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Abstract

Perovskite-type nanomaterials are attractive and promising oxides for environmental- (e.g., oxidation of
CO) and energy-relevant (e.g., electrochemical water splitting to produce H,/0,) catalytic reactions. For
these applications, two of the most sought characteristics of perovskite compounds — high specific surface
area and phase purity — are hardly attained by conventional synthesis methods. Envisioning the cost-
efficient and one-step production of high surface-area perovskite materials, the spray-flame synthesis of
three model compounds LaFeOs, LaCoOs; and LaMnOs; for catalytic CO oxidation is investigated in this
thesis. Using metal nitrates as low-cost precursors, the effect of two solvents — ethanol and 2-
ethylhexanoic acid (2-EHA) — on the chemistry of the precursor solutions and on the particle-size
distribution, specific surface area and phase composition of the produced materials is analyzed.

The use of ethanol as solvent for the spray-flame synthesis led to the formation of perovskite (LaFeOs,
LaCoOs5 and LaMnOs) compounds with multimodal particle-size distributions from which, large particles
(>100 nm) were identified as lanthanum-rich — especially in the LaCoOs; case — and the source of
secondary phases as La,03 or LaCoO.. ATR-FTIR analyses of the ethanol-based solutions allowed us to
identify the formation of species such as HNOs at low temperatures, which point to the hydrolysis of the
metal ions — especially in the solution containing iron nitrate — and the formation of hydroxide species.
The use of ethanol/2-EHA-based solutions was effective to generate perovskite materials with high
specific-surface areas, with narrow particle size distributions — only few sub-200 nm particles were
identified — and proved also to be effective to reduce the concentration of secondary phases (e.g., La;03)
in the final products. Ethanol/2-EHA mixtures have been used before especially for the spray-flame
synthesis of single oxides (e.g., FexOy, Cox0y, and Al,03) and they have been related to the generation of
droplet micro-explosions or the formation of metal carboxylates. In this thesis, the chemical interaction
among ethanol, 2-EHA, and the corresponding metal nitrates is further investigated. Based on ATR-FTIR
analyses, esterification between ethanol and 2-EHA to produce ethyl 2-ethylhexanoate and water was
identified and in the case of Mn-based solutions, oxidation of Mn?* was induced by the addition of 2-EHA
at low temperatures, causing the formation of Mn*-rich LaMnOs.s nanoparticles from spray-flame
synthesis. Both esterification and oxidation of manganese are novel aspects related to the use of
ethanol/2-EHA-based solutions of metal nitrates for the spray-flame synthesis of perovskites.
Furthermore, esterification was identified to be catalyzed by the transition metal ion present in solution
with the iron-containing solution presenting a remarkable activity to produce the ester compound and
water. Using ethanol/2-EHA-based solutions, the effect of the droplet sizes by modifying the dispersion
gas flow rate (5, 6, 7, and 8 sIm) and the identified esterification reaction on the particle-size distribution
of the three spray-flame synthesized model perovskites are also analyzed in this dissertation.

The spray-flame synthesized LaFeOs, LaCoOs and LaMnQs perovskite samples based on different mixtures
of ethanol/2-EHA are analyzed for the catalytic oxidation of CO. For this reaction, LaCoO3 samples were
identified to present the highest activity followed by LaMnOs and LaFeOs. The LaMnQO; samples were
selected to perform a more detailed catalytic analysis including the selective oxidation (SELOX) of CO and
the characterization with ex situ techniques as H,-TPR and O»-TPD.

This thesis provides relevant information for the spray-flame synthesis of perovskites and by extension,
mixed-oxide systems when low-cost metal nitrates are used as precursors. It is shown how
chemical/physical effects related to the solutions of precursors play important roles in the spray-flame
synthesis of nanomaterials and most importantly, it is presented how these solutions can be modified to
improve the quality of the synthesized materials.



Zusammenfassung

Perowskit-Nanomaterialien sind attraktive und vielversprechende Oxide fiir umwelt- (z. B. Oxidation von CO)
und energierelevante (z. B. elektrochemische Wasserspaltung zur Erzeugung von H,/0,) katalytische Reaktio-
nen. Fur diese Anwendungen sind zwei der am meisten nachgefragten Eigenschaften von Perowskit-Materia-
lien — hohe spezifische Oberflache und Phasenreinheit — mit herkdmmlichen Synthese -Verfahren kaum er-
reicht. Um eine kostenglinstige und einstufige Herstellung von Perowskit-Materialien mit groBer Oberflache
zu ermoglichen, ist in dieser Arbeit die Sprayflammensynthese von drei Modellmaterialien — LaFeOs, LaCoO3
und LaMnOs — fir die katalytische CO-Oxidation untersucht. Unter Verwendung von Metallnitraten als kosten-
glnstige Prakursoren ist die Wirkung von zwei Lésungsmitteln — Ethanol und 2-Ethylhexansaure (2-EHA) — auf
die Chemie der Losungen der Prakursoren sowie auf die PartikelgroRenverteilung, die spezifische Oberflache
und die Phasenzusammensetzung der hergestellten Materialien analysiert worden.

Unter Verwendung von Ethanol als Lésungsmittel fir die Sprayflammensynthese, Perowskit-Materialien
(LaFeOs, LaCoO3 und LaMnOs) mit multimodalen PartikelgroRenverteilungen konnten hergestellt werden, bei
denen groRe Partikel (> 100 nm) als lanthanreich — vor allem in dem LaCoOs-Fall — und die Quelle der Sekun-
darphasen als La;03 oder La;Co0;, identifiziert wurden. ATR-FTIR-Analysen der Losungen auf Ethanolbasis er-
moglichten es, die Bildung von HNOs bei niedrigen Temperaturen zu identifizieren, was auf die Hydrolyse der
Metallionen —insbesondere in der Lésung mit Eisensalzen — und die Bildung von Hydroxidspezies hinweist. Die
Verwendung von Losungen auf Ethanol/2-EHA-Basis war wirksam, um Perowskitmaterialien mit hochspezifi-
schen Oberflachen mit engen PartikelgroRenverteilungen zu erzeugen — nur wenige Partikel unter 200 nm wur-
den identifiziert — und erwies sich auch als wirksam zur Verringerung der Konzentration der Sekundarphasen
(z.B. La;03) in den Endprodukten. Ethanol/2-EHA-Mischungen wurden zuvor speziell fir die Sprayflammensyn-
these einzelner Oxide (z. B. FexO,, CoxOy und Al,03) verwendet. Sie stehen im Zusammenhang mit der Erzeu-
gung von Mikroexplosionen von Tropfchen und der Bildung von Metallcarboxylaten. In dieser Dissertation
wurde die chemische Wechselwirkung zwischen Ethanol, 2-EHA und den entsprechenden Metallnitraten wei-
ter untersucht. Basierend auf ATR/FTIR-Analysen wurde die Veresterungsreaktion zwischen Ethanol und 2-EHA
zur Herstellung von Ethyl-2-ethylhexanoat und Wasser identifiziert und bei Losungen auf Mn-Basis wurde die
Flissigphasen-Mn?*-Oxidation durch Zugabe von 2-EHA bei niedrigen Temperaturen induziert, wodurch Mn%*-
reiche LaMnOs.s-Nanopartikel aus der Sprayflammensynthese gebildet wurden. Sowohl die Veresterungsreak-
tion als auch die Oxidation von Mangan sind neu entdeckte Aspekte im Zusammenhang mit der Verwendung
von Ethanol/2-EHA-basierten Losungen von Metallnitraten fir die Sprayflammensynthese von Perowskiten.
Dariiber hinaus wurde festgestellt, dass die Veresterungsreaktion durch das in Lésung vorhandene Ubergangs-
metallion katalysiert wird, wobei die eisenhaltige Losung eine bemerkenswerte Aktivitat zur Herstellung der
Esterverbindung und des Wassers aufweist. Unter Verwendung von Lésungen auf Ethanol/2-EHA-Basis ist die
Auswirkung der Tropfchengréen durch Modifizieren der Dispersionsgasstromungsrate (5, 6, 7 und 8 sim) und
der identifizierten Veresterungsreaktion auf die PartikelgroRenverteilung der drei Sprayflammen-syntheti-
sierte Modellperowskite in dieser Dissertation ebenfalls analysiert worden.

Die synthetisierten LaFeOs-, LaCoOs- und LaMnOs-Perowskitproben unter Verwendung verschiedener Etha-
nol/2-EHA-Mischungen wurden bzgl. der katalytischen Oxidation von CO analysiert. Fiir diese Reaktion wurde
festgestellt, dass LaCoOs; die hochste Aktivitat aufweist, gefolgt von LaMnOs und LaFeOs. Die LaMnOs-Proben
wurden ausgewahlt, um eine detailliertere katalytische Analyse durchzufiihren, einschlielich der selektiven
Oxidation (SELOX) von CO und der Charakterisierung mit Techniken wie H,-TPR und O,-TPD.

Diese Dissertation liefert relevante Informationen fiir die Sprayflammensynthese von Perowskiten und im wei-
teren Sinne fiir Mischoxidsysteme, wenn kostengiinstige Metallnitrate als Prakursoren verwendet werden. Es
ist gezeigt, wie chemische/physikalische Effekte in Bezug auf die Lsungen von Prakursoren eine wichtige Rolle
bei der Sprayflammensynthese von Nanomaterialien spielen, und vor allem ist vorgestellt, wie diese Losungen
modifiziert werden kénnen, um die Qualitdt der synthetisierten Materialien zu verbessern.
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1 Introduction

Sustainable development in our complex and dynamic world must include a structured short-, middle-
and long-term vision with a sense of urgency and adaptability, acknowledging the geographically diverse
economic conditions. On a global scale, our society faces pressing challenges related to, e.g., health and
climate change. Regarding the latter and in order to reach a climate-neutral circular economy, an energy
transition from fossil sources to alternative ones! (e.g., photovoltaic and wind energy) is required. This
transition is linked with other great challenges including: the electrification of the mobility, industry and
building? sectors; the development of chemicals® and derived products using CO, as raw material®, and
the development of affordable and efficient (electro)chemical energy storage systems (e.g., batteries, H,,
NHs)> 8. The advancements and breakthroughs necessary to overcome these challenges require, to a large
extent, the use of nanomaterials as catalysts, enabling to, e.g., increase the power/energy density of bat-
teries, decrease the overpotential’ required to electrochemically transform water to O,/H; or to induce
the formation of a given chemical from CO,. The identification of nanomaterials as promising candidates
for the energy transition obeys approaches that are both empirical and theoretical. One of the nano-
materials systems that is currently being studied for the afore-mentioned applications is the perovskite-
like oxide family.

The growing interest in the perovskite (ABOs) structure® comes from its high versatility and structural
stability, characteristics that allow to incorporate/substitute different cations in the A- and B-sites of the
structure. As the B-site cations are typically transition metal ions with redox capability, the perovskite
structure can be tuned to fulfill the requirements of multiple heterogeneous catalytic applications, provid-
ing desired features such as, e.g., oxygen vacancies/mobility and active sites. The formation of perovskites
on the nano-scale is required to increase the number of such catalytically active sites by profiting from
the characteristic high-specific surface areas of nanomaterials. Over the years, diverse perovskite materi-
als as Bao.sSrosCoo.sFe0.203-5 and LaosCansCo0s.5 for oxygen evolution reaction in electrochemical water-
splitting® or LaBo.ssPdo.0s03 (B=Mn, Fe, Co, Ni) for CO oxidation® have been proposed and used as promis-
ing materials. However, the highly sought characteristics of these structures — phase purity and high spe-
cific surface area — have proven difficult to obtain. These challenges come from the synthesis techniques
that are typically used for obtaining perovskite nanomaterials (more information in Chapter 2.6). Batch
processes® as the solid-based (e.g., mechanochemistry) or the liquid-based (e.g., sol-gel, nanocasting)
methods require several steps of processing including drying and calcination at high temperatures, ob-
taining the required phase at expense of the specific surface area. This is, however, not the case for all
batch processes. Alternatives as performing a high-energy ball-milling (HEBM) step after calcination or
the liquid-phase hard-template! methods allow to obtain high surface-area perovskites with a drawback:
impurities coming from the milling media or the templates are introduced. In general, batch processes
are linked to four further limitations: amorphization of the materials, low yields, long processing times
and limited scalability. As an alternative to batch processes, the continuous and scalable spray-flame syn-
thesis!? method — which enables to synthesize materials in one-step without the use of external agents as
templates — has been identified as a suitable candidate to produce pure-phase and high-surface area per-
ovskite materials.

The spray-flame synthesis of nanomaterials is linked to challenges that have been mainly identified from
the synthesis of single oxides (Chapter 3.2). One of the challenges is related to the use of metal nitrates
as low-cost metal precursors. Through the synthesis of Al-, Co- and Fe-oxides,*® ** bimodal particle-size
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distributions — containing large particles (> 100 nm) that decrease the specific surface area of the materi-
als —are commonly obtained when ethanol-based solutions of metal nitrates are used. The incorporation
of 2-ethylhexanoic acid (2-EHA)* to ethanol-based solutions of metal nitrates has led to materials with
high specific surface areas which was attributed to multiple effects such as, e.g., micro-explosion of drop-
lets, and formation of metal carboxylates.’® > The beneficial effect of 2-EHA addition is linked, however,
with other identified challenges of the method: the understanding of the chemical/physical effects of the
metal precursors and solvents both in the liquid-phase (e.g., droplets) and in the gas phase. A detailed
discussion regarding these and more aspects is presented in Chapter 3.2.3. Concerning the spray-flame
synthesis of perovskites (e.g., LaCoOs) using metal nitrates and other precursors!® 7, avoiding the for-
mation of secondary phases (e.g., La;0s, La,Co04) has proven to be a further challenge.

Even though current promising perovskite materials for catalytic applications contain different A- and B-
site substitutions, this thesis is focused on three lanthanum-based perovskite systems (LaFeOs, LaCoOs
and LaMnO:s) to clearly identify the conditions that can lead to phase-pure and high surface-area materials
from spray-flame synthesis. Acknowledging the need to synthesize nanomaterials from low-cost precur-
sors and the associated challenges, metal-nitrate-based solutions were selected and studied in this thesis
and the effect of two solvents — ethanol and 2-ethylhexanoic (2-EHA) — was analyzed. Another goal of this
thesis was to link the chemistry of the solution (e.g. esterification reaction between ethanol and 2-EHA)
with the spray characteristics (e.g., droplet-size distribution) and the final quality of the materials (e.g.,
particle-size distribution, phase purity). Furthermore, as a product of fruitful scientific cooperation with
local and international research groups, the catalytic activity of the developed materials was analyzed in
this thesis, using the low-temperature CO oxidation as a probe reaction and as a way to link the activity
with the transition metal ion (Fe, Co, Mn) effect of the perovskite structure.

This thesis is structured in the following way: Chapter 2 and 3 are based on a literature review and in
Chapter 4, 5, and 6, the performed experiments, results and discussions are presented. A description of
the contents of each chapter is presented as follows:

e In Chapter 2, relevant information regarding the perovskite LaFeOs, LaCoO3; and LaMnQOs; materials is
presented, involving the corresponding phase diagrams and surface characteristics applied to CO ox-
idation. Based on literature, low-temperature catalytic CO oxidation using perovskites is reviewed. In
the last part of the chapter, challenges involved in the synthesis of perovskites are presented, intro-
ducing the spray-flame synthesis as a potential option.

e In Chapter 3, the fundamentals of the spray-flame synthesis technique are presented. The chapter
explores some of the history, mechanisms and the facility used for the experiments presented in this
thesis. A part of the chapter is used to analyze the use of metal nitrates as precursors, analyzing their
chemistry and decomposition characteristics and coupling these factors with the use of ethanol as
solvent. As a way to identify the challenges and to learn from previous investigations, the spray-flame
synthesis of single oxides using metal nitrates dissolved in ethanol or in mixtures of ethanol and 2-
ethylhexanoic acid (2-EHA) is explored, physical and chemical considerations of using the ethanol/2-
EHA mixture are included. In the last part of the chapter and based on literature, the spray-flame
synthesis of perovskite materials is explored to further understand the associated challenges.

e In Chapter 4, spray-flame synthesis of LaFeOs; and LaCoOs nano-perovskites from metal nitrates is
presented. Using metal-nitrate-based solutions, the effect of the use of three mixtures of solvents —
(1) ethanol, (1) a mixture of ethanol (50 Vol.%) and 2-EHA (50 Vol.%) and (lll) a mixture of ethanol (35
Vol.%) and 2-EHA (65 Vol.%) — on the phase composition and particle size distribution of the synthe-
sized materials is analyzed. The chemistry of the prepared solutions is analyzed and linked with the



Introduction

materials’ characteristics. Furthermore, the use of the perovskite materials as catalysts for CO oxida-
tion is presented.

