

support particles. The Pt particles then collide with the TiO2 particles of the second flame 

which inhibits further growth by Pt – Pt particle coalescence. The higher the intersection 

distance the longer the Pt particle growth takes place. This trend is visible in the increase 

of the mean particle size from 1.3 nm for I = 10 nm to 2.1 nm for I = 35 cm and α = 20°. 

This observation is also in agreement with the dispersion measurements (Figure 47) and 

close to the XRD Pt size of 2.7±0.3 nm for the I = 35 cm sample (Figure 46). 

The Pt particle sizes of samples DF with I = 10 cm and I = 20 cm are log-normal 

distributed and have increasing geometric standard deviations σg compared to the SF 

(see Table 6 and boxplots in Figure 49). For I = 10 and I = 20 cm, the size distribution 

broadens due to a more pronounced large tail. This indicates that some particles form by 

homogeneous nucleation and subsequently grow to a larger size without any TiO2 

support contact while others remain small by growth or early deposition on TiO2. At I = 35 

cm the σg seems to decrease to 1.3 again. It must be noted, however, that the 

distribution deviates from log-normal shape and may in fact consist of two overlapping 

distributions, associated with the two different particle formation and growth regimes. 

Very small particles < 1nm are not observed as aerosol mixing begins at a rather high 

distance above nozzle level. A significant number of larger Pt particles indicate a 

continuous growth by Pt-Pt coalescence in regions of the flame where TiO2 aerosol has 

not entered yet. This shows that the mixing process in the DF process plays a key role 

for the final product uniformity. 
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Table 6: Geometric mean (dmean) and geometric standard deviation (σg) of the TEM based Pt 
diameter distributions of Figure 49 along with the empty cell ratio and F-Test results of the Pt 

number distribution (Figure 51). 

Sample  

Pt diameter 

distribution 

Pt number distribution 

10nm x 10nm cell  50nm x 50nm cell  

dmean 

[nm] 
σg 

Empty cell 

ratio 
F-Test* 

Empty cell 

ratio 
F-Test* 

I=10 α=37.5°  1.1 1.40 0.52±0.04 fail 0.00±0.01 pass 

SF  1.1 1.35 0.53±0.05 --- 0.00±0.00 --- 

I=10 α=20°  1.3 1.52 0.54±0.03 fail 0.01±0.02 fail 

I=20 α=20°  1.4 1.60 0.59±0.05 fail 0.05±0.07 fail 

I=35 α=20°  2.1▲ 1.30▲ 0.73±0.12 fail 0.14±0.11 fail 

* Testing the null hypothesis (sample and SF distributions have the same variance (α0=0.05))  

▲ 
A deviation from log normal distribution shape is observed Figure 49  

 

One main difference between the SF and the DF process could be the present 

aggregate state of the PT in the reaction zone. In the SF Pt nucleation and condensation 

coexist all over the reaction zone. In the DF, Pt might be present in solid phase after 

heterogeneous nucleation in the inner entrainment region and in the outer regions due to 

the absence of TiO2 in the gas phase. For adjustments with higher intersection distances 

is the probability for a TiO2 supported Pt contact significantly higher along the center axis 

compared to the outer flame regions. In the outer regions of the Pt flame homogeneous 

nucleation and growth by coalescence and/or condensation occurs, leading to larger Pt 

particles. This is reflected in the broader Pt size distributions and larger mean particle 

diameters for higher intersection distances (Figure 49 and Figure 47). At the same time, 

undecorated TiO2 particles are formed at the outer region of the TiO2 flame resulting in 

Pt-lean and Pt-rich regions in the produced powders, visible in Figure 48c for I = 35 cm 

and confirmed by EDX (insets). This non-uniform Pt deposition significantly reduces the 

degree of mixing, 

For I = 10 cm in contrast, a balance in concentration gradients is obtained in an earlier 

stage of the reaction zone. A uniform Pt deposition is obtained for an intersection 

distance of 10 cm, indicated by small geometric standard deviation of the Pt particle size 

distribution. The case where all TiO2 support particles have the same amount of similarly 

sized Pt deposits reflects the ideal case regarding the uniformity of a mixture. 
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Figure 50: TEM and HAADF-STEM images of Pt / TiO2 particles made in the SF (a - c) and in 
double flames with I = 35 cm, α = 20° (d - f) or I = 10 cm, α = 37.5° (g - i). 

 

To quantify this definition of uniformity the quadrat method [103] is applied to HAADF-

STEM images of the produced powders (Figure 50). Equally sized cells divide the 

images and enable to quantify the number of Pt particles per cell. A large number of cells 

having approximately the same amount of Pt particles result in a symmetric bell-shaped 

distribution with a small standard deviation and skewness value. This case represents a 

uniform Pt deposition, correlated with a high degree of mixing. In a non-uniform mixture 

some quadrats contain no or only a few Pt particles along with others displaying a high 

number of Pt particles. Since the result of the quadrat method can depend on the cell 

size [70, 102], two cell sizes are investigated. The smaller 10 x 10 nm quadrats have a 

size similar to the average BET-equivalent diameter of the TiO2 particles, whereas the 

larger 50 x 50 nm quadrat size is more sensitive regarding the regions of high Pt density 

(approximately 150 nm, see Figure 48). 

While Appendix 1 shows the detailed Pt particle number distributions of each sample for 

cell sizes of 10 x 10 nm and 50  x 50 nm, Figure 51a summarizes the resulting 

characteristics of the distributions for 50 x 50 nm cells in the form of boxplots. 
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Figure 51: a) Boxplots of the Pt particle number distributions (50 x 50 nm cells) and b) the 
variation coefficient for cell sizes 10 x 10 nm and 50 x 50 nm indicating a decrease in the 
uniformity for increasing intersection distances. 

 

For the SF sample the median is nearly centered within the box, whereas for increasing 

intersection distances from I = 10 to 35 cm at constant α = 20° the median shifts to the 

lower quartile representing an asymmetric, right-skewed distribution. This increase in 

skewness is accompanied with an increased upper limit (circles) and increased standard 

deviation (whiskers) indicating that the Pt distribution becomes less uniform and the 

degree of mixing decreases with higher intersection distance, as predicted by the 

contour plots (Figure 45). A detailed boxplot analysis of the 10 x 10 nm is impossible 

since the amount of empty (not with Pt decorated TiO2 covered cells) is dominating the 

distribution considerably. A numeric comparison of DF distributions and SF ones takes 

place with the help of the F-test. The F-test is passed if the variances are not significantly 

different from that of the SF sample (null hypothesis) and otherwise failed (level of 

significance α0 = 0.05). Here the F-test is failed for all Pt distributions obtained with the 

α = 20° DF flames, indicating that mixing process and the resulting uniformity of the 

sample significantly differs from the SF (Table 6).  

The variation coefficient v is a well-known and routinely applied parameter to quantify the 

uniformity of a mixture [257]. It reflects the deviation to a predefined target value. In this 

case, the target value is defined as the state, where all TiO2- covered cells within the 

STEM image contain an equal amount of Pt particles (ideal uniform mixture). Thus, an 

increase in the variation coefficient correlates with a decrease in uniformity. The SF 

sample reveals a variation coefficient of 1.39 ± 0.08 for the cell size of 10 x 10 nm and 

0.67 ± 0.1 for 50 x 50 nm (Figure 51b). This indicates a slightly non-uniform Pt particle 

deposition even for the well-mixed single flame, qualitatively observed also by Teoh et al. 

[80]. In the DF configuration the variation coefficient increases with higher intersection 

distances to 1.96 ± 0.43 (10 x 10 nm) and 1.09 ± 0.25 (50 x 50 nm) at I = 35 cm, α = 20°. 
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Although the two cell sizes result in different absolute values for the variation coefficient, 

the trend is the same for both cell sizes (Figure 51).  

Another promising indicator for the uniformity of the samples is the ratio of the empty 

cells to the overall number of investigated TiO2 covered cells (Table 6). The requirement 

for an empty cell is the complete absence of Pt particle deposits on the TiO2 support. 