The spray-flame synthesis of LaMnOs.s nanoparticles was analyzed separately in Chapter 5 due to the
higher complexity of this material in terms of characterization. Using metal-nitrate-based solutions,
the effect of the use of two solvents — (I) ethanol, (ll) a mixture of ethanol (50 Vol.%) and 2-EHA
(50 Vol.%) — on the phase composition and particle-size distribution of the synthesized materials is
analyzed. The chemistry of the solutions is also analyzed and the use of the synthesized/heat-treated
materials for the catalytic oxidation of CO is analyzed on a deeper level.

In Chapter 6, using metal-nitrate-based solutions and a mixture of ethanol (35 Vol.%) and 2-EHA
(65 Vol.%) as solvent, the effect of spray droplet size and the esterification reaction between ethanol
and 2-EHA on the particle size distribution of the spray-flame synthesized LaMO; (M = Mn, Fe, Co)
perovskite nanomaterials is analyzed.



2 LaBOs (B = Fe, Co, Mn) perovskite-type oxides for CO
oxidation

2.1  Background

The history of the perovskite structure is one of exploration and curiosity. It can be traced back to the
scientific exploration journey of Russia (1829) by a team of scientists led by Alexander von Humboldt. The
German mineralogist Gustav Rose (University of Berlin) was part of the team and as part of his tasks, he
visited the private mineral collection of August Alexander Kimmerer in Saint Petersburg. Ten years after
the trip, in 1839, A. A. Kimmerer sent a rock collected in the Ural mountains to Gustav Rose to be analyzed.
Rose identified the material as a new mineral structure (CaTiOs) (Figure 1a) and named it after Count Lev
Alekseevich von Perovskiy, as suggested by Kimmerer. It took more than 70 years to finally confirm the
CaTiOs structure as orthorhombic, it was originally considered as cubic. Since then, the study of perov-
skite-like structures and their properties has enjoyed prolific scientific periods linked to the discovery of,
e.g., ferroelectric BaTiOs; ceramics, ferromagnetic, and magneto-resistant LaMnOs-derived materials and

LaCoOs catalysts. 1820
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Figure 1. (a) Mineral CaTiOs perovskite (Photo by E.A. Katz).2° (b) Ideal cubic ABOs perovskite structure.?! (c) Distor-
tions of the perovskite structure based on the ionic size (A: y-axis, B: x-axis) and the oxidation state of the A and B
cations.??

The term perovskite has evolved over the years and now it encompasses a more general description of
hundreds of materials with a structure of the ABOs form (Figure 1b), in which A is a large cation (e.g., L3,
Ba, Sr) 12-fold coordinated with oxygen atoms and B is a medium-size cation (e.g., Co, Fe, Mn, Ti, Cr, Ni)
6-fold coordinated with oxygen atoms forming BOs octahedra.?® Even though the ideal ABOs perovskite
structure is cubic, the ion size and oxidation state of the A and B cations influence the symmetry and cause
the distortion of the structure leading to, e.g., orthorhombic or rhombohedral structures as presented in
4



LaBO3 (B = Fe, Co, Mn) perovskite-type oxides for CO oxidation

Figure 1c. Distortions of the perovskite structure occur through three main mechanisms: Tilting of the BOs
octahedra, Jan-Teller (1 order) distortions of the BOg octahedra, and Jan-Teller (2" order) of the A and B
polyhedra.?* Given its ability in tolerating such distortions, the perovskite structure also allows the partial
substitution of A and B cations in the A1—A.B1—,B,0s:5 form (double perovskites) and the formation of
cationic and/or anionic vacancies (0%) (e.g., Lai—SrxMnOs.s and La;—Sr«CoOs s materials).?’> Furthermore,
as most of the metallic elements (> 90 %) of the periodic table can be stabilized in its structure, the ver-
satile perovskite system can be tuned to target specific applications. Consequently, the field of heteroge-
neous catalysis started exploring in the early 70s, the use of perovskite-type materials as catalysts in the
quest to replace the expensive and scarce noble-metal-based catalysts.?> 2 In this phase, low-tempera-
ture CO oxidation has been identified as a useful probe reaction to elucidate structure—activity correla-
tions when applying lanthanum-based (LaBOs) perovskites as catalysts. The selection of lanthanum (La3*)
as an A-site cation — which is considered as catalytically inactive — enables the study of the effect of tran-
sition metal ions as B-site cations on the catalytic oxidation of CO.? In this regard, three main materials —
LaFeOs, LaCoOs and LaMnOs — have been identified as the most active single perovskites for CO oxidation.®
As this thesis is focused on these materials, a more detailed explanation of their chemical and structural
properties is presented in Chapter 2.2 to 2.4. The three chapters follow the same structure: Analysis of
the structure and phase diagram followed by an introduction to the surface properties of the materials
applied to CO oxidation. An overview of their use for CO oxidation is presented in Chapter 2.5.

2.2 LaFeOs

LaFeOs is an antiferromagnetic perovskite with an orthorhombic distorted structure belonging to the
Pnma or Pbnm space group between 25 and ~1255 K (982 °C)® and with a endothermic transition to the
rhombohedral structure (R-3c space group)® occurring at ~1000 °C with an enthalpy change of ~350
J/mol.%® In the LaFeOs structure, iron atoms occupy octahedral centers forming 6 covalent bonds with
oxygen atoms. The orthorhombic distortion of the structure occurs through the tilting of the Fe-centered
octahedra as it can be seen in Figure 2a.
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Figure 2. (a) LaFeOs structure?® along [101] and (b) temperature-dependent phase diagram of the La-Fe-O system
under an atmosphere of air (Temperature in K; symbols: o-prv: orthorhombic perovskite, r-prv: rhombohedral per-
ovskite, cor: Fe20s3, sp: Fes0s, hex: hexagonal LaFe1,019)%.

Considering the formation of LaFeOs from metal oxides — La;0s (i.e., LaO15) and FeOx — a temperature-
dependent phase diagram is presented in Figure 2b. Based on the diagram, at ~673 K (400 °C), the LaFeOs
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phase can already be obtained. Several reports suggest — based on X-ray diffraction (XRD) measurements
— the formation of the orthorhombic LaFeOs; phase with high crystallinity at calcination temperatures
above ~350 °C.3% 32 According to Figure 2b, an enrichment of La or Fe in the initial proportions of metal
oxides and at temperatures below 1360 °C would lead mainly to the orthorhombic (below ~1000 °C) or
rhombohedral LaFeOs phase plus La;0s or FeOx phases without the formation of other perovskite-type or
perovskite-derived phases (e.g., layered Ruddlesden—Popper (RP) phases). From 1360 °C to 1390 °C and
given an iron excess, the formation of the LaFe1,019 hexaferrite structure is possible, a phase that can only
be stabilized at room temperature after a fast quenching.

In the bulk stoichiometric LaFeOs phase, both La and Fe cations have an oxidation state of +3, with Fe®*
ions forming a high-spin configuration.?* Similarly, the surface of LaFeOs nanoparticles is commonly com-
posed of trivalent lanthanum and iron ions as identified by XPS studies.?® Nevertheless, a reduction of the
symmetry and coordination number of surface Fe ions has been previously identified with MéBbauer and
EPR spectroscopy measurements.®® The LaFeOs surface can be La (LaO)- or Fe (FeO,)-terminated with non-
polar (e.g., (12 1), (1 00))* or polar (0 1 0)3® surfaces. Regarding the latter surface, density functional
theory (DFT) calculations suggest that carbon monoxide is preferentially adsorbed in the Fe—CO mode
with the carbon monoxide molecule acting as an electron donor.

2.3 LaCoOs

The LaCoOs; perovskite is a ferroelastic material with a rhombohedrally distorted (R-3c space group) struc-
ture at room temperature. At ~1337 °C, the perovskite suffers a transition to a cubic structural phase.®
The temperature-dependent phase diagram of the La—Co—0 system,*® which is presented in Figure 3, sug-
gests a higher number of stable phases than the ones found in the La—Fe—0 system (Figure 2b).
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Figure 3. Temperature-dependent phase diagram of the La—Co—0 system under an atmosphere of air.°

Below 927 °C, it is possible to form oxygen-defect LaCoOs-s structures and single oxides (e.g., La;0; or
Cos0,) if a surplus of La or Co is present in the system. At higher temperatures, layered Ruddlesden—
Popper (RP — mixed oxide combining rock-salt and perovskite layers) oxides of the Lan+1C0,03p+1 are

formed as the orthorhombic La4C03010+5 and La,CoOa.s structures as confirmed by XRD measurements.*"
42
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The formation of oxygen-deficient LaCoOs s perovskite materials is of special interest for catalytic applica-
tions. The simultaneous existence of Co?* and Co®* in the perovskite structure enables the formation of
anionic vacancies enabling oxygen-ion mobility in the structure.*® Furthermore, the electronic structure
of the perovskite is influenced by the spin-state of the 3d Co?* and Co* cations: Co3* can have a low-spin
(LS) (t2°), intermediate-spin (IS) (txg°egt) or high-spin (HS) (t2*es?) state, while Co?* is thought to prefer the
HS state.** *® For catalytic oxidation of CO, parameters such as the occupancy of 3d-orbital together with
the Co—0 bond covalency in LaCoOs-based perovskites have been used as important descriptors of the CO
reaction rate.*® For other relevant catalytic reactions as the oxygen evolution (OER) in electrochemical
water-splitting, the 3d-electron occupancy of e; orbitals has been correlated with the intrinsic activity of
Co-based perovskites.® For catalytic applications, the Co?*/Co** atomic ratio on the surface of the LaCoOs
perovskite is also relevant. Co?*/Co** values between ~0.3 and ~0.6 are normally encountered and depend
on several parameters including the synthesis technique and post-treatments used.*” *® Given the high
content of Co?* on the surface of the non-stoichiometric LaCoOs perovskite, the formation of vacancies is
energetically favorable making (110) O-terminated and (100)-OCoO-terminated surfaces possible.*

2.4 LaMnOs

The LaMnOs perovskite is a material that has attracted attention since the beginning of the 1950s given
its colossal magnetoresistance when it is doped with calcium or when pressure is applied.?® *° This perov-
skite is known for its structure polymorphism as several LaMnQOs3 phases have been identified (e.g., rhom-
bohedral, two orthorhombic, monoclinic and cubic).>* The occurrence of a given LaMnOs3 phase is closely
related to the applied temperature, the oxidation state of manganese, and the crystallite size. Considering
the formation of the perovskite structure from single La and Mn oxides, La—Mn—0 phase diagram®? is
presented in Figure 4a. Besides the perovskite structure, La;03; and Mn,O, oxides are expected at temper-
atures below ~1400 °C when an excess of La or Mn is present. According to the phase-diagram, the per-
ovskite structure is not only stable with stoichiometric La/Mn proportions, some non-stoichiometry of the
cations is allowed. Accordingly, the LaMnOs perovskite structure is usually written as La;«Mn;-,O3:5. At a
La/Mn = 1 ratio, the non-stoichiometry (3), as in LaMnOs.s, does not occur through an excess of oxygen
in the lattice but through La and Mn cation vacancies. This is possible as the manganese ions can have
two oxidation states in the perovskite structure, Mn3* and Mn**. The content of Mn** ions in the structure
together with the temperature influence the formation of a given polymorph® as it is presented in Figure
4b.
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tent-dependent phase transitions of the LaMnOs.s structure.3
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For bulk crystals, at low temperatures and with a low content of Mn*, the LaMnOs.;s structure is ortho-
rhombically-distorted — usually identified as O’ — counting with the Pnma space group. In the O’ phase,
the MnOs octahedron presents a Jan—Teller distortion (two shorter and four longer Mn—0 bond lengths)>*
due to the presence of one electron in the degenerate e, orbital of Mn3* (electron-vacant d-shell with
tg’eg' configuration), which content is high in the phase.>® The increase of temperature and the content
of Mn** (from ~10 to ~15 % at 25 °C) causes the phase transition from the O’ phase to another ortho-
rhombic phase (identified as O) and an important volume contraction of the unit cell leading to its sym-
metrization. As it can be observed in Figure 4b, further increasing the temperature and the Mn* content
(>23 % at 25 °C) cause the transition of the O-phase to the rhombohedral (R) phase in which the Jan—
Teller distortions are not present.>?

For nano-crystalline perovskites, it has been reported that the size of the crystallite also affects the stabi-
lization of a given LaMnOs.s phase as studied in materials synthesized with the microwave-assisted glyco-
thermal method with subsequent calcination at high temperatures.> In this case, the stabilization of the
rhombohedral phase occurred for LaMnOs.s samples counting with crystallite sizes between ~20 and
~80 nm and a temperature-induced increase of the size led to a phase transition to the orthorhombic
system. It is evident that the polymorphism of the LaMnOs.s structure is multiparametric and the synthesis
techniques and post-treatments applied can play a big role on defining the conditions for a possible phase
transition.