The uniformity of the mixture increases with a reduction of the empty cells ratio. The 

50 x 50 nm analysis results in an empty cell ratio from 0% for the SF to 14% for 

I = 35 cm. The increasing empty cell ratio with increasing intersection distance correlates 

with the boxplot results of the Pt-particle number (cell size of 50 x 50 nm) and confirms a 

lower uniformity of the mixture for increasing intersection distances. The empty cell ratio 

determined with cell sizes of 10 x 10 nm also confirms the trend of increasing empty cell 

ratio with increasing intersection distance. The absolute value of the ratio, however, 

increases significantly from 52% for the SF to 73% for I = 35 cm. 

The successful implementation of the quadrat method as a tool to analyze the Pt particle 

distribution indicates a significant decrease in uniformity with increasing intersection 

distance. This trend is visible for all applied evaluation methods. The value for the 

minimal height of the intersection distance, however, significantly depends on the applied 

material system and the desired mixing state and is commonly I > 10 cm as presented in 

section 4.2 and 4.4. In these cases, the adjustment of the intersection angle can help to 

ensure a uniform mixture even at higher intersection distances. 

Effect of the intersection angle on the mixing process 

Figure 52 illustrates the effect of the intersection angle α on the Pt dispersion for 

I = 10 cm (open diamond) and 20 cm (filled diamond). An increase of the intersection 

angle from 10° to 37.5° significantly increases the Pt dispersion. The trend is valid for 

both intersection distances, even though shorter intersection distances result in higher 

dispersions for all angles. A modification of the intersection angle, from α = 20° to 

α = 37.5°, increases the Pt dispersion to ~22.3%. These results points out that the 

adjustment of an adequate intersection angle enables the similar uniformity achieved in 

the SF for samples synthesized with an intersection distances in the range of 20 cm 

samples. The adjustment of smaller intersection angles results in a more parallel 

alignment of the flames. This comes with a decreased radial velocity component and 

results in a reduced mixing of the two aerosol streams. In contrast, higher intersection 

angles enhance the mixing process and result in higher Pt dispersions (smaller particle 

size). 
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Figure 52: Effect of the intersection angle α on the Pt dispersion for I = 10 cm (open triangles) and 
20 cm (filled triangles). Intersecting the flames at higher angles increases the Pt dispersion for 
both configurations. 

 

At α = 37.5° and I = 10 cm a dispersion of ~25%, similar to the SF (filled triangle), is 

obtained. The similar Pt dispersion for the SF and the I = 10 cm, α = 37.5° sample is 

further confirmed by the Pt particle size distribution from TEM analysis (Figure 49 a and 

e). Both samples follow a log normal distribution with a similar geometric mean diameter 

and standard deviation (Table 6). A qualitative comparison of the corresponding (S)TEM 

images (Figure 50 a-c and g-i) already suggests a similar Pt deposition pattern on TiO2 

associated with a comparable uniformity for both samples. The boxplots representing the 

Pt number distribution (Figure 51) present equivalent mean values and standard 

deviations (passed F-Test for cell size: 50 x 50 nm). Variation coefficient (Figure 51b) 

and the empty cell ratio (Table 6) are similar, too. The results of this section reveal that 

the choice of the intersection angle is a key parameter to ensure the uniformity of a 

sample, especially at high intersection distances. 

5.3 Analysis of the DF mixing process in an aggregated system 

For a detailed study regarding the influence of the flame configuration on the degree of 

mixing and the uniformity of the mixture in an aggregated system three SF and four DF 

samples (I = 9, 20, 33 and 66 with varying α) of the WO3 and TiO2 system are 

synthesized. Table 7 lists the geometric parameters and the resulting SSA. The molar 

ratio between the W and Ti is 1:2.8 which correlates with a weight ratio of 1:1 for the 

oxides and similar BET diameter of 11.2 nm for both components. 
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Table 7: Overview of the synthesis conditions and the specific surface areas (SSA) 

No-
tation 

Syn-
thesis  

method 

Weight 
ratio    

TiO2/ WO3 

Intersec-
tion 

distance I 
[cm] 

Intersection 
angle α [°] 

SSA 
[m2/g] 

BET 
diameter 

[nm] 

  

      

 

TiO2 SF --- --- --- 134 11.2          

WO3 SF --- --- --- 73 11.2          

SF SF 1:1 --- --- 127 ---          

DF 9 DF 1:1 87 20 92 ---          

DF 20 DF 1:1 20 35 96 11.2          

DF 33 DF 1:1 33 20 104 10.3          

DF 66 DF 1:1 66 10 100 10.7          

PM PM 1:1 --- --- 96 11.1          

                
Before the degree of mixing in the different samples can be quantified the critical 

intersection distance, which results in the formation of a mixture on particle scale, has to 

be determined. This is essential to exclude samples with mixtures on atomic and inner 

particulate state, which would distort the results. 

 

Figure 53: XRD patterns of pure TiO2 and WO3 and of the multicomponent powders prepared with 
the single flame (SF), the double flame (DF) intersection distance: I = 9, 20, 33 and 66cm and the 
physical mixture (PM). 

 

The XRD pattern indicates that the synthesis of both components (Ti and W) in the SF 

suppresses the formation of crystalline WO3. The characteristic double peak, around 24° 

2Θ for monoclinic WO3, is completely missing in this sample (Figure 53). Although no 

peak shift for the main TiO2 peaks is visible W doping of the TiO2 is expected in the FSP 
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synthesis as already discussed by Akurati et al. [258]. The STEM image of the sample 

further indicates the formation of an amorphous WO3 layer on the crystalline TiO2. The 

specific surface area is significantly higher compared to the other multicomponent 

samples. The synthesis of the two components in the single flame thus results in a 

mixture on atomic respectively inner particulate scale. 

The synthesis in the DF set up with an intersection distance of 9 cm results in the 

formation of crystalline WO3 and a significant decrease in SSA. However, the peak ratio 

between the main peak of the TiO2 and the WO3 still reveals the existence of non-

crystalline WO3. The adjustment of an intersection distance of 20 cm enables the 

synthesis of crystalline WO3 and TiO2 particles. For this and the other two DF samples, 

the peak ratio of the TiO2 and the WO3 peak is equivalent to the one of the PM sample. 

The resulting BET diameter of all DF and the PM samples are within the same range 

without a clear trend. This confirms the conclusion of the previous section for materials, 

which grow by homogeneous nucleation like TiO2, an influence of the flame adjustment 

on the individual particle size can be excluded.  

 

Figure 54: High angle annular dark-field (HAADF)-STEM images of TiO2 (gray) and WO3 (white) 

particles, synthesized using the SF, different parameter in the DF and a PM. 

 

A detailed study of the degree of mixing and the uniformity of the samples is conducted 

based on the following samples: I = 20, I = 33, I = 66 cm and PM and the working 

hypothesis is illustrated in Figure 41. Since the atomic number significantly differs for the 

system, STEM combined with high angle annular dark-field imaging (HAADF-STEM) is 
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an appropriate method to achieve a gray scale picture of the present mixing state. The 

individual components considerably differ in contrast as visible in Figure 54. The 

spherical gray particles are TiO2 and the cubic bright ones are WO3. To determine the 

mixing state and the uniformity of the samples minimum 39 agglomerates are analyzed 

regarding their average cluster sizes (Table 8) and their cluster size distributions (Figure 

55). Therefore, all presented particles are assigned to either TiO2 or WO3 and the 

number of surrounding particles with the same type are counted and the resulting 

parameter like cluster size and heterocoordination are listed in Table 8. 

Table 8: Key parameter of the investigated agglomerates within the three DF and the PM sample.  