LaO-terminated MnO,-terminated

o/ °/

% P o Q% o " 0%,
B3, gy <y
o({)q{b
P°'~'0°o%°

OLa’Mn Qo0

Figure 5. LaO- and MnOz-terminated (0 0 1) LaMnOass surface with the arrow indicating

an adsorbed oxygen atom.>®

The formation of a given phase also affects the surface characteristics of this perovskite system. LaMnOs.s
structures can be LaO- or MnO,-terminated as presented in Figure 5 for (0 0 1) cubic LaMnOs.;s facets.>®
Regarding the orthorhombic LaMnOas.s structure, the adsorption of CO molecules on the MnO,-termi-
nated (0 1 0) surface has been previously evaluated identifying the formation of the Mn-CO structure as
the most favorable adsorption form of carbon monoxide.>’

2.5 Catalytic CO oxidation

Based on the previously presented analysis of the structure and surface of the LaBOs (Fe, Co, Mn) perov-
skites, the use of these materials on the low-temperature catalytic CO oxidation is discussed in this section.
Besides being an important probe reaction, CO oxidation is present in several applications that seek to
remove or decrease the content of CO in, e.g., enclosed atmospheres as it is toxic for humans or in proton
exchange membrane fuel cells (PEMFC) as CO deactivates the commonly used Pt-based catalysts.®
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The oxidation of CO using perovskites as catalysts is usually explained with a suprafacial mechanism, i.e.,
only oxygen species from the surface of the catalyst is participating the oxidation reaction.?® The oxidation
of CO on LaCoOs has been proposed to proceed according to the following mechanism:

Oyg) +4e™ = 07 (aq) + 3~ = 20¢54) (2.1)
CO(aqy + 200aq) — cog—(ad) (2.3)
CO3ad) = €Oz (aqy + Ofaqy = COy(g) + Ofag) (2.4)

Initially, oxygen from the gas phase (0 (g)) is adsorbed on the surface (e.g. on Co** ions) of the catalyst as
molecular 03 (ad) and then as atomic oxygen species (O%a'd)) according to reaction (2.1). CO from the gas
phase is also adsorbed on the surface (Reaction (2.2)) and O%a' yto form carbonates (Reaction (2.3)) which
are then desorbed as gaseous CO, g leaving atomic oxygen species adsorbed on the surface of the cata-
lyst (Reaction (2.4)). The latter reaction is considered to be the rate-limiting step of the mechanism.?” A
similar mechanism was proposed for the CO oxidation on the LagsCeo2MnO3 perovskite. When analyzing
the mechanism, it becomes apparent that many parameters might play an important role in the catalytic
CO conversion, e.g., the concentration of active oxygen species on the surface and the partial pressure of
oxygen in the gas phase, the oxygen mobility and the reducibility of the cations (B)®® which participate in
the mechanism as a B™39* = B™ redox process.® Regarding the latter aspect, the reducibility of LaFeOs,
LaCoOs and LaMnOs perovskites synthesized by reactive grinding (RG) was evaluated>® with hydrogen
temperature-programmed reactions (H>-TPR) as presented in Figure 6a. The complete reduction of Co®*
and Fe® to its respective metallic states was identified. In contrast, manganese cations were only reduced
from Mn* to Mn?*. Nonetheless, the LaMnOs perovskite presented the highest reducibility at tempera-
tures lower than 500 °C, followed by LaCoOs and LaFeOs materials. Despite the lower reducibility of La-
Co0s;, the catalytic CO performance of this perovskite is usually the best among the current studied cases
(LaFeOs, LaMnOs) as presented in Figure 6b where the CO reaction rate is plotted in function of the num-
ber of electrons of the transition metal cations in LaBOs-based perovskites.®’ The high catalytic activity of
LaCoOs3 perovskites has been related to the preferential adsorption of CO on Co** sites and of molecular
oxygen on Co? sites.®
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Figure 6. (a) Ho-temperature programmed reaction (TPR) of LaCoOs, LaMnOs and LaFeOs perovskites.> (b) CO reac-
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The BET specific surface area (SSA) and the porosity of the materials also influence the catalytic CO oxida-
tion. Xiao et al studied bulk and porous LaFeOs perovskites counting with a BET of 4.3 and 20.6 m?%/g,
respectively.®! The porous material presented a superior reducibility and a higher amount of oxygen va-
cancies leading to a better catalytic activity than the bulk material. For a 50 % CO conversion, the porous
perovskite required a temperature lower than 300 °C while the bulk perovskite required a temperature
of ~425 °C to reach the same conversion.

Perovskite-type oxides have also been used to selectively oxidize CO in H,-rich gas streams to avoid, e.g.,
the deactivation of Pt-based catalysts in proton exchange membrane fuel cells (PEMFC).% 62 In this case,
besides the CO reaction to produce CO,, additional reactions must be considered:

CO + 0.50, — CO, (2.5)

H, + 0.50, - H,0 (2.6)

CO + H,0 & H, + CO, (2.7)
CO + 3H, —» CH, + H,0 (2.8)
CO, + 4H, - CH, + 2H,0 (2.9)

In the selective CO oxidation, it is desired to maximize reactions (2.5) and (2.7). Formation of methane
from CO and H; (2.8) or from the water-gas shift reaction (WGSR) (2.9) should be minimized. LaCoOs-
based perovskites (e.g., La;-«CexCo0s3) have proven to display high activity for the selective CO oxidation
as they present high content of active oxygen species and count with high reducibility. Furthermore, the
addition of Ce in low amounts (LaossCeo.0sCo03) has been identified as effective to limit methanation re-
actions (reactions (2.8) and (2.9) ) and to increase low-temperature CO conversion when compared with
undoped LaCoOs3 perovskite.®?

In conclusion, LaFeOs, LaCoOs, and LaMnOs perovskites are active and interesting materials for CO oxida-
tion, which is a reaction that helps understanding the requirements of these materials in order to count
with high oxidation activities. Such requirements are not only based on phase purity. Perovskite materials
with high specific surface areas, defined morphologies and porosities count usually with better activities.
Synthesizing these materials with the required phase, size and specific surface area characteristics is not
a simple task. In order to give an idea of the associated challenges, an evaluation of different synthesis
approaches is presented in the following section.

2.6 Challenges related to the synthesis of perovskite materials

Instead of describing in detail the different synthesis methods available to produce perovskite-type oxides,
the purpose of this section is to identify common challenges and most importantly, opportunities to im-
prove the synthesis and the materials characteristics. There are several comprehensive reports regarding
the synthesis of perovskite-type oxides.? 265354 The solid-state synthesis considered as one of the oldest
synthesis processes of perovskites. It is based on the mixture of solid metal-ion-containing precursors (e.g.,
carbonates or oxides) followed by high-temperature treatment and long calcination. The ceramic method
is part of the solid—solid category for synthesizing perovskites. Other methods in this category include:
microwave, combustion, hydrothermal, and mechanochemistry synthesis. Perovskites synthesized using
solid—solid methods count generally with low BET specific surface areas (SSA) (< ~5 m2/g). One exception
is the mechanochemistry-derived method known as activated reactive synthesis (ARS) with BET SSAs up
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to ~100 m?/g.8 This is a hybrid method with a calcination step of metal-ion-containing precursors until the
desired perovskite phase is obtained, followed by high-energy ball-milling (HEBM) lasting typically about
2 h to produce nanocrystalline perovskites. This method has three main challenges: The use of milling
media that contaminate the product, the amorphization of the materials, and the difficulty associated
with obtaining particles with a defined morphology as it is presented in a SEM picture of a LaFeosCuo 203
perovskite® in Figure 7a.

Figure 7. SEM images of LaFeOs-based perovskite-type materials synthesized by the (a) ARS®, (b) sol-gel®® or (c)
colloidal-crystal template method®’.

Another synthesis category of perovskites is liquid-based or solution-mediated. Some of the typical meth-
ods in this category are the well-known sol-gel, Pechini, hydrothermal and nonaqueous solvothermal
methods. As an example, the sol-gel method is based on the formation of a colloidal suspension by adding,
e.g., citric acid to an aqueous solution of metal precursors in a pH-controlled process in which a La-Fe-
citric acid complex precursor gel is formed by concentrating the solution at mild temperatures. A sub-
sequent calcination step at high-temperatures is required for eliminating the organic structures of the
complex gel precursor, for forming oxide species and for obtaining crystalline perovskites with a pure-
phase, leading to low BET SSAs and non-defined morphologies as it can be seen in Figure 7b taking a
LaFeOs; perovskite® as example. In the liquid-based synthesis category, the nanocasting methods are rec-
ognized for enabling the synthesis of high BET SSA perovskites. These methods — which advantages (fea-
tures) and disadvantages (challenges) are presented in Figure 8 — include the soft-template, hard-tem-
plate and colloidal-crystal template processes (e.g., TEM image of 3DOM LaFeOs perovskite®” presented
in Figure 7c). Mesoporous perovskites can be synthesized with the hard-template method that uses silica-
based mesoporous materials (e.g., SBA-15, KIT-6) as templates. The templates are impregnated with a
solution-containing metal precursor and chelating agents (e.g., citric acid) and are subsequently calci-
nated at high temperature.!! In a final step, the SiO,-based template is removed using a base solution
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(e.g., NaOH). Even though this method also requires high temperature, the final materials usually show
high BET SSAs, with a stable mesoporous structure. The problem associated with using template-based
methods is that the complete removal of, e.g., silica is difficult. Additional challenges of nanocasting meth-
ods are related to low yields of materials and time-consuming steps.%?
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Figure 8. Features and challenges of different synthesis methods of porous perovskite-type oxides. %

Some conclusions can be drawn from the analysis of the different synthesis methods to produce perov-
skite-type oxides. The various perovskite synthesis methods obey specific application needs and these
synthesis approaches can be adjusted to deliver materials with the desired characteristics. There are two
common goals in the synthesis of perovskites: phase purity and high specific surface areas (SSA), especially
for catalytic applications. As most of the methods require high-temperature calcination, phase purity is
obtained at the expense of high SSAs. Nevertheless, there are multiple ways to circumvent this problem.
The alternatives, which range from using mechanical steps (HEBM) after calcination to using nano-tem-
plates, are effective to provide perovskite materials with high SSAs. But as before, the improvement in
SSA can be related to contaminations from, e.g., the milling media or the template material. However,
these contaminations can be reduced to very low levels with careful optimization of the methods. Addi-
tional common challenges are related to low yields, the time required to obtain the perovskite materials
and the scalability of the processes. In the process of finding techniques that can simultaneously tackle
the identified challenges, the spray-flame synthesis — which was intentionally not discussed in this section
— has been identified as a suitable candidate. As it is discussed in Chapter 3, the scalable spray-flame
synthesis method has the potential to produce phase—pure, high-SSA perovskites without requiring addi-
tional high-temperature calcination and without using templates. This method, which is studied in this
thesis for the synthesis of perovskites, has several associated challenges as the other techniques pre-
sented in this section. Some of the challenges of the spray-flame synthesis method include: (1) the devel-
opment of the required technology (e.g., nozzle, burner, particle-collection systems); (2) the selection of
precursors (e.g., organic-, inorganic-based) and solvents; (3) the understanding of the multiple reactions
involved (e.g., in the liquid-phase, gas-phase, solid-phase and their interfaces/interactions); (4) the mod-
elling/prediction and (5) the measurement of chemical species, molecular clusters, nanoparticle sizes and
temperatures in the different phases. In the following chapter, these challenges will be explained with
focus on the selection of metal precursors and solvents as possible ways to obtain pure-phase and high-
BET LaFeOs, LaCoOs and LaMnOs perovskites.
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3 Spray-flame synthesis

3.1 Fundamentals

Early scientific reports of flame synthesis of metal oxide particles date back to 1959. For example, fumed
alumina (Al,03) particles were produced by supplying AICl3 vapor to a H,/O, flame.®8 Similarly, Ulrich et al.
(1971) synthesized fumed silica (SiO2) through the combustion of SiCl, in a premixed flame.® 7° Over the
years, the flame synthesis of metal oxides using gaseous/vapor metal precursors has been extensively
investigated — an early state of the art from 1971 to 1996 was prepared by Pratsinis’* — and nowadays,
this method is used to commercially produce fumed single metal oxides as SiO, and Al,O3 by multinational
chemical companies as Evonik, Cabot and Wacker.”> Nevertheless, the use of gaseous/vapor precursors
has been limited to the flame synthesis of single oxides. For the synthesis of mixed oxides (e.g., perov-
skites), the use of multiple vapor precursors — with different vapor pressures and reaction kinetics — poses
an important limitation in order to obtain phase-pure mixed materials.?

In 1963, Nielsen et al.”® prepared aqueous solutions of AlCl; and other metal salts and sprayed them in a
natural gas/0O, flame, laying the foundations for the spray-flame synthesis. Many non-volatile and afford-
able metal precursors (e.g., metal-inorganic, metal-organic or organometallic compounds) can be dis-
solved with the desired stoichiometry — in case mixed oxides/compounds are required — in combustible
liquids (e.g., alcohols or carboxylic acids) to form precursor solutions that can be directly used in the spray-
flame synthesis process, allowing to reach the formation of nanocrystalline (mixed) metal oxides and
overcoming the challenge posed by the vapor-based flame synthesis. Great reviews have been prepared
outlining the main characteristics and findings of the spray-flame process and the related materials that

have been synthesized and investigated over the years.!%747°

The spray-flame synthesis process requires the use of a burner with an integrated nozzle to finely atomize
the precursor solutions. The burner design has evolved over the years and currently, the SPP 1980 project
(for more information on this DFG-funded priority program, visit: https://www.uni-due.de/spp1980/) is

leading an effort to have a standardized burner known as the SpraySyn burner — described in detail by
Schneider et al.® This is being done as a way to foster the scientific cooperation and developments and
to have a common ground to link experiments with simulations.”” In order to describe the spray-flame
synthesis experiment, a schematic is presented in Figure 9a. In the spray-flame process, the liquid flow
(e.g., solution of metal precursors) is supplied to a stainless-steel capillary — via a syringe pump — which is
located at the center of a two-fluid external mixing nozzle. The capillary is surrounded by a low-transver-
sal-area annular aperture through which the dispersion gas (0,) is supplied at high velocity and put in
contact with the solution of precursors, causing the fine atomization of the liquid through shear forces. In
order to form the spray-flame — a picture is presented in Figure 9c — the spray flame is supported by a
CH4/0; premixed pilot flat flame, which is stabilized on a sintered bronze plate. The flame is shielded
against the environment by a surrounding co-axial flow of air. The details about the dimensions of the
burner and the parameters (e.g., composition/concentration of solutions of precursors, flow of liquid and
gases, pressure) used in the different experiments performed and discussed in this thesis can be found in
Chapters 4.2.1,5.2.1, and 6.2.1.
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Figure 9. (a) Schematics of the spray-flame synthesis burner. (b) Diagram of the spray-flame reactor. (c) Photo of a
spray-flame of a mixture of ethanol and 2-ethylhexanoic acid. (d) Photo of the spray-flame synthesis reactor.

In order to regulate the reactor pressure via a rotary vane pump and to avoid the presence of nanoparti-
cles in the laboratory atmosphere, the spray-flame is enclosed in a reactor chamber as presented in Figure
9b and d. Downstream of the reactor chamber, the temperature of the flow of gases/particles is controlled
using an indirect cooling water system — the hollow truncated cone on top of the reactor chamber —and
direct mixing with compressed air, which also acts as a quenching gas to reduce the sintering of the par-
ticles. The powder is collected in a polymer-coated filter fabric.