 

I = 20 
α = 37.5° 

I = 33  
α = 20° 

I = 66cm 
α = 10 

PM 

Amount of investigated 
particles 

1598 1865 2093 2285 

Amount of investigated 
agglomerates 

41 39 52 47 

Amount of WO3 cluster 71 80 60 29 

Amount of TiO2 cluster 111 104 130 67 

Arithmetic mean of the 
overall cluster size 

8.8 10.1 11.01 23.8 

Arithmetic mean of the 
WO3 cluster size 

4.8 7.8 7.0 22.7 

Arithmetic mean of the 
TiO2 cluster size 

11.3 11.9 12.9 24.3 

Heterocoordination 0.27 0.28 0.21 0.08 

 

Based on the results of the previous section 5.2 it can be assumed that a flame 

adjustment with an intersection distance of I = 20 and an intersection angle α = 37.5 

results in a uniform mixture throughout the sample. Thus the I = 20, α = 37.5° is set as a 

benchmark with an arithmetic mean of the TiO2 cluster size of 11.3. and 4.8 for the WO3. 

Even for this geometric arrangement, a significant skewness of both distributions is 

visible in the box plot of Figure 55. The ratio of the TiO2 and WO3 particles is ≠ 0.5 since 

in total more TiO2 particles are present compared to the number of WO3 (average over 

all samples: 62% TiO2 particles and 38% WO3 particles). This imbalance automatically 

leads to the formation of larger TiO2 clusters with a higher standard deviation. The WO3 

in comparison has significantly smaller clusters and a reduced standard deviation. 
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Figure 55: Boxplots of the determined cluster sizes for TiO2 and WO3 within the three DF samples 
I = 20, 33 and 66 and the PM sample. The corresponding boxplot representations provide the 
lower quartile, the median and the upper quartile values (box), the lower and upper limit of the 
results (○), the arithmetic mean (Ӿ) and 1.5 times the standard deviation (whisker). 

 

Based on the previous results it can be assumed that an increase in intersection 

distance and a decrease in the intersection angle significantly reduce the uniformity of 

the mixtures. The hypothesis is that a decreased degree of mixing is indicated by a 

larger average cluster size and an increasing standard deviation reveals a decrease in 

uniformity of the mixture. However, the determined average number of clusters for the 

three different DF samples does not considerably change and stays in the ranges of 182 

to 190 clusters for all DF samples. For both the TiO2 and the WO3 a slight increase in the 

arithmetic mean of the cluster size distribution (Ӿ) is visible from 8.8 to 10 for the TiO2 

and from 4.8 to 7.8 for the WO3. In addition, the skewness of the distribution slightly 

decreases with increasing intersection distance. This is valid for both materials TiO2 and 

WO3 and might indicate that the number of single clusters decreases with increasing 

intersection distance. These results are linked with a decrease in the degree of mixing 

and less uniform mixtures for an increasing intersection distance and decreasing 

intersection angles. 
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A significant drop in the degree of mixing and in uniformity, however, is observed for the 

PM sample. Whereas for all DF samples mixtures on particle / cluster scale are present, 

the PM consists of a mixture on aggregate scale for both TiO2 and WO3. This confirms 

the working hypothesis of Figure 41. For both components, the distribution of the 

physical mixture significantly differs. Compared to the TiO2 the PM sample of the WO3 

reveals a considerably broader and skewed distribution, indicating that next to large 

agglomerates also small particle cluster are present. For further interpretation of the 

data, aggregate size distributions for both components are required e.g. determined by a 

scanning mobility particle sizer or a disc centrifuge. Another opportunity to determine the 

degree of mixing is the analysis of the number of contacts between the different 

components, the hetero coordination described in section 2.4.2. The hetero coordination 

shows the same trend as the average cluster size: a slight decrease from 0.27 to 0.21 for 

the DF samples and a significant drop for the PM sample to 0.08. The hetero 

coordination deviates from 0.5 since in total more TiO2 particles are present than WO3.  

The overall results for the TiO2/WO3 systems show the same trend as already observed 

for the Pt/TiO2 system: a decrease in the degree of mixing (average cluster size) and in 

uniformity (distribution of the cluster size) for increasing intersection distances and 

angles. However, the influence of the increasing intersection distances and decreasing 

intersection angles are minor compared to the results obtained in the Pt/TiO2 system 

where the highest investigated intersection distance was 35 cm. This leads to the 

assumption that intersection distance and angle have a higher influence on systems 

when one component grows by heterogeneous nucleation (e.g. Pt) compared to systems 

where both components undergo homogeneous nucleation (e.g. TiO2
 or WO3) in the high 

temperature regime of the flame. 

It is further demonstrated, that for all three investigated geometric settings of the 

TiO2/WO3 synthesis, even for the intersection distances of 66 cm, a reasonable degree 

of mixing and an acceptable uniformity of the samples is achieved. This is the first time 

that such a characterization of an aggregated particle system synthesized in the DF set 

up is quantitatively conducted and key insights into the mixing process are provided. 

However, the validity for other material systems next to the TiO2/WO3 system has to be 

provided in the near future. 

So far, the STEM based approach is the only experimental opportunity to obtain a 

quantitative evaluation of the degree of mixing and the uniformity of the mixture in 

aggregated systems. However, this approach is related with several experimental 

uncertainties, which have to be carefully discussed while data interpretation. Even so, 
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the contrast for the TiO2 and the WO3 particles significantly differs in the HAADF-STEM 

images, a distinction between both compounds is still limited, especially with increasing 

sample thickness. In the TiO2 and WO3 system, the individual particle shape can provide 

additional evidence within the investigated system; nevertheless, a careful interpretation 

of the data is a prerequisite. It should further be mentioned that the conducted analysis 

of the uniformity and the degree of mixing is based on a 2D projection of a 3D problem. 

How this 2D projection of 3D nanoparticles influences the determined degree of mixing 

and the interpreted uniformity of the mixture is so far unknown and under detailed 

investigation using Diffusion Limited Cluster Aggregation (DCLA) simulations. 

5.4 Conclusions 

The analysis of the temperature profile indicates significant differences between DF 

settings with different geometric adjustments. The temperature along the flame axis is 

slightly increased for an intersection distance of I = 10 cm and α = 20° due to limitations 

of the entrainment flow. The horizontal temperature profiles, which describe the merging 

of the different flame aerosol streams, are a first indicator for the influence of the 

adjustment on the mixing process. The merging of the temperature profiles is a 

mandatory requirement for a uniform particle formation process. However, it is not 

sufficient for postulating a uniform particle mixture within the flames as underlined by the 

detailed image based product analysis. 

The studies present the effect of the geometric arrangement of the DF set up on the 

individual particle characteristic and on uniformity and the degree of mixing in the Pt/TiO2 

and the TiO2/WO3 system. While the crystallinity and size of the high melting point 

particles like TiO2 and WO3 are almost unaffected by the investigated geometric flame 

configurations, a significant influence on the size of Pt particles and its distribution on 

TiO2 is observed. The quadrat method in combination with the variation coefficient is 

shown to be an effective tool for evaluating the uniformity of a deposited system. High 

intersection distances and small intersection angles lead to a non-uniform mixing of the 

two flames and the formation of large and broadly distributed Pt particles on the TiO2 

support particles. High intersection angles enhanced the mixing process of the aerosol 

streams significantly and for a geometric adjustment of I = 10 cm, α = 37.5° a high Pt 

dispersion and a uniform mixing comparable to the single flame is achieved. This result 

shows the importance of the intersection angle as an adjustment parameter to increase 

the uniformity of a particle mixture synthesized in the DF. When increasing the 

intersection angle, the degree of mixing significantly increases presented quantitatively 

for intersection angles up to α = 37.5°. The overall result for the TiO2/WO3 systems show 
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the same trend as already observed for the Pt/TiO2 system: a slight decrease in the 

degree of mixing (average cluster size) and in uniformity (distribution of the cluster size) 

for increasing intersection distances and angles. However, the effect seems to be less 

pronounced compared to the Pt/TiO2 system because both components undergo 

homogeneous nucleation. 