The process of particle formation and growth in the spray-flame involves multiple phases of reactive fluids
(gas, liquid, solid). The reactions involved in the process are complex and can occur homogeneously or
heterogeneously. The understanding of the formation of nanoparticles in the flame has importantly ad-
vanced over the last decades with the development of (1) shock-tube studies to understand the reactions
kinetics; (2) molecular-beam sampling coupled with particle-mass spectrometers to track the formation
of clusters of species and particles and their growth directly in the flame and (3) with laser-based diag-
nostics (e.g., laser-induced fluorescence or incandescence) to measure temperatures and particle concen-
trations and sizes.””” 8184 Based on the use of simple and volatile precursors’” as SiHs or Fe(CO)s, a series
of general steps have been identified in the formation of particles in the flame. First, the precursor is
quickly evaporated and decomposed in the high-temperature flame forming radicals, intermediates and
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molecules®. The first molecular clusters can be formed by collision- or by evaporation-condensation-con-
trolled nucleation of gas-phase species.®> Based on their stability and given that the clusters reach a critical
size, the particle formation process can proceed. The clusters grow by homogeneous or heterogeneous
processes (e.g., the addition of monomers to the cluster surface) with a subsequent fast coalescence lead-
ing to solid particles that are typically spherical. Further collision, coagulation and coalescence processes
cause the formation of soft agglomerates — particles connected by van-der-Waals forces — and hard ag-
glomerates (aggregates). The latter coming from the sintering process of the contacts of the particles.®®
The previously described mechanism is usually known as gas-to-particle conversion and is associated with
the flame synthesis of crystalline, small and monomodal nanoparticles.’®®” This type of particle formation
is also a characteristic result of using gaseous or volatile metal precursors as halides. On the contrary, in
the spray-flame synthesis of metal oxides using solutions of non-volatile precursors, an alternative con-
version route has been identified and usually named as droplet-to-particle conversion.”® A scheme of the
particle formation processes®® including this conversion route is presented in Figure 10.
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Figure 10. Schematic of the spray-flame synthesis of particles starting from droplets.2®

The droplet-to-particle conversion leads to typically non-desired, shell-like, hollow and/or micron-size
solid particles through different processes involving the surface/droplet precipitation, drying, densifica-
tion and sintering. Nevertheless, the droplet-to-particle conversion and in general, the formation of par-
ticles using solutions of complex precursors is not understood in detail yet. The use of different combina-
tions of metal precursors (e.g., metal nitrates) with single solvents (e.g., ethanol) has been linked to the
mixed formation of particles through the gas-to-particle and the droplet-to-particle conversions, leading
to the selection of organic-based metal precursors when the droplet-to-particle conversion needs to be
avoided in a research-scale experiment.!” Nevertheless, metal nitrates are usually the low-cost option'*
8 and thus the selected precursors for an economic flame synthesis of particles. Thus, the understanding
of this type of precursors and the design of nitrate-based solutions which promote the gas-to-particle
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formation of nanoparticles is a current and interesting topic of research in the spray-flame synthesis com-
munity. Jossen et al.*proposed different criteria — involving the use of combustion enthalpies and boiling
points of solvents, and melting/decomposition points of metal nitrates — to try to explain the formation
of inhomogeneous or homogeneous particles in the spray-flame process. The authors analyzed the syn-
thesis of Bi,O3 (among other materials) using bismuth nitrate as precursor and considering different lig-
uids (methanol, ethanol, methoxy-2-propanol, ethoxy-ethanol, propylene glycol propylether, and diethy-
lene glycol-monoethylether) mixed with a water-based HNOs; solution (15 Vol. %) as solvents. Both homo-
geneous (i.e., solid nanoparticles) and inhomogeneous (i.e., mixture of hollow/solid large particles and
solid small nanoparticles) Bi,O; samples were reported. For each synthesized material and based on the
combustion enthalpy of the given solvent, the total volumetric flow rate of each solution supplied to the
reactor, and the volumetric flow rate of the dispersion gas, the authors proposed a parameter —the com-
bustion enthalpy density (kJ/ggas) — and correlated it to the observed formation of homogeneous or inho-
mogeneous Bi,0s particles. This parameter was defined as the ratio of the liquid-fed combustion enthalpy
(kJ/min) over the total gas flow rate through the nozzle (gg.s/min). By changing the volumetric flow rate
of the precursor solution, the authors explored three values — 2.2, 4, and 4.7 kJ/ggas — of the combustion
enthalpy density to synthesize Bi,03 using each of the mentioned alcohols/glycol ethers as solvent. It was
proposed that a value > 4.7 kl/gq.s was effective to generate solid and homogeneous Bi,O3; nanoparticles.
Towards the same goal, the authors also proposed that the ratio of the boiling point (Typ) of the solvent(s)
over the decomposition/melting point (Ty/mp) of the metal precursor should be > 1.05 to prevent the for-
mation of large or hollow particles. This means (assuming an ideal solution where the boiling point is not
influenced by the solute), the formation of a solid precursor precipitate is prevented when the liquid
evaporates as the remaining precursor either decomposes or remains liquid at the respective tempera-
ture. Even though this descriptors or criteria have been broadly used and adopted 7919, they do not take
into account many relevant aspects of the spray-flame synthesis which are presented as follows:

e The different alcohols/glycol ether mixtures used are considered solely as energy sources, the
solubility/chemistry of bismuth nitrate in each solvent and the chemical effect of the water-based
HNO; solution were not considered. For example, it is known that bismuth nitrate readily hydro-
lyses in water to form oxy- and hydroxy-nitrate precipitates.®® Additionally, bismuth nitrate is in-
soluble in pure ethanol. As the addition of HNOs helps stabilizing water-based solutions of bis-
muth nitrate, a similar effect is most likely occurring in methanol- and ethanol-based solutions. In
contrast, bismuth nitrate is expected to be stable in solutions of glycol ethers (methoxy-2-propa-
nol, ethoxy-ethanol, propylene glycol propylether, and diethylene glycol-monoethylether) by
most likely forming bismuth alkoxides.’” For combustion enthalpy densities of 2 and 4 kl/ggas,

Jossen et al.®®

reported that the Bi,Os particles synthesized using methanol and ethanol as sol-
vents were inhomogeneous while those samples synthesized using glycol ethers were homoge-
neous. This was attributed to the comparatively higher boiling points of the glycol ethers in com-
parison to those of methanol and ethanol. Nevertheless, the formation of large Bi,Os particles
from the droplet-to-particle mechanism is — as explained before — highly dependent on the chem-
ical stability of the precursor solution even at room temperature. The boiling point of the solvent
is relevant for many other phenomena but it is most likely not —when considered out of chemical
context — a parameter to evaluate/predict the formation of homogeneous/inhomogeneous par-
ticles.

e Jossen et al.*° reported that the increase of the combustion enthalpy density from 4 to 4.7 kJ/ggas

was effective to produce homogeneous Bi,03 using methanol or ethanol as solvent. Nevertheless,
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the classification of Bi,O; as homogeneous was based on the assumption that the XRD diffracto-
gram of the ethanol-synthesized sample at 4.7 kJ/gg.s did not present a bimodal character in com-
parison with the sample synthesized at 2 kJ/gq.s (the sample synthesized at 4 kl/gg.s was not in-
cluded in the analysis) which presented a pronounced broadening of the bottom of the peaks. In
contrary, this might be an indication of a higher content and size of large particles in the Bi,0s;
sample synthesized at 4.7 kJ/gqs based on the higher intensity of the diffraction peaks of this
sample in comparison with the sample synthesized at 2 kJ/ggs. Furthermore, the increase of the
BET-derived particle size from 17 nm (4 kl/ggas) to 23 nm (4.7 kJ/geas) was explained based on the
increase of the flame height (higher residence time and sintering of particles in the flame). Nev-
ertheless, the effect of large particles on the BET specific surface area and derived particle size
was not considered. Large particles have an important influence on BET results and their decrease
or absence should most likely hint to a decrease of the BET-derived particle size of the samples
synthesized at 4.7 klJ/ggas, which was not the case.

For each solvent analyzed, the variation of the combustion enthalpy density from 2 to 4.7 kJ/ggas
was done by increasing the volumetric flow rate of each precursor solution while maintaining the
dispersion gas flow rate constant. In other words, the fuel/oxygen equivalence ratio was modified.
This indicates a variation of the oxidation/reduction conditions of the flame and its temperature
profiles. Furthermore, the increase of the volumetric flow rate of the precursor solution is most
likely related with the variation of the droplet size distribution, leading to larger droplet sizes at
high solution flow rates which might lead to larger particle sizes from the droplet-to-particle
mechanism and a delayed evaporation of the precursor droplets and thus a different temperature
history for the product on its path through the flame.

Regarding the ratio of the boiling point (Ty,) of the solvent(s) over the decomposition/melting
point (Ty/mp) of the metal precursor as proposed by Jossen et al.?, the first point to consider is the
melting point of the metal precursor. While the concept of the melting point can be applied for
solids (e.g., Bi(NOs); :5H>0), it is not applicable for solutions (e.g., bismuth nitrate dissolved in
water) as they already are in a liquid physical state. Upon dissolution of a metal precursor in a
given solvent, multiple reactions take place (e.g., ligand-exchange, formation of (oxy)hydroxides
or complexes) even at room temperature, indicating as well that the melting point of the original
metal precursor does not necessarily provide information relevant for the particle formation from
the droplet-to-particle mechanism.

The second point is related to the difference between melting point and decomposition point of
metal precursors. Jossen et al.?® used both terms interchangeably. The decomposition of a metal
precursor (e.g., metal nitrate) occurs over a temperature range and depends on the atmosphere
used (e.g., N, air, O;). Depending on the metal nitrate, decomposition temperatures can range
from ~140 to ~870°C.%8 If the Tyy/Ta/mp values presented in Figure 11 are corrected by the decom-
position temperatures of the metal nitrates, the T/ Ta/mp ratios would be considerably lower than
1.05.

Considering only metal nitrates as precursors, Jossen et al.® extended the discussion of the

1.%° regarding the spray-flame synthesis

Top/ Ta/mp ratios including the results published by Tani et a
of Ce0,, ZnO, MgO, Al,03, Fe,03, and Y,0s. All these materials were synthesized using the corre-
sponding metal nitrate dissolved in a mixture of water/kerosene/hexa(2-hydroxy-1,3-propylene
glycol) in a 65/35/2 ratio, generating an emulsion of a hydrolyzed precursor. All synthesized oxides
were identified as inhomogeneous as it can be observed in Figure 11 correlating the results with

the T/ Ta/mp ratios using the boiling point of water as reference and the melting point of each
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metal nitrate. The use of such hydrolyzed-precursor-based solutions would probably lead to in-
homogeneous/large/hollow particles in the spray-flame through the precipitation of oxy-hydrox-
ide species in the liquid phase. In this case and as presented before, the use of the melting point
of metal nitrates does not make sense due to the different physical state and chemical composi-
tion of each solution. Furthermore, if the value of the boiling points of kerosene and hexa(2-hy-
droxy-1,3-propylene glycol) are taken into account to calculate the Typ/Tuy/mp ratios, the values
would be much greater than 1. And similarly, if the real decomposition temperatures of the metal
nitrates are considered, the Typ/Ta/mp ratios would be considerably lower.
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Figure 11. Combustion enthalpy density and Tbp/Ta/mp ratio as criteria to identify the formation of inhomogeneous
or homogeneous spray-flame synthesized metal oxides.*°

Based on the previous points, it is concluded that parameters as the combustion enthalpy density and the
Tbe/ Ta/mp ratio do not take into account the physical and chemical complexity of the spray-flame process
in order to be used as universal criteria to predict the formation of homogeneous or inhomogeneous
particles from the spray-flame synthesis. Instead, an extended analysis should be carried out involving,
e.g., the precursor solution chemistry, the precursor decomposition, the flame characteristics (e.g., tem-
perature, residence time), and the evaporation of oxides. Congruently, these aspects are analyzed in
Chapter 3.2 for the spray-flame synthesis of different metal oxides. The discussion is focused on the use
of metal nitrates as precursors — which fundamental chemical/physical aspects are presented in Chapter
3.2.1 — using ethanol (Chapter 3.2.2) or a mixture of ethanol and 2-ethylhexanoic acid (Chapter 3.2.3) as
solvent for the synthesis of the different materials.

3.2 Metal nitrates as precursors for the spray-flame synthesis of single oxides

3.2.1  Chemistry and decomposition of metal nitrates

Hydrated metal nitrates have the general M(NOs)ynH,O form (e.g., La(NOs)s;:nH,0, Fe(NOs)3:9H,0,
Co(NOs),-6H,0, Mn(NOs),-4H,0), with x being the oxidation state of the metal ion and n being the number
of crystallization water molecules.'® The NOs™ ion shares geometric similarities with the planar BOs™ and
COs™ ions and its structure can be explained — based on valance bond theory with three canonical forms
(1, 11, N1)°* as presented in Figure 12.
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Figure 12. Canonical forms of the nitrate ion.0?

The decomposition of hydrated metal nitrates is influenced by the gas atmosphere (e.g., air, Hz, N2) —
reducing or oxidizing conditions — at which it is done. Furthermore, metal nitrates count with a broad
range of decomposition temperatures depending on the electronic interactions between the metal cation
and the nitrate ion.*® 12 Thermogravimetric analyses (TGA) of the decomposition of several metal nitrates
under air is presented in Figure 13.
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Figure 13. Thermogravimetric analysis (TGA) of the decomposition of metal nitrates under air. (a) Transition-metal

nitrates. (b) Rare-earth nitrates. Adapted from Cochran et al.1®?

Most of the hydrated metal nitrates melt (formation of a highly concentrated solution of the metal nitrate
using released hydration water as solvent) at low temperatures (<75 °C). The decomposition of the metal
nitrates involves several steps and different reactions starting with the formation of M(OH),(NOs),(H,0);,
HNOs and H,0 species until a temperature of 120 °C is reached. Higher temperatures —in the 200 to 500 °C
regions of Figure 13a and Figure 13b — cause the formation of metal hydroxides, NOy, O, and H,0. The
formation of metal oxides proceeds through the decomposition of the formed metal hydroxides and the
release of water.’% The decomposition temperature (T4) — defined by Cochran et al.’ as the temperature
at which the initial metal nitrate compounds have lost 75 % of their mass —is related to the charge density
of the metal cations. As presented in Figure 14, cations with high charge density — which can be under-
stood as cations with high attraction of the nitrate ion electron density — count with low decomposition
temperatures and vice versa. Additionally, metal cations with large ionic radii have low charge densities
and thus, high decomposition temperatures. Congruently, lanthanum nitrate'® has a Ty of ~440 °C, while
iron, cobalt and manganese nitrates have decomposition temperatures of 140, 220, and 180 °C, respec-
tively.
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Figure 14. Charge density and decomposition temperature of metal nitrates.®

Metal nitrates are soluble in water and in polar organic solvents such as ethanol. The dissolution of metal
nitrates in water is accompanied with multiple reactions and diverse speciation. The metal cations interact
with the lone electron pairs of oxygen in water molecules. A high attraction between the metal cations
and the oxygen from water would create positive-charged hydrogen species and would lead to a hydrol-
ysis reaction and to metal cation acidity.'® The deprotonation hydrolysis reaction!®® proceeds according
to reaction (3.1).

[M(OH,)n]** + hH,0 — [M(OH), (OH,)n—n]®™* + hH;0* (3.1)
M?* 4+ nH,0 - M%*(aq) (3.2)
[M(OH)n]?* + NO3 = [M(NO3)(OHz)n—1]*1* + H,0 (3.3)

Hydroxylated precursors as the [M(OH)h(OHZ)N_h](Z‘h)+ species from the hydrolysis reaction lead to
the condensation (precipitation) of metal ions through olation (e.g., formation of M—OH-M structures) —
which is the dominant mechanism for low-valence (+2,+3) metal cations — or oxolation (e.g., formation of
M-0-M structures). The speciation of metal cations in water is pH-, concentration-, and temperature-
dependent. The speciation of aluminum (AI**) and iron (Fe3*) are presented in Figure 15 as Pourbaix dia-
grams in order to analyze the dominant species at equilibrium conditions based on concentration and pH.

20



Spray-flame synthesis

a‘’ =
AI(OH)“W >
1+
S 3+
AR
I
w
o 1}
>
w
2t
Al (s) \
_3 A [} 1 1 1

0 2 4 6 8 10 12 14

VR Sy R IR R
0 2 4 6 8 10 12 14

(pH)

Figure 15. Pourbaix diagrams depicting the speciation of (a) aluminum (AI3*)1%2 3t 0.1 mol/l and 25 °C and (b) iron
(Fe3*)1%4 at 1 mol/l and 25 °C under different potentials and pH values.

Al cations are stable in the aqueous form at pH below ~4. Above this pH, solid aluminum hydroxide
species form. For Fe® cations and according to Figure 15b, a pH above ~2 is already sufficient to cause
the fast formation of low-molecular-weight hydrolysis products as Fe(OH)?*, Fe(OH)," and Fe,(OH),*,
which are the precursors for solid species. Nevertheless, instead of precipitating as a hydroxide as indi-
cated in Figure 15b, iron tends to form amorphous solid oxy-hydroxide compounds (e.g., MO(OH)(OH,)).
When considering the effect of the nitrate ions in agqueous solutions, the formation of metal nitrate com-
plexes depends on the type of metal cation in solution and as presented by Cochran et al.1%, it can be
analyzed with two parameters: The free energy of hydration (AGhyd) in the reaction presented in reaction
(3.2) and the water-exchange rate constant (ku20) taking the reaction presented in reaction (3.3) as refer-
ence. For different metal cations, the free energy of hydration and the water-exchange rate constant at
25 °C are presented in terms of the cation ion radius in Figure 16a and in Figure 16b, respectively.
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Figure 16. (a) Free enthalpy of hydration and (b) water-exchange rate constant at 25 °C for different metal cations
coming from nitrates in water in function of the ionic radius (r). Adapted from Cochran et al.1®?

The stability of hydrated metal cations can be evaluated with the free energy of hydration. Metal ions as
Al**, Ga** and Fe* form very stable hydrated complexes (low AGh,q) While metal cations such as Zn*, Mg?*,
Mn?*, Co?* and La** do not present the formation of such stable hydrated complexes. Additionally, the
water-exchange rate constant is helpful to analyze how fast water molecules from the inner coordination
sphere of the metal cation can be exchange by nitrate ions in order to form metal-nitrate complexes.
Congruently, metal cations as Al** and Fe3* have a low exchange and other cations like Zn%, La3* and Mn?*
have a high exchange rate, happening in a matter of seconds. Putting the two parameters together, metal
cations with low AGhygand low kinyo are expected to be especially prone to hydrolysis. This is relevant for
the design of nitrate-based solutions for the spray-flame synthesis of metal oxides as hydrolysis reactions
might induce the early formation of solid species acting as seed for the precipitation of compounds in the
droplets promoting the non-desired droplet-to-particle conversion (Figure 10). However, the effect of or-
ganic solvents as ethanol on the hydrolysis of metal cations has not been studied in detail yet. Ho et al.1%
studied the effect of adding ethanol (21.2 Wt.% and 44.4 Wt.%) to water-based solutions of nickel nitrate
on the hydrolysis of the nickel cations. Interestingly, the addition of ethanol increases the formation rate
of species as Nis(OH)4*. Additionally, the effect of the temperature of the solution was also evaluated.
Compared to 25 °C, a temperature of 75 °C increases 10°times the formation constant of Nig(OH)4* in an
aqueous solution. The temperature of the solution is also an important parameter in the spray-flame syn-
thesis as the temperature of the droplets would increase from the initial temperature of supplying to the
boiling point of the solvent or mixture of solvents until they are completely evaporated.

An approximation to the direct observation of hydrated metal cations in the gas-phase has been possible
through techniques like the electrospray ionization mass spectroscopy (ESI-MS), which is identified as a
method that enables the transfer of ionic species from a solution to the gas phase.'®® Important ad-
vantages and drawbacks of the method have been identified by Di Marco et al.’” One example to consider
is the ESI under mild conditions of aqueous solutions of cobalt nitrate performed by Schréder et al.1%
identifying [Co(H.0).]%*, [Co(NOs)(H,0),]* and [Co(OH)(H20),]* species as hydrolysis products. ESI-MS
might be considered for future studies in order to link the hydrolysis reaction in the liquid phase with the
gas phase.
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3.2.2  Spray-flame synthesis of single oxides using metal nitrates as precursors and ethanol as
solvent

When using nitrates as metal precursors for the spray-flame synthesis of single oxides, ethanol is the
typical choice to prepare the solutions of precursors. The high solubility of the metal nitrates in ethanol
and its low cost are the main reasons behind. But the use of solutions of metal nitrates in ethanol is asso-
ciated with the mixed formation of large particles — from the droplet-to-particle conversion —and small
particles — from the gas-to-particle conversion — in the spray-flame synthesis of metal oxides. The contri-
bution of the droplet-to-particle conversion is usually high, leading to oxides with low BET SSAs. Some
examples of TEM images displaying the final particles from single metal oxides are presented in Figure 17.

Figure 17. TEM images of (a) Al203, (b) FexOy, (c) ZnO, and (d) CoxOy particles spray-flame synthesized using metal
nitrates as precursors and ethanol as solvent. Images (a), (b) and (c) adapted from Rosebrock et al.** and image (d)
adapted from Strobel et al.*.

It has been identified that for single oxides such as Al- (Figure 17a), Fe- (Figure 17b), and Co-oxides (Figure
17d), large particles are formed in most cases. However, Zn-oxide (Figure 17c) does not usually form this
kind of large particles from the droplet-to-particle conversion. To analyze the reasons behind these dif-
ferences, some properties of ethanol along with the characteristics of a spray-flame must be first pre-
sented. At 1 bar (abs.), ethanol has a boiling point of 78.3 °C (351.5 K)'%® and a standard heat of combus-
tion of —=1367.7 ki/mol (-23.4 kJ/ml)1%. At the same pressure and at stoichiometric conditions, the adia-
batic flame temperature of ethanol using oxygen is ~2680 °C.*° Using ethanol in the spray-flame process
and considering the SpraySyn burner as reference, the temperature of the liquid-phase (droplets) varies
between the initial temperature of the supplied solution and the boiling point of ethanol as it can be
observed in Figure 18a.'! By contrast, the gas-phase temperature — without considering the effect of the
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pilot-flame (yellow region in Figure 18b) — reaches up to ~1750 °C.2° The pilot-flame (pre-mixed CH4/05)
presents higher temperatures, up to ~2730 °C according to Figure 18b. The temperature values can be
modified by the variation of the different liquid or gas flows (different equivalence ratios), e.g., an etha-
nol/O; flame temperature of ~2300 °C measured at 7 mm above the nozzle — without differentiating the
effect of the pilot flame — has also been reported.!*?
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Figure 18. (a) Liquid-phase temperature of an ethanol spray in a spray-flame experiment using laser-induced fluo-
rescence (LIF).1!! (b) Simulation of the gas-phase temperature of a spray-flame of ethanol using the SpraySyn
burner (adapted from Schneider et al.?).

The first consideration to have into account is related to the chemistry of the metal nitrates in ethanol-
based solutions. Based on Chapter 3.2.1, compounds prone to hydrolysis at low temperature as aluminum
and iron nitrates might generate metal (oxy)-hydroxide species before and during the evaporation of eth-
anol in the droplets. As the boiling point of ethanol is lower than that of water, condensation of water
from the gas phase is possible and might also affect the hydrolysis process. By contrast, compounds such
as zinc nitrate are not expected to form stable (oxy)-hydroxides like Al nitrate at low temperature, limiting
the early formation of precipitating species in the liquid phase. The second consideration involves the
solubility of the metal nitrates. As ethanol evaporates from the droplets and depending on the concen-
tration, some metal nitrate compounds recrystallize easier than others, e.g., lanthanum nitrate is less
soluble than cobalt nitrate in ethanol. An early recrystallization would lead to the formation of large par-
ticles from droplets.

The size of the droplets is the next consideration. For ethanol sprays using the SpraySyn burner (liquid
flow of 2 mL min’t and dispersion gas (O) flow of 10 slm), at 15 mm above the burner, droplet sizes range
from 2 um to 30 um following a log-normal distribution with a maximum at ~3 um.**3 By contrast, when
using a liquid flow of 7.5 mL min™ and a dispersion gas flow of 7.5 sIm, droplet sizes range from 2 um to
65 um at 10 mm above the burner.!* Considering ethanol-based droplets with three different sizes (3, 30,

60 um) containing 0.2 mol/I of iron nitrate nonahydrate and supposing that iron oxide (Fe>0s) would be
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formed from the droplet-to-particle conversion, the final spherical particles would have a diameter of 434,
4340, and 8680 nm corresponding to the initial droplet sizes of 3, 30, and 60 um, respectively. This ap-
proximation is helpful to visualize that avoiding the formation of large droplets (e.g., >3 um, depending
of the initial concentration of metal precursors in solution) and improving the quality of the spray would
also help in reducing the formation of large particles from the droplet-to-particle conversion. In a two-
fluid external atomization nozzle like the one used in the SpraySyn burner, the droplet size can be modi-
fied by changing, e.g., the dispersion gas flow. However, this must be carefully done as high flow might
decrease the flame temperature and reduce the residence time of particles in the flame and their crystal-
linity.

The next consideration is related to the difference in thermal decomposition of the metal nitrates. As
presented previously and in Figure 14, compounds as lanthanum nitrate (T4 = ~440 °C) require high tem-
peratures for a complete decomposition to oxides. On the other hand, compounds such as iron, cobalt,
or manganese nitrate require comparatively lower temperatures (<250 °C). Compounds with higher de-
composition temperatures might require hotter flames and longer residence times. Assuming a decom-
position from metal nitrates, the formed metal oxides count with different melting and boiling points and
dissociation temperatures. The question in this case is at which temperatures metal-atom-bearing gas
species might be formed from the metal oxide in the condensed state (solid or liquid). For example, ZnO
has a melting point of ~1975 °C, but the formation of the gas phase species Zn(g) and O,(g) at 1400 °C —
or at even lower temperatures — has been reported.’'> Nevertheless, a temperature of at least ~1600 °C
is required to have acceptable decomposition rates.''® These temperatures are easily attainable with the
spray-flame process and the decomposition of even large ZnO particles to form Zn and O, gas species is
expected as it has been previously proposed.!'” The evaporation of metal oxides can proceed congruently
(metal cation to oxygen atomic ratio (M/O) = 1 in both the condensed and the vapor phases) or incongru-
ently (M/O different than 1 in the vapor phase with respect to the condensed phase). The evaporation
can also happen associatively, leading to only one species in the gas phase or dissociatively, leading to
more than one species in the gas phase. Some examples of metal oxides that present a congruent disso-
ciative evaporation are Al,05, MnO and NiO. By contrast, TiO, TiO, CuO, and La;0; are examples of metal
oxides with an incongruent evaporation. The vaporization temperatures of metal oxides have been stud-
ied basically under vacuum or using inert gases as N, or Ar in techniques as the Knudsen-cell effusion mass
spectrometry.’*® These measurements can be used as an approximation to the relative volatility of metal
oxides, providing reference information for the spray-flame process. Equilibrium partial pressures at dif-
ferent temperature of metal gas species over metal oxides under vacuum are presented in Figure 19.
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Figure 19. Equilibrium partial pressures at different temperatures of main metal gas species over metal oxides un-
der vacuum.%®

According to Figure 19, gas species as Na, Zn or Li are highly volatile. By contrast, Al, AlO or BeO are non-
volatile/refractory gas species. Two interesting cases can be compared: ZnO and Al,0; Large/hollow .Al,03
particles and small ZnO nanoparticles are usually formed in the spray-flame synthesis as it can be observed
in Figure 17a (AlyOs3) and Figure 17c (ZnO), respectively. As gas species from Al,0s3 (boiling point of
~2050 °C, boiling point of ~3000 °C) cannot be easily produced, the vaporization of — if formed — large
particles is highly unlikely when ethanol is used as solvent in the spray-flame process. By contrast and as
presented earlier, the vaporization of ZnO is expected to occur leading to small particles from the gas-to-
particle conversion. ZnO and Al,O; oxides are two opposite cases and not only regarding their decompo-
sition at high temperatures. As presented in Figure 16, the hydrolysis of aluminum in the liquid phase —
that might lead to the formation of large particles from the droplet-to-particle conversion — is energeti-
cally favorable. On the other hand, the hydrolysis of Zn in the liquid phase is highly unlikely to occur. In
conclusion, the formation of metal oxide particles in the spray-flame is a multiparametric process that
involves the formation of the spray (e.g., droplet size, spray quality, velocity of droplets and gases), the
chemistry of the solution of precursors (e.g., solubility, stability, hydrolysis, redox reactions), the flame
characteristics (e.g., temperature profiles, residence time, turbulence), the decomposition of solvents and
precursors (e.g., release of water, gases, formation of oxides) and the vaporization of oxides (e.g., volatil-
ity, melting/boiling points). All these effects are usually coupled and the design of metal oxides using the
spray-flame synthesis must take all of them into account.

Several methodologies have been used in the past to improve the quality (e.g., minimize the formation of
large particles, improve the crystallinity, maximize the content of a given polymorph) of spray-flame syn-
thesized single oxides. One successful approach has been the addition of 2-ethylhexanoic acid (2-EHA) as
a solvent to ethanol-based solutions of metal nitrates. In the next chapter, the mixture of ethanol and 2-
EHA as solvent for the spray-flame synthesis of single oxides using metal nitrates will be analyzed. Initially,
some physical/chemical considerations of the ethanol/2-EHA mixture will be presented followed by some
examples of metal oxides synthesized by this approach.
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3.2.3  Spray-flame synthesis of single oxides using metal nitrates as precursors and mixtures of
ethanol and 2-ethylhexanoic acid (2-EHA)

As presented in Figure 17, the use of pure ethanol as solvent and metal nitrates leads to large particles of
spray-flame synthesized single oxides. The different reasons behind were outlined in Chapter 3.2.2. By
contrast, the incorporation of 2-ethylhexanoic acid (2-EHA) in ethanol-based solutions of metal-nitrates
has been identified as beneficial for the formation of small, unimodal and crystalline single oxides. TEM
images of three oxides (Al-, Fe- and Co-oxides) spray-flame synthesized using a mixture of ethanol/xy-
lene/DEGBE/2-EHA are presented in Figure 20.

Figure 20. TEM images of (a) Al-oxide, (b) Co-oxide and (c) Fe-oxide spray-flame synthesized using solutions of
metal nitrates dissolved in the ethanol/xylene/DEGBE/2-EHA mixture (1:1:1:1). Adapted from Strobel et al.1*

Strobel et al.'* proposed that the synthesis of small and homogenous oxides — through the gas-to-particle
conversion — as the presented in Figure 20, was happening through the formation and decomposition of
metal carboxylates. Additionally, it has been proposed that low-temperature decarboxylation of metal
carboxylates might lead to the formation of CO; bubbles in droplets which can cause their sudden frag-
mentation (e.g., micro-explosion). The experiments done by Strobel et al.* were carried out using a pre-
mixed methane and oxygen pilot flame. Using a pre-mixed hydrogen/oxygen pilot flame, Harra et al.**®
investigated the effect of the concentration of 2-EHA on the spray-flame synthesis of Al,0; — SEM (top
row) and TEM (bottom row) images are presented in Figure 21 — from metal-nitrate- and ethanol-based
solutions.
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Figure 21. SEM (top row) and TEM (bottom row) images of Al20s particles spray-flame synthesized from ethanol-
based solutions of aluminum nitrate using different contents of 2-EHA: Left column: 0 Vol.%, center column:
5 Vol.%, right column: 50 Vol.%.11°

.11 identified that when hydrogen/oxygen pre-mixed pilot flames — given their

Interestingly, Harra et a
higher temperatures compared to methane/oxygen flames — are used, a content of 2-EHA of 5 % is already
sufficient to prevent the formation of large Al,Os particles (case EHA 0 % in Figure 21 and similarly pre-
sented in Figure 17a) and to obtain small and homogeneous particles. When 2-EHA is added to ethanol-
based solutions of metal nitrates, the improvement of the spray-flame synthesized materials is clear as it
is evidenced in the absence/reduction of large particles leading to oxides with high specific surface areas.
The explanation of the 2-EHA effect cannot be reduced to a single phenomenon. Instead, the use 2-EHA
in the precursor solutions has consequences that range from the chemistry of the liquid-phase (e.g., drop-
lets) or the gas-phase to the formation of the spray, droplet disruption, or the decomposition of precur-
sors. Different physical and chemical considerations related to the ethanol/2-EHA mixture are discussed

in the following sections in the context of the spray-flame synthesis of single oxides.

3.2.3.1  Physical considerations of the ethanol/2-ethylhexanoic acid (2-EHA) mixture

2-Ethylhexanoic acid (2-EHA) is a carboxylic acid with the formula CH3(CH;)3CH(C;Hs)COOH (Figure 22).
After acetic acid and propionic acid, it is — by volume —the third most produced carboxylic acid worldwide.
In 2012, the European Union (EU) consumed 85,000 t of this acid. 2-EHA-derived products (e.g., metal
2-ethylhexanoates) are compounds used in the industry as, e.g., drying agents, thickeners for resins and
paints, gelling agents and antibiotics synthesis precursors.'?
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OH

Figure 22. Structure of 2-ethylhexanoic acid (2-EHA).

2-EHA is a dense, viscous and high-boiling point liquid.'?! Some of its physical properties are presented in
Table 1. By contrast, ethanol is a low-viscosity and low-boiling point alcohol which properties are also
presented in Table 1.