These presented results are a first indication how geometric parameter in the DF process 

influence the mixing process. Initial computational fluid dynamics help to identify 

preferred process configurations for a uniform product quality without requiring time 

consuming experiments and product analysis. However, this approach should be further 

extended to predict optimal synthesis condition with respect to the resulting uniformity of 

the product. This is a necessary step to ensure a constant product quality in the DF 

process while keeping all the advantages of the DF process.   
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6 Scope and potential of the double flame system 

The investigated material systems successfully reveal that the double flame (DF) set up 

offers high process flexibility and the possibility of a tailored multicomponent catalyst 

synthesis. The presented experiments demonstrate that an appropriate flame 

configuration in the DF process enables the synthesis of multicomponent catalysts that 

show superior catalytic performances. The reason for this superior performance is a 

mixture of the components on a scale, which supports an interaction of the components 

that favor a specific catalytic activity. The presented studies clearly show that the DF 

process is a fast and flexible synthesis technique which is suitable for the synthesis of FT 

active Co//Al2O3 and CO-PrOx active CeO2 // Pt-Fe2O3 catalysts. The FT catalysts show 

the highest activity when a mixture on particle scale exists. This mixing state is achieved 

at I = 50 cm and enables the reduction of the formation irreducible spinels ensures a high 

specific surface area of the catalytic active CoOx phase. The high temperatures during 

the synthesis process further offer a sinter stable material interphase between the Al2O3 

support and the CoOx phase. The CO-PrOx- study demonstrates that in the DF setting 

an exclusive deposition of the active component on one of two support particles is 

possible in a single step. Again, a mixture on particle scale with an exclusive deposition 

of Pt on the Fe2O3, results in the most active low-temperature catalyst. The necessity of 

intimate particular contact between the CeO2 and the Fe2O3 is obvious since a mixture of 

the two components on aggregate scale (PM) leads to a reduced activity. 

In summary, the thesis provides important insights on the process characteristics of the 

DF process (e.g. temperature profile and particle mixing characteristic of the flame jets). 

Two novel methods for the quantification of the degree of mixing and the uniformity of 

the mixture in deposited and aggregated particle systems are developed. They are 

applied to quantify the impact of variations in the geometric configuration of the flames 

(intersection distance and angle). This new characterization method offers the possibility 

to quantify the influence of different geometric configurations on the degree of mixing, in 

the deposited Pt/TiO2 and the aggregated WO3/TiO2 systems for the first time. By 

definition, the degree of mixing decreases from mixtures on particle scale in direction of 

mixtures on agglomerate scale. The results demonstrate that an increase in intersection 

distance significantly decreases the uniformity of the synthesized particles. An increase 

in the intersection angle, however, enhances the uniformity of the mixture. The results of 

the aggregated system reveal that an intersection distance of 66 cm still results in a 

relatively high degree of mixing. The achieved mixing state differs significantly from that 

of a physical mixture. This indicates that even for high intersection distances, where 
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advanced jet propagation is present, a mixture on cluster scale can be realized in the 

DF. This outcome eliminates the potential assumption that at higher interaction distances 

(I > 50 cm) an insufficient low degree of mixing is present. 

The presented results are a first step to gain insights into the temperature and mixing 

process of the DF setting. However, investigations on this topic have to be enlarged to 

build up a full picture of the process- influencing variables. One way is to extend the 

(CFD) simulations with variable intersection distances and angles. This approach 

requires, however, the additional implementation of the particle formation process in the 

simulations. Only if this step is realized the mixing process within the flame can be fully 

understood. Another strategy is to experimentally investigate further material 

combinations with respect to their degree of mixing at different flame configurations. 

However, the number of possible material combinations is very limited since a mandatory 

difference in contrast, as present for the Ti || W system, is required for a successful 

conduction of an STEM image based analysis  

Until now, the full potential of the DF process for the tailored syntheses of multi 

component materials is by far untapped. The results of the thesis suggest two major 

fields of action: 

1. A detailed understanding of the combustion and particle formation process for 

different metals and metal oxides in the FSP process is essential. Depending on the 

applied material system, this would enable the prediction of the required 

intersection distance to synthesize particles of the required mixing state. 

2. The full usage of all variable synthesis parameters in the DF process (e.g. 

asymmetric synthesis conditions) is essential to further tune the catalytic 

performance of the synthesized catalysts. 

The following section presents first insights on these two fields and introduces 

recommendations for potential procedures and research approaches: 

Prediction of the required intersection distance: Figure 56 schematically visualizes 

the relation between intersection distance and the particle characteristic for the four 

investigated combinations and one additional material combination Ce || Zr. The 

experimental and the detailed results for the last material combination are listed in 

chapter III in the appendix. For this material combination, the product characteristic is 

classified based on XRD. Figure 56 indicates that the intersection distance which is 

related to a certain scale of mixture (mixing on atomic (1), inner particular (2), particle (3), 
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cluster (4) and agglomerate (5) scale) significantly depends on the applied material 

combinations.  

 
Figure 56: Schematic visualization of the relation between intersection distance and the particle 
characteristic for different material combinations, synthesized in the DF process using standard 
flame conditions. The position of the data points within a box has no relevance. In cases where 
two mixing states are assumed present is the data point is positioned on the boundary line. 

 

Within the Ti || Pt system a mixture on particle scale is already achieved in the single 

flame setting and for small intersection distances (>10cm). Within the Ti || W system an 

intersection of 20 cm is required to realize a mixture on particle scale and for the 

Ce || Fe+Pt system even an intersection distance of 33 cm is necessary. In the Co || Al 

system, an intersection distance of 51 cm is still insufficient to obtain a uniform mixture 

on particle scale and to fully suppress the formation of Co-rich alumina spinels. In 

contrast, the separation of Ce and Zr in two flames leads to a complete suppression of 

the favored mixed metal oxide phase Ce0.5Zr0.5O2. At an intersection distance of 15 cm. 

One indication for this different mixing behavior could be varying physical properties of 

the oxides. Whereas Co3O4 has e.g. a melting point in the range of 900°C, have Al2O3, 

(2053°C), CeO2 (2400°C) and ZrO2 (2709°C) considerably higher melting points [259]. 

This variation in melting points can be one indicator, next to variations in the boiling point 

and vapor pressures of the materials, why the intersection distance that leads to a 
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mixture on particle scale is significantly higher for the Co || Al system. However, 

combustion and particle formation characteristics in the flame might be additional key 

factors with respect to the resulting product characteristic. Rosebrock et al. give first 

important insights on the combustion and particle formation characteristic with their 

recently published work on the field of single droplet combustion [146, 147]. However, so 

far there are only limited investigations which focus on the combustion and particle 

formation characteristic in the FSP process especially regarding the formation of 

multicomponent materials. A detailed knowledge on the influence of precursor and 

solvent characteristic during the combustion process is therefore missing. Comparative 

analysis focusing on the influence of the physical properties e.g. boiling and melting point 

on the synthesis of metals and metal oxides would give further necessary insights. The 

coagulation behavior of fractal aggregates, based on discrete element modeling (DEM), 

is investigated in detail, however, so far only for single materials [159-163] e.g. TiO2 [164-

166], SiO2 [131], or ZrO2 [158]. The goal has to be that the mixing characteristic of a multi 

component system during the coalescence and aggregation process is included in the 

present DF models. 

The results of the thesis suggest that a predomination of the ideal intersection 

distance / regime requires a comprehensive database which contains the key parameter 

of the combustion and the particle formation process for different components. The 

presented results can serve as a first basis; however, it is mandatory to enlarge the 

number of investigated material combinations and to increase the knowledge on the 

combustion and particle formation characteristics within the flames to make the DF 

technology even more attractive as a straightforward single step synthesis route for 

multicomponent catalysts. 

The full usage of all variable synthesis parameters: The future scope for the 

synthesis of multi component material in the DF system should aim on two promising 

process parameters. Firstly, an asymmetric adjustment of the combustion parameters to 

tune the individual particle sizes independently from the overall concentration ratio of the 

components. Compared to the SF process the DF process offers this possibility due to a 

separate adjustment of the synthesis parameters in the flames (e.g. precursor flow rate, 

type and flow rate of the dispersion gas and the precursor concentration). The particle 

sizes, especially of the active component, directly influence the catalytic performance. A 

fine- tuning of the particle sizes, thus, comes with the potential to significantly increase 

the catalytic activity. Secondly, the implementation of an asymmetric flame configuration 

can help to overcome limitations, resulting e.g. from different physical properties of the 

individual materials. One example is a significant difference in the vapor pressures of the 
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component which leads to a consecutive particle formation instead of a simultaneous 

one [260]. Stark et al. presented the phenomena for the V2O5/TiO2 system [138]. V2O5 is 

very volatile and has a much higher vapor pressure than TiO2. The synthesis of these 

two components in the SF would always result in the formation of a V2O5 layer on a 

spherical TiO2 core (core shell structure) illustrated at the bottom of Figure 57. 

 

Figure 57: Example for the synthesis options for a multi component material based on two 

materials with a significantly different vapor pressure pV2O5->pTiO2 

 

The DF system provides the possibility to overcome this issue by separating the material 

synthesis in two flames. A symmetric configuration of the flames, however, would still 

lead to the formation of a core shell structure. Only an asymmetric configuration of the 

flames has the potential to form a mixture on particle scale illustrated on the top of Figure 

57. A prerequisite is a higher intersection distance for the material with the high vapor 

pressure (e.g. V-flame) compared to the other material (e.g. Ti-flame). The asymmetric 

configuration can help to tailor the interaction region of two materials with significantly 

different physical properties. Currently the asymmetric configuration is under 

investigation for the synthesis of particulate mixed SiO2 and Ce0.7Zr0.3O2 supports for 

carbon dioxide reforming of methane. An additional future step could be the application 

of a third flame which is also under investigation and extends the variety of material 

combinations. For a triple flame setting, however, a detailed knowledge of the process 

parameters in the double flame setting is essential, since the complexity of the system 

even further increases with the addition of a third flame.  
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Appendix          . 

 

I. Experimental procedures 

All experimental procedures are summarized in the following sections and linked to the 

related chapter. The experimental procedures are a reprint of the corresponding 

publications. 

I.I. Experimental procedures for chapter 4.2 reprinted from ref. [4] 

Catalyst preparation 

The metal organic precursors for the FSP synthesis of either the pure oxides or the 

mixed CoOx/Al2O3 powders are Aluminum-sec-butoxide (Alfa Aesar 95% purity) and 

cobalt naphthenate (Stream chemicals 53% in mineral spirits). In the latter case, a 

10 wt. % loading of Co is prepared as a standard. Only for comparison, a catalyst with 

50 wt. % Co on Al2O3 is also synthesized. 

For the single flame process, 50 mL of Al-sec-butoxide in xylene and 4.6 mL of cobalt 

naphthenate dissolved in xylene (both 0.5 M by metal) are mixed in order to obtain10 wt. 

% Co-loading. For the preparation of 50 wt. % Co Al2O3 catalyst, 43.1 mL of cobalt 

precursor (0.5 M by metal) are mixed with 50 mL of Al-sec-butoxide in xylene (0.5 M by 

metal). For each synthesis, a syringe pump delivers the liquid precursor at a rate of 

5 mL/ min using. The precursor atomization takes place using a two-phase nozzle. The 

precursor flow rate is 5 L/min O2 and a constant pressure drop of 1.5 bar exists at the 

nozzle tip. A supporting CH4 and O2 premixed flame (1.5 L/min, 3.2 L/min) ignites the 

self-sustaining spray flame. The particle formation steps: gas phase reaction, nucleation, 

surface growth, coagulation and coalescence take place within the created flame 

environment. The combination of a vacuum pump and a glass fiber filter with a diameter 

of 257 mm helps to collect the synthesized particles [1]. 

In the double flame spray pyrolysis process (DFSP), 50 mL of each metal oxide 

precursor solution are individually sprayed through two independent nozzles with the 

standard flow rate of 5 mL/ min and with the aerosol streams intersecting at a defined 

distance I. The nozzle distance d and the intersection angle α adjust the intersection 

distance I. Table 2 lists all important parameters. The metal ion concentration for the Al3+ 

flame is 0.5 M while the concentration of the Co2+ solution is 0.048 M. This results in an 

overall Co loading of 10 wt. %. 
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The synthesis of the pure cobalt oxide and pure alumina references samples in the 

SFSP set up uses Al-sec-butoxide and cobalt naphthenate, both dissolved in xylene with 

a concentration of 0.5 M by metal. In order to prepare a physically mixed catalyst the 

flame made CoOX particles are subsequently dispersed in ethanol and ultrasonicated for 

30 minutes. The addition of γ-Al2O3 (Alfa Aesar) as support follows until achieving a 

10 % Co weight content. The mixture run through an ultrasonic treatment until all of the 

ethanol evaporates. For the careful stirring of the dried mixture, a spatula is applied and 

the following calcination takes place at 400°C for 4 h. 

Catalyst Characterization 

A FEI Tecnai F20 S-TWIN microscope operated at an accelerating voltage of 200 kV 

carries out the transmission electron microscopy (TEM) measurements for characterizing 

the as-prepared particles as well as the catalysts after FT reaction. A slow-scan CCD 

camera with an integrated Gatan Image Filter Model 2001 records the TEM and energy-

filtered images (EF-TEM). The three-window method is the basis to acquire the EF-TEM 

maps. Energy dispersive X-ray (EDX) microanalysis determines the elemental 

composition of the nanoparticles (see [261] for further experimental details). The 

suspension of the powder sample takes place using ethanol and a 5 minutes long 

ultrasonic treatment. A droplet of the suspension is placed on a carbon coated copper 

grid. 

Atomic absorption spectroscopy (AAS, Unicam 989QZ Zeeman Solaar) measures the 

cobalt metal content of the as-prepared samples. Before each analysis, about 5 mg of 

each sample digest with 200 mg of potassium hydrosulfate and 3 mL 5 % sulfuric acid as 

described in ref. [262]. 

Nitrogen adsorption-desorption isotherms (Brunauer-Emmett-Teller (BET) 

measurements) are recorded using a Quantachrome NOVA 4000e within a pressure 

range of P/P0 between 0.01 and 0.99. Before the determination of the specific surface 

area of the sample starts, a 2 h outgas procedure at 200°C under vacuum takes place. 

The conduction temperature of the measurement is at a liquid nitrogen temperature of 

77 K. 

A Philips PW1800 diffractometer equipped with a secondary monochromator conducts 

the X-ray diffraction (XRD) measurements using Cu Kα (λ = 0.154 nm) radiation. It 

records continuous scans in the 2θ range of 10° to 140° with an integration step width of 

2θ ~ 0.03° and 15 s per step. The samples fill a circular Si-single-crystal sample holder 

with a diameter of 16 mm. With the help of a 50 wt.% mixture of the sample with 

crystalline ZnO the quantification of potential amorphous fractions of selective samples 

takes place. 
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A Shimadzu UV-Visible spectrophotometer UV-2600 equipped with an ISR-2600 plus 

two-detector and integrating sphere, conducts the Ultraviolet-Visible (UV-Vis) diffuse 

reflectance measurements of the as-prepared samples. Small amounts of each sample 

are pressed into sample holders filled with barium sulfate and reflection spectra are 

measured in the wavelength range between 200 - 800 nm in 2 nm steps. 

Temperature programmed reduction (TPR) profiles are recorded for as-prepared 

catalysts using a Quantachrome CHEMBET-3000 instrument. To remove any traces of 

water before the analysis, a N2 flow at 200°C purges 50 mg of each sample for 30 min. 

The experiment is performed with a gas mixture of 5 vol % H2 in Ar at a flow rate of 

60 mL/min. A thermal conductivity detector (TCD) monitors the hydrogen uptake, while 

the samples are heated from room temperature to 1000°C with a rate of 10°C/min. 