Table 1. Physical properties of ethanol and 2-ethylhexanoic acid (2-EHA).% 109,120

Ethanol 2-Ethylhexanoic acid (2-EHA)
Molecular weight 46.07 144.21
Boiling point / °C 78.25 226-228
Density at 20 °C/ g/ml 0.789 0.903
Viscosity at 20 °C / mPa s 1.14 8.4
Vapor pressure at 20 °C / kPa 5.95 0.004
Volumetric heat of -23.4 -30

combustion / kJ/ml

Taking into account the higher density and viscosity of 2-EHA in comparison to ethanol, the first consid-
eration of using ethanol/2-EHA mixtures in the spray-flame process would be the effect on the spray for-
mation (e.g., droplet size). In this regard, phase-Doppler anemometry (PDA) — an explanation of this
method is presented in Appendix C — measurements performed by Bieber et al.** considering spray-
flames of ethanol and of a mixture of ethanol (35 Vol.%) and 2-EHA (65 Vol.%) with and without iron
nitrate (0.2 mol/l) are presented in Figure 23.
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Figure 23. Arithmetic (D10) and Sauter (D32) mean droplet diameter from phase-Doppler anemometry (PDA) meas-
urements of burning sprays of ethanol and a mixture of ethanol (35 Vol.%) and 2-EHA (65 Vol.%) without and with
0.2 mol/! of iron nitrate nonahydrate (precursor solution) using the SpraySyn burner. Adapted from Bieber et al.1!3

At HAB = 5 mm (Figure 23) and in comparison with pure ethanol as solvent, the use of the mixture of
ethanol (35 Vol.%) and 2-EHA (65 Vol.%) did not importantly affect the arithmetic mean diameter (D1o) of
the burning spray at the center position. However, larger Sauter mean diameters were obtained when
using the ethanol/2-EHA mixture (Ds; = ~23 um at r =0 mm) in comparison with ethanol (D3, = ~17 um at
r=0mm) indicating a higher concentration number of large droplets in the ethanol/2-EHA case as it might
be expected given the density and viscosity of 2-EHA. The addition of a precursor — iron nitrate nonahy-
drate (0.2 mol/l) — to the ethanol/2-EHA mixture did not cause an appreciable variation of the droplet size

inthe =2 mm < r<2 mm region.

As 2-EHA has a higher volumetric heat of combustion than ethanol, the use of a mixture of both solvents
in a spray-flame experiment is expected to produce hotter flames when comparing with the use of only
ethanol as solvent. For example, using a modified Hencken-type flat flame burner with a spray system
adaptation, Wei et al* measured flame temperatures up to ~1200 K when using an ethanol/2-EHA
(50 Vol.% : 50 Vol.%) mixture in contrast with temperatures up to ~1000 K when using only ethanol. Even
though the measured temperatures are comparatively lower to the ones presented in Figure 18b (simu-
lations using the SpraySyn burner as reference), they provide an idea of the order of magnitude expected
when 2-EHA is incorporated as a fuel/solvent in a spray-flame experiment. The higher flame temperatures
that can be reached with ethanol/2-EHA mixtures are important when metal precursors or metal oxides
with high decomposition or evaporation temperatures must be synthesized. Based on Figure 19, at higher
temperatures, higher partial pressures of metal-containing gas species can be obtained, probably sup-
porting the gas-to-particle conversion in the spray-flame synthesis. Not only the temperature of the flame
is affected by the addition of 2-EHA, the temperature of the liquid-phase (e.g., droplets) is also expected
to change as the boiling point of 2-EHA is considerably higher than that of ethanol (see Table 1). The effect
of the difference of volatilities of ethanol and 2-EHA in a binary fuel mixture on the total vaporization time
of the droplets must be considered. As in the spray-flame synthesis the flame temperatures are high (Fig-
ure 18b), the formed droplets are exposed to a rapid heating process. Depending on the fuel and the
operation conditions, the magnitude of the heat-transfer from the gas phase to the surface and then to
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the interior of the droplets can greatly differ from the magnitude of the mass-transfer of the liquid from
the center to the surface of the droplet. When the heat-transfer and mass-transfer are balanced in the
droplet, the Lewis (Le) number — ratio of heat to mass transport — is equal to 1. However, the Lewis num-
ber is usually greater than 1 when considering the combustion of droplets, which indicates that the heat-
transfer is higher than the mass-transfer and that the interior of the droplet is rapidly heated up. The Le
> 1 condition in a binary fuel droplet (e.g., ethanol/2-EHA) can cause superheating of the most volatile
component leading to the nucleation and fast growth of bubbles which might produce the abrupt disrup-
tion (e.g., micro-explosion) of the droplet.??2 The practical superheating limit (temperature) of pure liquids
is close to 88—90 % of their critical temperature, i.e., ethanol has a measured superheating temperature
of 189.5°C at atmospheric pressure. As this temperature is lower than the boiling point (Table 1) of 2-EHA,
the ethanol superheating condition can be achieved. In a boiling liquid, vapor bubbles are unstable and
usually collapse. By contrast, when the liquid is superheated, the vapor bubbles can be formed overcom-
ing the minimum work required to create the bubble surface and to transfer molecules from the liquid to
the bubble.'?® The nucleation of a bubble in a binary-fuel droplet can proceed homogeneously — governed
by the liquid’s properties — or heterogeneously — affected by surface effects.??12* The homogeneous nu-
cleation is considered to be stochastic indicating that the micro-explosion of a droplet falls in a probability
(Pwme) function. It has been identified that this probability strongly depends on the initial droplet diameter
—the higher the initial diameter, the higher the probability of a micro-explosion to occur. This is beneficial
for the spray-flame synthesis as the largest formed droplets — the ones from which large particles can be
formed from the droplet-to-particle conversion — have a higher probability to micro-explode when mix-
tures of ethanol and 2-EHA are used. The presence of surfaces, particles or impurities — which decrease
the energy required for the formation of bubbles — can influence the heterogeneous nucleation/formation
of bubbles.

The entrainment of air in the formation of droplets or in their collisions is another aspect that should be
considered. For example, air entrapped in water/hexadecane droplets was identified as one of the mech-
anisms from which a micro-explosion can proceed through heterogeneous nucleation.? The effect of the
metal precursors, their chemistry in the liquid-phase and their decomposition must be also taken into
account. Rosebrock et al.’® proposed the formation of a viscous shell of liquid or solid intermediates in
burning droplets that would also facilitate the formation of vapor bubbles via heterogeneous nucleation
—through the superheating of low-volatility components — and the eventual micro-explosion of the drop-
lets.

The occurrence of micro-explosions in nitrate-based burning single-droplets has been recorded using
high-speed cameras. Rosebrock et al.’® presented the micro-explosion of droplets containing iron nitrate
or aluminum nitrate dissolved in a mixture (volume ratio 1:1:1:1) of ethanol, xylene, diethyleneglycol
monobutylether (DEGBE) and 2-EHA as presented in Figure 24.
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Figure 24. Time-dependent images of burning single-droplets containing (a) a precursor-free mixture of ethanol/xy-
lene/DEGBE/2-EHA, with (b) 0.5 mol/I of iron nitrate dissolved or (c) aluminum nitrate dissolved in the mixture.*®

As it can be observed in Figure 24a, the ethanol/xylene/DEGBE/2-EHA mixture did not present a micro-
explosion episode. By contrast, the inclusion of iron nitrate (Figure 24b) or aluminum nitrate (Figure 24c)
generated a micro-explosion of the single-droplet. In these two cases (Fe, Al), the authors did not attribute
the micro-explosion to the stand-alone effect of the mixture of solvents (e.g., bubble nucleation through
the superheating of ethanol) but to the formation of metal carboxylates (e.g., metal 2-ethylhexanoates)
from the reaction of metal nitrates with 2-ethylhexanoic acid. This was suggested by the identification of
two exothermic events at T > ~225 °C from thermogravimetric analyses (TGA) of the Fe- and Al-based
solutions. The events were related to the decomposition of the carboxylates but further evidence of the
formation of the metal 2-ethylhexanoates was not included. As it is presented in Chapter 3.2.3.2, the
formation of carboxylates is possible but other reactions might also play a role. For example, ethanol and
2-EHA might react to form an ester compound (ethyl 2-ethylhexanoate) and water. Similarly, DEGBE —
also known as 2-(2-butoxyethoxy)ethanol — might also react with 2-EHA to form a long-chain (e.g., high
boiling point) ester compound and water. The role of these compounds in the micro-explosions or in the
spray-flame synthesis of metal oxides is not clear yet and is a matter of current research. Chemical con-
siderations resulting from the addition of 2-EHA to ethanol-based solutions of metal nitrates are pre-
sented as follows in Chapter 3.2.3.2.

3.2.3.2  Chemical considerations of the ethanol/2-ethylhexanoic acid (2-EHA) mixture

The addition of 2-EHA to ethanol-based solutions of metal nitrates has several chemical consequences.
The acidic character of 2-EHA, which increases the concentration of protons in ethanol-based solutions,
affects the speciation of metal-derived compounds by decreasing the pH of the solution. As presented in
Figure 15, low pH values are required to avoid the formation of metal-hydroxide species from hydrolysis.

2-ethylhexanoic acid (2-EHA) might react with metal nitrates to form metal 2-ethyhexanoates. However,
when metal nitrates are used to synthesize metal alkanoates (e.g., 2-ethylhexanoates), sodium or ammo-
nium alkanoates are commonly used (e.g., metathesis reactions) instead of 2-EHA. Typical starting mate-
rials used in the synthesis of metal alkanoates by ligand-exchange reactions using an alkanoic acid (e.g.,
2-EHA) in the presence of a catalyst are metal oxides, hydroxides, chlorides or acetates.!?® Metal nitrates
are not usually used and the information about their effectivity to form metal 2-ethylhexanoates using
2-EHA is scarce and will be examined in more detail in the course of this thesis (Chapters 4.3.1, 5.3.1, and
6.3.1).

2-EHA might not only react with metal precursors, it also participates in an esterification reaction with
ethanol to form ethyl 2-ethylhexanoate and water as presented in reaction (3.4).
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2-EHA Ethanol Ethyl 2-ethylhexanoate Water

Volumetric concentrations of 27 % of ethanol and 73 % of 2-EHA are required for a stoichiometric reaction.
Even though this reaction has not been studied in detail yet, for obtaining high yields of the ester com-
pound and water, a catalyst might be required. Da Silva et al*?’ reported the use of metal nitrates — Lewis
acid compounds — as catalysts for the esterification of B-citronellol with acetic acid to produce B-citronellyl
acetate and water. Iron nitrate — followed by aluminum nitrate and copper nitrate — was identified as the
most active catalyst for that reaction given its ability in generating H* species from the carboxylic acid.
Such effect might also be expected in the metal-nitrate-based solutions of ethanol and 2-EHA which are
used for the spray-flame synthesis of metal oxides. The question arising is if this esterification is beneficial
or detrimental for the spray-flame process. From one side, the formation of water as it was explained in
chapter 3.2.1, might promote the hydrolysis of the metal ions and the early formation of solid (amorphous
or crystalline) species from which large particles can be formed. From the other side, the formation ener-
getic compounds (e.g., nitrate esters) that might influence the generation of droplet micro-explosions in
these solutions has not been studied yet.

Based on the presented physical and chemical considerations of using mixtures of ethanol and 2-EHA as
solvents in nitrate-based solutions for the synthesis of single oxides, this thesis explores the use of such
mixtures for the spray-flame synthesis of LaFeOs (chapters 4 and 6), LaCoOs (chapters 4 and 6) and
LaMnOs (chapters 5 and 6) perovskites. Over the years, other approaches — that have been explored for
the spray-flame synthesis of different perovskites — are presented in the following section (chapter 3.3)
in order to understand additional challenges related to the synthesis of these compounds.

3.3  Spray-flame synthesis of perovskites

One of the earliest reports by Kriegel et al.'?® of the spray-flame synthesis of a perovskite material
(SrMnOs) dates back to 1994. Using a hydrogen/oxygen pilot-flame, the authors produced the perovskite
using solutions containing carbonates (e.g., SrCO3; and MnCQOs) as metal precursors and water, acetic acid
and N;H; as solvents. Even though the crystallographic information of the SrMnQO3; sample was not pre-
sented in detail, particles of ~25 nm were obtained, and the synthesized sample proved to be more active
for the catalytic oxidation of methane when compared with a SrMnOs sample synthesized by a solid-state
method. In 1999, Saracco et al.}?® reported the spray-flame synthesis of LaMnOs using a solution contain-
ing lanthanum nitrate and manganese acetate dissolved in ethanol. The authors identified both the for-
mation of large aggregates and particles with sizes up to ~2 um and small-size particles (<200 nm). Addi-
tionally, the dispersion gas flow (air) was modified as a way to control the flame temperature and the
authors found that low air flows led to the formation of the LaMnO; orthorhombic phase, while higher
flows led to the formation of the LaMnOs; rhombohedral phase. However, the phases were only analyzed
by XRD and particle size-polymorph relationships were not established.

Based on available information, Prof. Forni (Department of Physical Chemistry and Electrochemistry, Uni-
versity of Milan) investigated the spray-flame synthesis of perovskites (LaFeOs, LaCoQOs, LaMnOs, LaNiOs;
and different A- and B-site-substituted perovskites) for gas-phase oxidation catalysis leading to publica-
tions between 1998 and 2012.13%133 |n 2007, Chiarello et al.’® 7 evaluated the spray-flame synthesis of
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LaCoOs using metal nitrates as precursors dissolved in methanol, ethanol, propanol or in a mixture of
propanol and propionic acid. The authors obtained in all cases materials with a relatively low-purity and
a low specific surface area of ~20 m?/g which was attributed to the high volatility of the alcohols and the
high decomposition temperature of the nitrate-based precursors. In contrast, the use of metal acetates
as precursors and different carboxylic acids as solvents — including pure 2-EHA — led to the formation of
purer LaCoOs materials with higher specific surface areas (~40 — ~70 m?/g). Using also metal acetates as
precursors, Chiarello et al.’3* evaluated the effect of the nozzle — convergent and convergent/divergent —
operation parameters (e.g., liquid flow rates, solution concentration, dispersion oxygen linear velocity and
flow rate) for the spray-flame synthesis of LaCoOs. A summary of the findings is presented in Table 2.

Table 2. Effect of selected spray-flame synthesis operation parameters on the properties of LaCoOs perovskite.!3*

Increasing SSA Particle Crystal-  Catalytic  Thermal
of size linaty activity stability

Liqud flow rate

Const. ¢ A kS S Ee o
Const. O, flow rate | t t 1 t
Solution 12 ) T 1 t
concentration
07 linear velocity 1 i } t 1
01 flow rate
Below Pg 1 1 | T 4
Above PP ~ ~ ~ ~ ~

. (mol 07 /mol fueljaq . - »
Note: @ = Tmol Oy /ol el sioye - Pc = nozzle critical pressure: ~¢ = almost no

effect.
2 For concentration =0.05 M.

Y For ¢ > 3 too low crystallinity was observed.

As expected, the increase of the oxygen dispersion flow (Table 2)13* — lower flame temperature and height
— caused the increase of the specific surface area (SSA) — from ~30 to ~65 m?/g using an oxygen flow from
3 to 8 sIm — of the LaCoO3; materials, the decrease of their crystallinity and the increase of their activity of
the oxidation of methane. Even though large particles were also identified, their effect on the SSA or
crystallographic results was not analyzed. The increase of parameters as the liquid flow rate and the con-
centration of precursors in the solution led to similar effects: low SSAs, high crystallinity, and low catalytic
activity. It is evident than the increase in specific surface area occurs at the expense of crystallinity and
vice versa. This is, as in the spray-flame synthesis of single oxides, an important challenge.