Catalyst testing 

The catalytic activity and selectivity measurements are performed in a fixed-bed reactor 

system described in ref. [263]. For each reaction experiment, 1 g of catalyst 

(10 wt. % Co) with agglomerate sizes up to 250 μm are diluted with glass beads (MO-

SCI Corporation) of similar particles sizes (180-250 µm). In total, a catalyst bed volume 

of 8 ml is loaded in the stainless steel reactor (ID = 11.8 mm). To check the 

reproducibility of the FSP synthesis, catalysts sprayed with the same intersection 

distance but obtained from different batches are tested in the FT reaction. An axially 

placed thermocouple which is directly in contact with the catalyst, helps to monitor and 

control the temperature inside the reactor. The temperature for the activation of the 

catalysts in a H2-stream of 100 mL/min prior to the FT measurements is 500°C for 4 h. 

The conditions for the FT measurement are 230°C, 20 bar and a total flow rate of 

62.5 mL/min (H2/CO/N2=6:3:1). N2 is the internal standard in the experiments. Long-time 

tests of the catalytic performance (activity and selectivity) for each catalyst last up to 65 h 

on stream. A three-channel on-line gas chromatograph (Varian 450GC), equipped with 

two thermal conductivity detectors (TCD) and a flame ionization detector (FID) to 

quantify the reaction species, monitors the progress of the FT reaction. Two parallel 

Hayseep Q 80/100 mesh columns, each connected to a TCD, separate the permanent 

gases such as H2, CO, CO2, N2, and CH4. The third parallel channel with a CP Sil PONA 

CB column connected to the FID determines the hydrocarbon selectivity (C1-C8). Catalyst 

activity is defined as moles CO converted per gram Co-metal per second (cobalt-time 

yield (CTY)). Therefore, the CO/N2 peak ratio in the stream before reaction is determined 

and compared with the different component-to-N2 peak ratios of the gas stream leaving 

the reactor.  
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I.II. Experimental procedures for chapter 4.4 reprinted from ref. [5]  

 
Catalyst preparation 

The Pt-FeOx-CeO2 catalysts are synthesized using one respectively two conventional 

FSP nozzles. The FeOx and CeO2 synthesis takes either place separately in the SF 

setting, in certain cases decorated with 5wt% Pt with respect to the final catalyst weight. 

Mechanically grinding Pt-FeOx powder and CeO2 in an agate mortar in Ce to Fe ratio of 

5:1 is the production step for the physically mixed sample (PM). In the DF setting the 

CeO2 is synthesis in one and FeOx decorated with Pt in the second flame. The 

intersection distance carries between I= 18, 23 and 33 cm, with an constant intersection 

angle α = 20°. Table 4 lists all samples notation and its synthesis parameter. 

The liquid precursor for the synthesis of CeO2 consists of 0.22 M cerium (III) 2-

ethylhexanoate (49% in 2-ethylhexanoic acid, Strem Chemicals) dissolved in xylene 

(Aldrich), while that for the synthesis of FeOx contains 0.044 M iron (III) 2-ethylhexanoate 

(52% in mineral spirits, Alfa Aesar) in xylene. The concentrations result in a Ce to Fe 

ratio of 5:1. The added platinum (II) acetylacetonate (95%, Aldrich) has an overall Pt 

concentration of 0.0107 M. 

In all SF and the DF settings, delivers a syringe pump the liquid precursors at a rate of 5 

mL min-1. The nozzle atomizes the precursor with an O2 gas flow rate of 5 L min-1 and 

pressure of 1.5 bar at the tip. A supporting flame containing premixed CH4 (1.5 L min-1) 

and O2 (3.2 L min-1) ignites the dispersed precursor droplets. A glass fiber filter with a 

diameter of 257 mm collects with the aid of a vacuum pump the formed particles. 

Catalyst Characterization 

A Quantachrome NOVA 4000e records nitrogen adsorption-desorption isotherms 

(Brunauer-Emmett-Teller (BET) measurements) within a pressure range of P/P0 between 

0.01 and 0.99. Before the specific surface area is determined, an outgassing procedure 

at 200°C under vacuum takes place for 2 h. The measurement temperature is 77 K 

(liquid nitrogen temperature). 

A FEI Titan 80/300 operating at 300 kV and equipped with a high-angle annular dark 

field (HAADF) detector us applied to record scanning transmission electron microscopy 

(STEM) images of the catalysts. Powder of each sample is dispersed on carbon-coated 

copper grids. In the conventional TEM mode, selected-area electron diffraction (SAED) 

patterns are obtained. 

A Bruker D8 diffractometer equipped with a secondary monochromator records X-ray 

diffraction (XRD) pattern of the as-prepared catalyst powders. Cu Kα (λ = 0.154 nm) is 

the applied radiation source. The integration step width is 2θ ~ 0.02° combined with a 
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residence time of 5 s per step. To achieve a high resolution XRD of the DF 33 sample, a 

Philips PW1800 diffractometer, operating with a monochromatic Cu Kα (λ=0.154 nm) 

radiation source, and primary and secondary soller slits and an aperture of 0.1 rad is 

applied. The step width is 0.04° with a measuring time of 18 s per step. 

Temperature programmed studies are conducted in an AutoChem 2950 HP 

Chemisorption Analyzer (Micromeritics) equipped with an internal temperature 

conductivity detector (TCD) and MicroStar Mass Spectrometer (Micromeritics). 

Accurately weighed 20 mg of catalysts supported on quartz wool plug in a quartz U-tube 

are used in all experiments. For H2 temperature programmed reduction (H2-TPR) the 

sample is first cooled to -80°C with aid of a CryoCooler (Micromeritics) under 50 mL min-

1 of Ar, followed by temperature ramping at 10°C min-1 up to 800°C under 50 mL min-1 of 

5% H2/Ar.  

Catalyst testing 

Catalytic PrOx assessments are carried out in a glass tubular reactor (I.D. = 5 mm, 

GHSV = 7640 h-1) filled with 20 mg of the as-prepared catalyst diluted in 0.4 g silicon 

carbide (Aldrich, 200–450 mesh particle size). Quartz wool plugs are used to support the 

catalyst beds. A K-type thermocouple is inserted into the middle of the packed catalyst 

bed. The exhaust gas is passed through an ice bath and analyzed by an online gas 

chromatograph (GC 2010, Shimadzu) equipped with a flame ionization detector (FID) 

and a temperature conductivity detector (TCD). Gaseous H2 and O2 are separated in the 

MXT-Msieve column (30 m, ID 0.53 mm, Restek) connected to the TCD detector, while 

CO, CO2, and CH4 are separated in the Rt-U-BOND column (30 m, ID 0.53 mm, Restek) 

connected to the methanizer and FID detector. 

The inlet gas flows are controlled with calibrated mass flow controllers (Aalborg). Prior to 

each PrOx experiment, the catalyst is subjected to standard reduction under 50 mL min-1 

10% H2/Ar at 200°C for 1 h. The PrOx is carried out under standard PrOx condition of 

50 mL min-1 of 1% CO, 2% O2, 88% H2 and balance He to give an O/CO ratio of k = 4. 

The CO conversion (C) and CO2 selectivity (S) are defined as 

 

𝐶 =  
𝐶𝑂𝑖𝑛−𝐶𝑂𝑜𝑢𝑡

𝐶𝑂𝑖𝑛
∙ 100      (1) 

𝑆 =  
𝐶𝑂𝑖𝑛−𝐶𝑂𝑜𝑢𝑡

2(𝑂2,𝑖𝑛−𝑂2,𝑜𝑢𝑡)
∙ 100     (2) 

 

with the inlet flow rate COin, O2,in and outlet flow rate COout, O2,out.  
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I.III. Experimental procedures for chapter 5.1 partly reprinted 

from ref. [3]  

Temperature diagnostics 

A conventional two-phase FSP nozzle as well as a double nozzle set-up provide the 

base for the experimentally analysis of the temperature profiles. Pure xylene is supplied 

either in the single or in the double flame setting, adjusting an intersection distance of 

I = 10 and 20 cm. The centers of the FSP nozzles are located on the “nozzle level” (NL) 

and the intersection angle α amounts 20°. The standard flow rate of the syringe pump 

(KDS-100-CE, KDS Scientific) delivering the xylene, is 5 mL/min. The nozzle atomizes 

the xylene with 5 L/min of co-flowing O2 at constant 1.5 bar pressure drop. A premixed 

supporting flame of 1.5 L/min CH4 and 3.2 L/min O2 ignites and stabilizes the spray 

flame. 