Coming from another research hub related to the spray-flame synthesis of perovskites (Laboratory for
High Performance Ceramics — EMPA in Switzerland) and using metal nitrates as precursors, Heel et al.?®
studied the effect of the addition of acetic acid — from 0 to 70 Vol.% — to water-based solutions on the
spray-flame synthesis of the Lag¢Sro4Co00s3.5 materials. Even though a phase-pure perovskite was not ob-
tained (e.g., the (La, Sr),Co04 Ruddlesden-Popper phase was identified at concentrations up to 27 Wt.%),
the increase of acetic acid in solution was effective to increase the specific surface area of the materials
(up to ~40 m?/g). The authors attributed the improvement in SSA to higher flame temperatures while the

chemical effects of water and acetic acid on the solution of metal precursors were not analyzed.

The spray-flame synthesis of A- and B-site-substituted perovskites has also been studied. Aegerter et al.13¢
from the Paul Scherrer Institute, EMPA, and ETH in Switzerland investigated the effect of the operation
parameters on the spray-flame synthesis of the Bag sSrosCoo.sFe0203.5 perovskite. The authors used barium
carbonate and strontium, cobalt and iron nitrates as metal precursors dissolved in a mixture of water and
acetic acid (75:25 volume ratio). It was identified that high precursor solution flows (50 ml/min) and low
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dispersion gas flows (25 sIm) led — through the formation of large droplets and the incomplete decompo-
sition of the precursors —to the formation of secondary phases and low specific surface areas. In this case,
chemical effects of the solvents and metal precursors were also not studied.

In the previous chapters, several challenges related to the spray-flame synthesis of perovskite materials
were identified. The first one is related to the formation of secondary phases as it was also identified in
chapter 2.6. The formation of these phases is connected to the type of metal precursors and solvents used
and with the operation parameters of the synthesis. The chemistry of the solutions — reactions between
solvents or among the dissolved precursors with solvents — has not been investigated in detail yet or
related with the formation of perovskites in the spray-flame synthesis method. Similar to single oxides,
the synthesis of perovskites using metal nitrates as precursors typically leads to multimodal particle size
distributions resulting from mixed particle formation from the droplet-to-particle and from the gas-to-
particle conversion routes. This particle size multimodality is the second identified challenge, which — as
presented in chapter 3.2.3 for single oxides — can be tackled with the use of ethanol/2-EHA mixtures. For
that reason, such mixtures are evaluated in this thesis for the spray-flame synthesis of LaFeOs, LaCoOs,
and LaMnOs; perovskites. In chapter 4, the effect of the addition 2-EHA (0, 50, and 65 Vol.%) to ethanol-
based solutions of metal nitrates on the spray-flame synthesis of La(Fe, Co)Os perovskites for catalytic CO
oxidation is presented and discussed. In chapter 5, the spray-flame synthesis of LaMnQs is analyzed using
only ethanol and a 1:1 volumetric mixture of ethanol and 2-EHA and the crystallographic structure and
catalytic activity of the synthesized materials are analyzed in higher detail. In both chapters 4 and 5, the
chemistry of the solutions is analyzed with ATR-FTIR spectroscopy and for the Mn-based solutions, UV-Vis
spectroscopy measurements were also carried out to identify and to analyze the redox chemistry of man-
ganese. Using solutions of metal nitrates dissolved in an ethanol/2-EHA (35 Vol.%/65 Vol.%), the effect of
the dispersion gas flow rate (5, 6, 7, and 8 slm) and the esterification reaction between ethanol and 2-
EHA on the droplet size and the particle size homogeneity the three LaFeOs, LaCoOs, and LaMnOs; perov-
skites is analyzed in chapter 6.
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4 Spray-flame synthesis of La(Fe, Co)Os
nano - perovskites from metal nitrates

The content of this chapter was published in AIChE Journal:

Angel, S.; Neises, J.; Dreyer, M.; Friedel Ortega, K.; Behrens, M.; Wang, Y.; Arandiyan, H.; Schulz,
C.; Wiggers, H., Spray-flame synthesis of La(Fe, Co)Os hano-perovskites from metal nitrates. AIChE
J. 2019, 66, €16748.

Further information related to this chapter is presented in Appendix A (Chapter 11.1), including the Figure
A 1 and Figure A 2.

My contribution in this work includes: Research conceptualization, synthesis, characterization of precur-
sors and materials, analysis of data including the catalytic results, writing of the manuscript. J. Neises
contributed with FTIR measurements. M. Dreyer, K. Friedel-Ortega, M. Behrens, Y. Wang and H. Arandiyan
contributed with catalytic measurements/analysis. C. Schulz and H. Wiggers contributed to the conceptu-
alization, the interpretation, and the writing of the manuscript.

4.1 Introduction

Perovskite-type mixed oxides, composed of lanthanum as a rare-earth ion, and iron (LaFeQs) or cobalt
(LaCoOs) as a d-orbital transition-metal ion, have high thermal stability and are remarkably tolerant to the
formation of anionic or cationic vacancies (as in LaCoi—Fex03).1¥” This enables the modification of the
oxidation state of the transition metals and the oxygen availability,’3® thus adapting the materials for
specific catalytic reactions.?® Perovskite materials are currently being explored as potential low-cost
alternatives to noble-metal catalysts for environmental reactions.® Among others, iron- and cobalt-
based perovskites attract scientific interest with respect to catalytic applications, e.g., the oxidation of CO
and hydrocarbons, the reduction of NOy, and energy conversion in reactions such as water splitting and
the dry reforming of methane.40-142

The synthesis method of the perovskites significantly affects their structure, surface area, and catalytic
properties.’* Conventional production methods include solid-state reactions, precipitation/co-precipita-
tion from solution, sol-gel and hydrothermal synthesis.!#* 145 Solid-state reactions are one of the oldest
synthesis routes for the preparation of perovskites. They, however, often face challenges with broad par-
ticle-size distribution and lack of purity.1*¢ Sol-gel techniques and the Pechini method can better control
the phase purity of the formed perovskites.*® Nevertheless, all the mentioned methods are batch pro-
cesses that require a multistage post-treatment including filtration, drying and calcination.'3® Continuous
processes offer advantages such as reproducible quality and the ability to synthesize spherical particles,*’
which might be advantageous in catalytic applications as they permit the packing of the particles without
decreasing substantially the total surface area (related to the catalytic activity) while minimizing the pres-
sure loss in, e.g., packed bed reactors.*” Additionally, they provide the potential to scale-up to high pro-
duction rates and low-cost production. Among the continuous processes, spray-flame synthesis (SFS) is
most promising for the generation of mixed oxides and allows the preparation of perovskites in a single
step.74' 75,134

Spray-flame synthesis of metal oxides such as ZrO,, TiO,, Fe>03, Sn0O,, among others, has been studied in
detail”® % with specific focus on the selection of the precursors and organic solvents used. When selecting
soluble precursors, metal nitrates are of specific interest from an economical point of view when com-
pared to metal-organic precursors. When used in SFS, nitrate solutions often lead to the formation of a
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mixture of two materials classes composed of nanoparticles with a small and narrow particle-size distri-
bution — resulting from a gas-to-particle process — and micrometer-sized particles that are sometimes
hollow or fragmented, resulting from a droplet-to-particle conversion.* Here, the formation of large-
scale hollow and porous particles — which for some applications could be of high value —is not desired.
As nitrates require polar solvents, alcohols, are frequently selected as a low-cost compound. SFS of pre-
cursor dissolved in ethanol, however, frequently leads to unwanted particle morphology as a result of the
droplet-to-particle mechanism. In order to shift to the formation of nanoscale particles, one common
strategy involves the use of combined solvents including diethylene glycol monobutyl ether, xylene, and
2-ethylhexanoic acid (2-EHA). For the synthesis of Fe;0s, Al,0s, and Cos04, Strobel et al.’* postulated a
reaction of the carboxylic acid, 2-EHA, with the corresponding metal nitrates resulting in metal carbox-
ylates. This reaction in the precursor solution prior to the SFS process might facilitate the formation of
particles through gas-to-particle conversion. Strobel et al. observed the formation of iron carboxylates in
solution at room temperature, which was verified with ATR-FTIR analysis. Respective cobalt carboxylate
compounds were not identified under the experimental conditions.

Besides the modification of the chemical structure of the precursor solution, solvent mixtures can also
influence spray formation and evaporation. In single-droplet experiments, Rosebrock et al.'® observed
that the addition of 2-EHA to the ethanolic metal nitrate solution generates cascade-like micro-explosions
of the burning droplets and observed the same behavior when metal 2-ethylhexanoate precursors were
used. Explosive droplet evaporation is well known also in spray combustion of hydrocarbon mixtures with-
out inorganic solutes. This effect has been studied, e.g., in the context of biofuel-containing hydrocarbon
fuels for internal combustion engines.'* It is attributed to preferential evaporation of high-vapor pressure
components leading to their depletion near the droplet surface with subsequent flash-boiling of the light
fractions in the center of the droplet during heat up.'*® The main requirement for micro-explosions to
occur is that the superheating temperature of the most volatile component at ambient pressure does not
exceed the boiling point of the other component.?® A binary system that complies with this requirement
is the ethanol and 2-EHA mixture.

Chiarello et al demonstrated the spray-flame synthesis of LaCoOs for an application in catalytic flame-less
combustion of methane.'® '’ They focused on the best-suited operating conditions for the SFS and on the
effect of different solvents and metal precursors (nitrates and acetates). When using metal nitrates in
alcohols (methanol, ethanol, and propanol) and mixtures of propionic acid and propanol, secondary
phases as La;05; and La;CoO4 could not be avoided, thus leading to particles with inhomogeneous ele-
mental composition.

In the present work, we investigate the effect of solvent mixtures — ethanol and 2-EHA — on the charac-
teristics of LaFeOs; and LaCoOs made from nitrates by spray-flame synthesis. Using temperature-depend-
ent liquid-phase ATR-FTIR studies, we investigated the modifications of the respective precursor solutions
and correlated the occurrence of pre-reactions in the liquid phase with the properties of the synthesized
materials that were characterized by TEM, BET, EDX, and XRD. Moreover, the catalytic performance of
the samples was analyzed for the low-temperature catalytic oxidation of carbon monoxide.

4.2 Materials and methods

4.2.1  Synthesis

The perovskite materials were synthesized in an enclosed spray-flame reactor (described in detail in Chap-
ter 3.1 and in previous publications® 5% 151) For LaFeOs and LaCoOs synthesis, metal nitrates were used
as precursors: La(NOs)s-x H20 (AppliChem Panreac, >99.0 % purity), Fe(NO3)3-9 H,O (VWR, >98 % purity)
and Co(NOs)2:6 H,0 (Honeywell, > 99.0 % purity). Ethanol (VWR, >99.9 % purity) and 2-ethylhexanoic acid
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(2-EHA) (Alfa Aesar, >99 % purity) were used as solvents. Using the respective metal nitrates in a total
concentration of 0.2 mol/l, three solutions were prepared for each material system employing different
mixtures of solvents: (I) ethanol, (l) a mixture of ethanol (50 Vol.%) and 2-EHA (50 Vol.%) and (Ill) a mix-
ture of ethanol (35 Vol.%) and 2-EHA (65 Vol.%). Solutions with concentrations of 2-EHA higher than 65
Vol.% could not be processed at the selected reactors’ operation parameters due to stability problems
related to high viscosity of the mixtures.

4.2.2  Solution and particle characterization

As-prepared nitrate solutions with different solvent mixtures were heated from room temperature to 50
and 70 °C, maintaining each temperature for 15 min. At each temperature and for each solution, an ali-
quot was taken and measured with Fourier-transform infrared spectroscopy (FTIR, Vertex 80, Bruker) us-
ing standard optical components consisting of a KBr beam splitter, a DigiTect DLaTGS detector, and a mid-
infrared light source from 400 to 4000 cm™ in combination with an ATR sample holder.

Gas chromatogram and mass spectrum of ethyl 2-ethylhexanoate in a solution of ethanol (50 Vol.%) and
2-EHA (50 Vol.%) were measured using a GC/MS (Agilent 7890A and MSD 5975C) equipped with a HP5-
MS column for separation of species and connected to a quadrupole mass spectrometer (QMS).

The crystal structure of the materials was analyzed by X-ray diffraction (PANalytical X"Pert PRO) operated
with Cu-K, radiation (0.15406 nm, 40 kV, 40 mA). The diffraction intensity was recorded at diffraction
angles 20 between 10 and 100° with a step size of 0.05°.

The morphology, particle size, and composition of the materials were studied by transmission electron
microscopy (TEM-EDX-SAED; JEOL JEM- 2200FS). The mean particle sizes were measured using the pro-
gram ImageJ. The histograms of the particle diameters were fitted to log-normal size distributions using
the program Origin, from where the count median diameter and the geometric standard deviation were
extracted in each case.

4.2.3  Catalytic activity

Each perovskite sample was heated in air at 250 °C for 1 h to remove organic residues from the surface as
measured by TGA analysis. Depending on synthesis conditions, a weight loss between 7 Wt.% (only etha-
nol) and about 11 Wt.% (ethanol and 2-EHA) was observed.

For catalytic testing, 100 mg (sieve fraction 251-355 um) of each heat-treated catalyst sample diluted
with 500 mg of silicon carbide (> 355 um) was placed inside a U-shaped quartz tube reactor (inner diam-
eter: 8 mm). Each sample was heated at 3 °C/min in 20 % 02/80 % He (99.9999 %, Air Liquide) from room
temperature to 200 °C, which was kept constant for 1 h. Thereafter, the sample was cooled down in He
to 35 °C. Before starting the catalytic experiments towards CO oxidation, the catalyst/SiC mixture was
purged for 15 min with 3 % CO and 6 % O, in He to equilibrate the gas composition. Thereafter, the tem-
perature to start CO oxidation was increased to 300 °C at a heating rate of 3 °C/min. The total gas flow
was 80 ml,/min. The reactor off-gas was analyzed with a MicroGC (Agilent Technologies 490) equipped
with a 5-A molecular sieve and a Pora Plot Q column for the detection of CO, O,, and CO,. The catalytic
activities of the samples were evaluated by determining the temperature Tso, required for 50 % CO con-
version.
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4.3 Results

43.1 Temperature-dependent ATR-FTIR analysis of solutions

In spray-flame synthesis, the boiling points of the solvents and the decomposition mechanisms and tem-
peratures of the precursors influence the formation, size homogeneity, and phase of the final particles.”
% Reactions between dissolved precursors and solvent during droplet heating and combustion might ei-
ther initiate or accelerate the nucleation and precipitation of species in the droplets which can then lead
to the formation of large particles. The interaction might also be beneficial to support the formation of
particles that are homogeneous in size as well as in chemical composition through gas-to-particle pro-
cesses. In order to gain insight in such interactions, a liquid-phase temperature-dependent ATR-FTIR study
of the processes in the precursor solutions prior to the spray-flame process was carried out.

43.2 Iron nitrate and lanthanum nitrate

To minimize solvent evaporation during heating, the maximum temperature in all experiments was lim-
ited to 70 °C. The ATR-FTIR spectra of iron nitrate in ethanol are presented in Figure 25a. While most of
the signals remained unchanged, the intensity of a weak band at 1558 cm™ (23 °C) that is attributed to
organic nitro compounds®®? decreased with increasing temperature, while two new bands developed at
1287 and 948 cm™. The two latter are assigned to the formation of nitric acid (HNO3).1>* >4 Through the
released crystal water of the iron nitrate (Fe(NOs)s;-9 H,0), the formation of these peaks can be explained
from the hydrolysis of the Fe(lll) hexa-aqua ion at low pH. The H* ion is released during the formation of
the [(Fe(OH)(OH),)s]** cation, which is in equilibrium with [Fe(OH,)s]**.2>> H* then reacts with NOs™ to form

HNOs because this acid behaves as a weak electrolyte in ethanolic solutions.>®
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Figure 25. ATR-FTIR spectra of 0.2 mol/I precursor solutions that have been heated to different temperatures. (a)
Iron nitrate in ethanol. (b) Lanthanum and iron nitrate in ethanol. (c) Lanthanum and iron nitrate in a 1:1 mixture
of ethanol and 2-ethylhexanoic acid. For comparison, the FTIR spectra of pure nitrates and solvents are also given.