A Fourier-transform infrared (FTIR) spectrometer (Bomem MB 155S) equipped with a 

deuterated triglycine sulfate detector records the emission and transmission spectra of 

the xylene flames. The wavenumber range of the measurements is 6500−500 cm−1 at 

32 cm-1 resolution and with the iris fully open (~1 cm beam diameter). 

Fitting a blackbody Planck function using the hot CO2 radiance spectra helps to obtain 

line-of-sight average flame temperatures [145, 252]. In the DF configuration, the 

temperature measurement is proceeds along the flame axis to the intersection point and 

then vertically upward along the center axis (dashed line in Figure 42). Moving a 

thermocouple (k-type; outer diameter: 0.5 mm) mounted on a computer-controlled 2D 

traverse unit, results in horizontal temperature profiles of the two xyelne flames for both 

double flame configurations. The spatial temperature is measured in 1 mm steps at 

heights of 9.4, 14.1 and 18.8 cm above the nozzle level (Figure 42) which correspond to 

flame intersection distances of 10, 15 and 20 cm, respectively. In addition, vertical scans 

are conducted along the center axis (dotted line in Figure 42). The thermocouple rested 

for about 1 s at each location to achieve a steady temperature readout. The averages of 

three repeated thermocouple measurements are within an error of 5%. No correction for 

radiation or convection is applied to the data [253]. 

CFD Simulations 

A mathematical model describing the spray and fluid dynamics of the xylene flames in 

the single and double FSP configurations is established and solved by a CFD method. 

Following Noriler et al., a two-phase Euler-Lagrange approach is chosen to describe the 

continuous gas phase and discrete liquid droplets, respectively [169]. The turbulence is 

modeled by the k-omega-SST two-equations Reynolds average Navier-Stokes model. 

Between the phases a two-way coupling with turbulent dispersion is used, while the 
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mass and heat interphase transfers of the vaporizing droplets are accounted by the 

Ranz-Marshall (1952) correlation to the Sherwood and Nusselt numbers. Radiation is 

described by the simple P-1 model considering a grey gas model. The Eddy Dissipation 

Concept (EDC) model describes the interaction between turbulence and chemistry, 

assuming that the reactions occur in the fine scale turbulent structures, where the 

reactants are homogeneously mixed. Simulation are carried out for flame settings of 

I = 10 and 20 cm and α = 20°. Compared to Noriler et al. describing a single flame set-up 

[169], two modifications are made: First, a fully three-dimensional hexahedral mesh (2.4 

to 2.8 million cells) is used for the discretization of each domain, as the double flame 

configuration does not allow a two-dimensional approach. Second, the liquid fuel is 

changed: Instead of ethanol, xylene is used, employing, however, the kinetic rate of 

toluene [264] since a fundamental study of the combustion mechanism of xylene seems 

not been published yet. The temperature distributions are numerically evaluated along 

the flame and center axis for the SF and DF settings as well as at 9.4, 14.1 and 18.8 cm 

above the nozzle level. Additionally, the mixing characteristic of the gas jets is analyzed 

and defined with the fraction ratio, a dimensionless relation between arbitrary scalars 

released from each nozzle, following the established flow. This analysis can be related to 

nanoparticles trajectories, since they only follow and do not interfere with the gas flow 

(Stokes number <<1). The boundary of the mixing profile is defined by a limiting velocity 

(1% of the maximum velocity) for the jet region, disregarding any downward flow in the 

domain. 

Particle synthesis 

To investigate the degree of mixing in a deposited system a conventional FSP single 

nozzle and a double nozzle set-up are employed for synthesis of TiO2-supported Pt 

nanoparticles. Titanium(IV)-isopropoxide (Sigma Aldrich, >97 %) is diluted with xylene 

(VWR, 98.7 %) to 0.5 M Ti concentration. For the single flame (SF) experiments, 

platinum-acetylacetonate (Pt(acac)2, Strem Chemicals, 98 %) is added to yield a Pt 

content of 5 wt-% in the product powder.  

The flame operates at the same standard conditions, already described for the flame 

diagnostics. Particles collection takes place 60 cm above the nozzle on glass fiber filters 

(Pall A/E Glass, Ø 25.7 cm) with the help of a vacuum pump.  

In the double flame (DF) experiments, the precursor solution containing 5 wt-% Pt with 

respect to the final powder is dissolved in xylene separately and delivered to a second 

FSP reactor, that operates with the same flow rates as the first one. In the first set of 

experiments, the intersection angle is constant at α = 20° while the intersection distances 

changes to I = 10, 20 and 35 cm. In the second set, the intersection angle varies (α = 10, 
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20 and 37.5°) while the intersection distance is constant at I = 10 and 20 cm, 

respectively. For reference, pure unsupported Pt nanoparticles are collected by first 

operating only the TiO2 flame to form a titania filter cake on the glass fiber filter and 

subsequently operating only the Pt-producing flame. 

TiO2 and WO3 are chosen as model material to determine the mixing in aggregated 

systems because of the high difference in the atomic number of Ti and W (22 and 74, 

respectively). This results in a high z-contrast in TEM examination. Titan(IV)-isopropoxid 

(Sigma Aldrich, >97 %) dissolved as 0,288 M solution in xylene (VWR, 98.7 %) served 

as precursor for the TiO2 synthesis. The WO3 flame (tungsten carbonyl Strem Chemicals 

Inc., >99,9%) has a metal concentration of 0.1M and uses Tetrahydrofuran (THF) as 

solvent (Strem Chemicals Inc.). Before spraying the tungsten precursor solution is gently 

heated to 35 ºC and stirred for 15 min to increase the solubility of the solid precursor. 

The investigation of three different double flame adjustments, with varying intersection 

distances I and intersection angles α includes the following parameter combinations: 1: 

I = 20 cm, α = 35°, 2: I = 33 cm, α = 20° and 3: I = 66 cm, α = 10°. The fourth sample is a 

physical mixture (PM) of pure TiO2 and WO3 which are synthesized in a single flame, 

respectively. The mass ratio of the powders mixture is 1:1. 

Particle characterization 

The specific surface area (SSA) of the product powders is determined with the nitrogen 

adsorption method at 77 K (Quantachrome NOVA 4000e Autosorb). Powders degassing 

takes place for 2 h at 200°C in flowing nitrogen before recording a 5-point BET 

adsorption isotherm over a relative pressure range of 0.1-0.3. The analysis includes at 

least two samples produced with the same synthesis setting. The resulting average 

specific surface area is related to an average primary particle size, dBET, assuming 

monodisperse spheres with a homogenous density of TiO2 with ρRutil = 4.26 g cm−3 and 

ρAnatase = 3.84 g cm−3: 𝑑BET =
6

ρp·SSA
. For the calculations of the BET equivalent diameter 

is the Pt mass fraction neglected [80, 168]. 

A Philips PW1800 diffractometer with secondary monochromator for pure Cu Kα radiation 

(λ=0.154 nm) and primary and secondary Soller slits with 0.1 rad aperture helps to 

determine the product powder crystallinity. The scan range of the X-ray diffraction is 

2θ = 20 - 60° with a 0.02° step width and a retention time of 6 s per step. Rietveld 

refinement are the base to determine the phase composition and average crystallite 

sizes (BRASS program [265]), including the following structure models: TiO2 anatase 

(ICSD # 172916); TiO2 rutile (ICSD # 9161); Pt (ICSD # 77944).  
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For investigations of the Pt dispersion on the TiO2 support H2 and CO chemisorption is 

realized on a Quantachrome Autosorb-1. The sample reduction takes place for 2 h at 

350°C in flowing hydrogen, followed by an evacuation procedure of 2 h at the same 

temperature [139]. Chemisorption is carried out at 35°C with 5 % H2 / He applying the 

two isotherm bracketing method [255] in a pressure range of 250-712 mmHg. The 

definition of the Pt dispersion is the ratio of atoms accessible to H2 to the total number of 

Pt atoms in the system assuming a stoichiometric factor (H/Pt) of 1 [266]. The 

measurements conducted in H2 atmosphere are confirmed in a CO atmosphere, also 

assuming a stoichiometric factor (CO/Pt) of 1 [267]. 

A FEI Titan 80/300 microscope is applied to obtain TEM and scanning TEM (STEM) 

images as well as energy dispersive X-ray spectroscopy (EDX) measurements. To 

distinguishing between different chemical elements based on the Z contrast, an HAADF 

(high-angle annular dark-field) detector is applied in the STEM analysis. For the 

dispersion of the powder before the deposition on a carbon-coated copper TEM grid, an 

ultrasonic treatment of 2 mg of product in 5 mL of ethanol is conducted for 10 min. A 

single drop of this dispersion is deposited on the grid 

ImageJ is applied to determine a STEM-equivalent particle size is from the area of the 

particles in high resolution images [268]. The analysis includes 325 particles per sample, 

this number ensures the representative results of the Pt size distribution [269]. The 

illustration of the particle size distribution occurs using boxplots [270]. The box itself 

represents the lower quartile, the median and the upper quartile values. The lower and 

upper limits of the results (○), the arithmetic mean (Ӿ) and 1.5 times the standard 

deviation of the distribution (whisker) complete the boxplot. 

Experimental determination of the degree of mixing in deposited and aggregated 

systems 

The quadrat method based on Rogers [103] forms the base for the determination of the 

degree of mixing between Pt and TiO2 particles. This method was also applied and 

adjusted e.g. by Karnezis et al. characterizing the reinforcement distribution in 

composites [102] or Kim et al. for nanocomposites [70]. The first step of this method is 

the division of three or more STEM images of each investigated sample into at least 

2000 cells of 10 nm x 10 nm as well as 100 cells of 50 nm x 50 nm. This step helps to 

evaluate the influence of cell size on the results. Here, a particle / support particle 

system is investigated, where the second component possess no continuous 

background, compared to the analysis of metal-matrix composite (MMC) materials [70]. 

This brings the challenge to distinguish between quadrat filled with TiO2 support particles 

and empty quadrat. As a rule, only the Pt particles within cells covered to at least 75% 



Page x 

Universität Bremen < Henrike Großmann > 

with TiO2 are counted. The resulting Pt-distribution per quadrate is the base to examine 

the degree of mixing. Whereas a high degree of mixing represents a uniform Pt-particle 

dispersion over all TiO2 particles and a low degree of mixing characterizes a non-uniform 

spread of Pt and TiO2 particles. In addition to this, the variation coefficient v is used to 

quantify the degree of mixing [257]. The higher the variation coefficient, the higher is the 

percentage deviation from a defined target value of an ideal mixture. In this case the 

target value is defined as the average amount of Pt-particles per cell taking all 

investigated cells within an image into consideration. As an additional indicator, the ratio 

of empty cells (TiO2 cells without Pt) to the total amount of counted cells is calculated. 

To quantify the degree of mixing in an aggregated system an average of 40 aggregates 

and 1960 primary particles are examined per sample with respect to their mixing 

characteristic.  
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II. Additional material chapter 5.2: 

 

Appendix 1: Spatial Pt particle distributions for the SF and DF setting based on analysis of STEM 
images with the quadrat method as a function of cell size (left: 50 x 50 nm and right: 10 x 10 nm). 
The frequency is normalized with respect to the evaluated number of cells per sample.  
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III. Additional material chapter 6: 

 

Experimental and results CeO2ǁZrO2: 

The metallorganic precursors, cerium (III) 2-ethylhexanoate (49% in 2-ethylhexanoic 

acid) and zirconium butoxide (80% in butanol, Sigma-Adrich) were used for the synthesis 

of CeO2 and ZrO2. All the precursors were dissolved in xylene (99.95%, Strem) with a 

given concentration of the metal ions (0.116 M Ce3+, 0.097 M Zr4+). The liquid precursors 

were delivered to the nozzle tip using a syringe pump at a flow rate of 5 mL/min. The 

precursor solutions were combined with dispersant O2 at a flow rate of 5 mL/min 

maintaining a pressure drop of 1.5 bar at the nozzle tip. Combustion of the dispersed 

droplets was initiated by the co-delivery of CH4 and O2 (1.5 L/min, 3.2 L/min) to form a 

flame. The Ce and Zr precursors during FSP were designed such that the mixture of 

CeO2 and ZrO2 are 50/50 by weight. Intersection distances for different flame angles and 

nozzle distances were derived using the flame geometry listed in Appendix Table 1.  

Appendix Table 1:  

Notation 
Synthesis 

method 

Weight ratio  
Intersection 

distance I 

[cm] 

Intersection 

angle α 

[°] 

SSA 

[m2/g] 

ZrO2-CeO2 

Ce ǁ Zr SF SF 1 : 1 --- --- 172 

Ce ǁ Zr DF 15 DF 1 : 1 15 20 125 

Ce ǁ Zr DF 22 DF 1 : 1 22 15 121 

Ce ǁ Zr DF 26 DF 1 : 1 26 20 124 

Ce ǁ Zr DF 34 DF 1 : 1 34 20 114 

Ce ǁ Zr DF 51 DF 1 : 1 51 10 121 

For the X-ray diffraction measurements, the Ce or Zr based nanoparticles obtained from 

FSP were loaded in a PANalytical X’Pert MPD PRO diffracting system, equipped with Ni-

filtered Cu-K (λ=0.154 nm) radiation, ¼° fixed divergence, primary and secondary Soller 

slit with 0.04 rad aperture, circular sample holder with 16 mm diameter, and X’Celerator 

detector (position sensitive in a range of 2.122° 2 with 127 channels, yielding a channel 

width of 0.01671° 2), applying a continuous scan in the range of 15-100° 2 and an 

integration step width of 0.0334° 2. The structural and microstructural parameters were 

extracted using Rietveld refinement by applying BRASS program [265]. Background, 

scale factor, unit cell parameters, Gaussian as well as Lorentzian peak widths 
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parameters were simultaneously refined followed by crystallite size and microstrain 

analysis. Finally, the crystal structures were refined to yield accurate positions of the 

metal atoms. As a starting point, the following structural models were used: CeO2 (ICSD-

157419) with cubic space group FM-3M and ZrO2 (ICSD-66782) with tetragonal space 

group P42/nmc and ZrO2 (ICSD-105553) with cubic space group FM-3M, respectively. 

The results are listed in Appendix Table 2. The present phases and the crystallite sizes 

indicating the formation of pure ZrO2 and CeO2 on particulate scale for all DF settings. 

The differentiation between mixing on particle and cluster scale is not possible using 

XRD.  

Appendix Table 2: 

Notation Present phases 
Phases 

[%] 
Crystallite size 

[nm] 

SF Ce0.6Zr0.4O2  100 8.3 

DF 15 

t-ZrO2 41.78 20.8 

c-ZrO2 12.44 10.7 

c-CeO2 45.78 10.7 

  t-ZrO2 43.17 20.8 

DF 22 c-ZrO2 12.09 10.6 

  c-CeO2 44.74 10.2 

DF 26 

t-ZrO2 41.44 21.2 

c-ZrO2 12.48 11 

c-CeO2 46.09 10.1 

DF 34 

t-ZrO2 42.56 20.5 

c-ZrO2 12.89 10.4 

c-CeO2 44.54 10 

DF 51 

t-ZrO2 42.9 20.9 

c-ZrO2 14.32 10.4 

c-CeO2 42.78 9.8 

 

 

 

 