The IR absorption spectra of the solutions of lanthanum nitrate and iron nitrate in ethanol are presented
in the Figure 25b. With the addition of lanthanum nitrate, the weak band at 1558 cm™ ! also disappears at
higher temperature. The bands at 1287 and 948 cm™, however, do not appear in this case, indicating the
suppression of the formation of nitric acid. The lanthanum nitrate hydrate added to the solution counts
with a number of water molecules between four and five according to TGA analysis (not shown). The
coordination number of the La** ion is 9% while the trivalent iron ion tends to have a coordination number
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of 6 in complexes.’® The excess water coming from the iron nitrate nonahydrate is likely coordinating
with the lanthanum ions and hence decreasing the potential for the hydrolysis of iron.

The ATR-FTIR spectra of the ethanol/2-EHA solutions containing lanthanum nitrate and iron nitrate are
presented in Figure 25c. The spectra of the precursor-free ethanol/2-EHA mixture show in contrast to
ethanol three specific bands at 1732, 1222, and 1197 cm™. These bands are assigned to the ester C=0
(1732 cm™)° and C-0 (1222 and 1197 cm™)0162 stretching vibrations. The appearance of these peaks
suggests an esterification reaction (see reaction (3.4)) of 2-EHA with ethanol. The products of this endo-
thermic and reversible reaction are ethyl 2-ethylhexanoate and water as confirmed by GC/MS, see Figure
A 1 in Appendix A. The three vibration bands are also present in the spectra of the solutions containing
lanthanum and iron nitrate. Even though the ester’s characteristic bands can be seen in the reference
spectra of the mixture of ethanol and 2-EHA without the addition of metal nitrates, the esterification of
carboxylic acids with alcohols is strongly increased by acids. In this case, iron nitrate, specifically Fe3* acts
as a Lewis acid'?’-1%3 and it has previously been used as a catalyst for the esterification of B-citronellol and
acetic acid. Besides the use of iron nitrate, da Silva et al. also used other transition metal nitrates as Lewis
acids including cobalt and manganese nitrates but obtaining lower selectivities in comparison with iron

nitrate.'?’

The measured absorption band at 1591 cm™ is assigned to the asymmetric vibration of a C=0 group co-
ordinated with a metal ion, specifically iron.®* In a solution without iron nitrate, containing only lantha-
num nitrate (not shown), this signal is not present. The interaction of the Fe3* ion with the C=0 group has
been explained as part of the mechanism to form esters starting from the coordination of the iron ion
with the carbonyl group of the carboxylic acid. Subsequent steps involve the reduction of Fe®* to Fe?, the
alcohol addition, water formation, and the oxidation of iron to its original +3 state in order to form the
ester.’® In summary, the band at 1591 cm™ is most likely related to the formation of an iron carboxylate.**
186 This type of carboxylates has also been observed in other studies, for example as a product of the
reaction between titanium tetraisopropoxide (TTIP) and 2-EHA resulting in a bidentate chelating complex
(COO-Ti*) with an FTIR band at 1600 cm™.%3

433 Cobalt nitrate and lanthanum nitrate

The ATR-FTIR spectra of all solutions consisting of a nitrate and ethanol show a weak band at 1660 cm™
(Figure 25a and b, Figure 26a and b). We assume that this band indicates the interaction between ethanol
and the NOs™ group as this weak band has been associated with the formation of nitrate esters.67. 168
These compounds are explosive and might play a role as low-temperature initiators in the micro explo-

sions of droplets containing nitrates.
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Figure 26. ATR-FTIR spectra of pure ethanol, pure cobalt and lanthanum nitrate, and solutions of 0.2 mol/I cobalt

nitrate in ethanol at different temperatures (a); solutions of 0.2 mol/I lanthanum and cobalt nitrate in ethanol at

different temperatures (b); and solutions of 0.2 mol/I lanthanum and cobalt nitrate in a 1:1 mixture of ethanol and

2-EHA (c).

In contrast to iron nitrate in ethanol, the two main absorption bands indicating the formation of HNO3

(1287 and 948 cm™) were absent in the spectra of cobalt nitrate in ethanol (neither with nor without

lanthanum nitrate, Figure 26a and b), indicating a lower degree of hydrolysis of the cobalt in comparison

with the iron nitrate.
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The FTIR spectra of the solutions of lanthanum and cobalt nitrate in ethanol/2-EHA (50/50 v/v) also clearly
indicate the carboxylic acid (1706 cm™) and the formation of the C=0 and C-0 ester bonds, see peaks at
1732, 1222, and 1197 cm™ (Figure 26c¢). This indicates that also cobalt nitrate is active for the esterifica-
tion reaction. The band at 1591 cm™ related to the formation of metal carboxylates was absent in the
spectra of this solution, indicating that this band is specific for the iron nitrate solution. Based on this
finding the formation of metal carboxylates in the solutions of lanthanum nitrate, cobalt nitrate, ethanol
and 2-EHA cannot be discarded. However, this might be indicative for the higher tendency of iron nitrate
to form such compounds in solution at lower temperatures and under the applied conditions.

434 Effect of the concentration of 2-EHA on iron nitrate/lanthanum nitrate and cobalt
nitrate/lanthanum nitrate solutions

The ATR-FTIR analysis concerning the esterification of the precursor solutions for LaFeOs; and LaCoOs was
performed at 50 °C with 2-EHA amounts from 0 Vol.% (only ethanol as solvent) to 70 Vol.% 2-EHA. In the
case of solutions containing iron and lanthanum nitrates (Figure 27a), the characteristic ester bands at
1732, 1222, and 1197 cm™ %9161 develop with increasing 2-EHA concentration. Even at low 2-EHA con-
centrations, the formation of the absorption band at 1591 cm™ (asymmetric C=0 vibration in coordination
with iron (iron carboxylate)!®?) is already present. This indicates a selectivity towards the formation of iron
carboxylates compared to the ester formation at 2-EHA concentrations below 30 Vol.%.
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Figure 27. ATR-FTIR spectra of ethanol/2-EHA precursor solutions measured at 50 °C containing 0.20 mol/I of iron
and lanthanum nitrates (a) and 0.20 mol/I of cobalt and lanthanum nitrates (b), respectively, with 2-EHA amounts
ranging from 0 to 70 Vol.%.
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In contrast to the solutions containing iron nitrate, a significant increase of the absorption band at 1732
cm™ is observed for cobalt containing solutions with increasing amount of 2-EHA (Figure 27b) and is at-
tributed to the formation of free C=0 ester carbonyl groups.®® For 2-EHA concentrations above 50 %, two
additional absorption bands develop. A band at 1722 cm™, assigned to (a, B) unsaturated esters,¢% 169
and a band at 1248 cm™, assigned to C-O-C stretching vibrations.?”® Furthermore, the intensity of the ester
CO band at 1197 cm™ % jncreased in comparison with the band at 1222 cm™, what has been related to
isomerism in the ester group,®? hinting to the formation of ordered interlinked ester structures. To sum-
marize: esterification is preferred in case of cobalt-containing solutions while iron shows some trend to-
wards formation of carboxylates. In addition, esterification at very high concentration of 2-EHA (73 Vol.%),
leads to the formation of two phases.

435  Particle-size homogeneity and phase characterization

The spray-flame synthesis of the LaFeO3; and LaCoOs3 perovskites was done as described in materials and
methods section (chapter 4.2.1), using the same reactor operating conditions in all cases (if not otherwise
indicated) and supplying the respective solution to the reactor. In all cases, the total concentration of
metal nitrates in the solutions was constant (0.20 M), but the solvent or mixture of solvents was varied.
For each perovskite system, three cases were analyzed: (1) only ethanol as solvent, which is a reference
case in which typically a multimodal particle-size distribution is obtained®; (ll) a mixture of ethanol
(50 Vol.%) and 2-EHA (50 Vol.%),** which has been reported previously for the preparation of single ox-
ides; (IlIl) and a mixture of ethanol (35 Vol.%) and 2-EHA (65 Vol.%), which is close to the stoichiometric
esterification proportions of ethanol:2-EHA (27:73) without the solubility problems related to the disso-
lution of mainly lanthanum nitrate in high 2-EHA containing solutions at room temperature. These three
cases were selected to analyze the effect of the incorporation of 2-EHA in the solutions on the particle-
size distribution of the as-synthesized particles and their phase purity, using the information and findings
from the ATR-FTIR analysis.

The particle-size distributions were analyzed for both perovskite systems with TEM images from the as-
synthesized samples as collected from the filter (Figure 28). As also found in literature,'* '® the use of
ethanol as solvent for the nitrates results in products with a quite inhomogeneous particle size distribu-
tion. This effect is more pronounced for LaFeO; perovskite (Figure 28a-1) with particle sizes ranging be-
tween 3 and 600 nm. The fine particle fraction (detailed distribution presented in Figure 28a-l) shows
mainly soft agglomerates with a primary particle count median diameter (fitted to the histogram data) of
4.9 nm. As mentioned before, two main mechanisms have been proposed for the formation of the parti-
cles by spray-flame synthesis: Small nanoparticles are assumed to evolve from gas-to-particle transition
while large nanoparticles are a result of droplet-to-particle formation.” According to the current results,
the formation of a multimodal particle-size distribution and large nanoparticles is assumed to be also
caused — especially in case of LaFeOs — by the hydrolysis of the iron precursor. The water molecules re-
quired for the hydrolysis process come from two main sources: the crystal water from the metal nitrates
and from the SFS process, in which water produced from combustion can be absorbed by the droplets as
the boiling point of ethanol (78 °C) is below that of water. This would facilitate the hydrolysis of the iron
nitrate and hence, the precipitation of hydroxide species within the droplets already at low temperatures
which most likely initiate the formation of large-size particles during spray combustion. The relationship
between the hydrolysis degree of precursors and the formation of multi-modal particle size distributions
have been previously analyzed for spray-flame synthesized LisTisO12 by Meierhofer et al. Similar to our
findings, they observed the formation of HNO3 and lithium alcoholate in solutions containing lithium ni-
trate and ethanol.”
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Figure 28. TEM images of LaFeOs (upper row) and LaCoOs particles (lower row) synthesized using ethanol (left),

ethanol/EHA 50/50 (by volume), and ethanol/EHA 35/65 as solvent. The increase in the concentration of 2-EHA

generates a more homogeneous particle size distribution minimizing the formation of particles with a size higher

than 20 nm.

For the LaCoOs perovskite from the ethanol solution (Figure 28b-I), a respective effect on the particle-size

distribution can be observed. Nevertheless, the distribution is not as broad as for the LaFeOs. According

to the TEM images, the particle size ranges between 3 and 250 nm. The fine particles (sizes up to 20 nm)
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have an average size of 6.1 nm. Also in this case, the distribution of the particle size is multimodal. As it
was analyzed in the ATR-FTIR section, solutions containing cobalt nitrate and ethanol did not evolve nitric
acid with an increase of temperature, indicating a lower hydrolysis degree and a lower formation of metal
hydroxide species which are precursors of high-size particles. This helps explaining the reduced presence
of large LaCoOQs particles in comparison with LaFeOs particles.

Figure 28a-Il and Figure 28b-Il show TEM images of LaFeOs; and LaCoOs samples synthesized using an eth-
anol/2-EHA (50/50 by volume) mixture. When 2-EHA is incorporated at this proportion, the particle-size
distribution for both perovskite systems becomes narrower. For the LaFeOs perovskite, the maximum
particle size, as seen in the TEM pictures, is decreased from 600 nm (case a-l) to 140 nm. The size of most
of the particles ranges from 3 to 20 nm with a count average of 8.8 nm in this interval, larger than in the
a-l case. This hints to a different formation mechanism of the particles by the in presence of 2-EHA.

A unimodal particle size distribution is obtained for the LaCoOs perovskite (Figure 28b-lIl). In this case, the
average particle size is 8.8 nm. According to the TEM analysis, the 50/50 volume proportion of ethanol
and 2-EHA seems to be more effective for the LaCoOs; than for the LaFeOs perovskite in regard to obtaining
a homogeneous particle size distribution. According to the previously mentioned FTIR results, carbox-
ylates are formed in the solutions containing lanthanum and iron nitrate. Nevertheless, the resulting La-
FeOs particles were not as narrow in size distribution as LaCoOs despite the fact that also the lanthanum
nitrate and cobalt nitrate solutions did not show indications of low-temperature formation of carboxylates.
As indicated in other studies, carboxylate formation might happen at higher temperatures in the drop-
lets.’* However, one common effect was found in all solutions containing the metal nitrates, ethanol and
2-EHA: The esterification reaction forming ethyl 2-ethylhexanoate. The micro-explosion of the droplets
containing ethanol and 2-EHA is possible as the superheating temperature of pure ethanol (189.5 °C*) is
lower than the boiling point of 2-EHA (228 °C3). A study by Rosebrock et al. showed that the droplets
without metal precursors and which contained ethanol, 2-EHA, xylene, and diethylene glycol monobutyl
ether did not micro-explode, but when metal nitrates, as iron nitrate, were incorporated, the droplets
displayed micro-explosions.'® Different phenomena might promote the conditions for the beginning of
the micro-explosions: The decomposition of metal carboxylates (e.g., iron (iii) 2-ethylhexanoate) and the
decomposition of ester compounds.

Increasing the concentration of 2-EHA to 65 Vol.%, was beneficial for LaFeOs leading to a further decrease
of the maximum particle size to 30 nm and to a narrowed particle-size distribution, with an average of
9.2 nm (Figure 28a-1l1). In this case, a lower concentration of ethanol in the droplets means a lower degree
of hydrolysis of the iron which is also correlated with a higher boiling temperature of the droplets sup-
pressing water absorption in the droplets from the gas-phase. For LaCoOs, the particle-size distribution
also narrows, but the average particle size increases from 8.8 nm (50 Vol.% 2-EHA) to 9.4 nm (65 Vol.% 2-
EHA). These values almost exactly match with the particle sizes calculated from the BET area assuming
spherical, monodisperse particles and the bulk density of LaCoOs (7.29 g/cm3), resulting in 8.7 nm
(95 m?/g, 50 Vol.% 2-EHA) and 9.5 nm (87 m?/g, 65 Vol.% 2-EHA). As presented in the FTIR analysis, solu-
tions containing cobalt and high concentrations of 2-EHA start to develop ordered interlinked ester struc-
tures that might affect the particle sizes. Furthermore, in the solutions containing lanthanum and cobalt
nitrate, the effect of hydrolysis is not as strong as in the solutions of iron nitrate. This slightly higher com-
bustion enthalpy of the 2-EHA-rich solutions can be related to higher flame temperatures and therefore,
the formation of larger particles.'® Additionally, as the viscosity of 2-EHA is seven times higher than that
of ethanol at room temperature, the Sauter Mean Diameter (SMD) of the droplets is expected to be 42 %
higher in the presence of 50 Vol.% 2-EHA compared to pure ethanol (based on the Elktob et al. correlation
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for external mixing of air-assisted atomizers'’*172), When the 2-EHA concentration is increased to 65 Vol.%,
the SMD is expected to further increase by 32 %. Nevertheless, increasing the SMD is considered benefi-
cial for the occurrence of micro-explosions of the droplets because the underlying accumulation of low-
boiling compounds in the center of the droplet is more prominent in larger droplets. Therefore, as pre-
sented by Mikami et al.,??2 the initial droplet diameter has a fifth-power dependence on the micro-explo-
sions probability.

The effect of the solvent composition on the particle size can be further understood with the BET surface
areas (see Figure A 2 in Appendix A). For case | (ethanol as solvent), the BET surface areas of LaFeOs and
LaCoOs are 15 and 23 m?/g, respectively. In agreement with the TEM information, the BET surface areas
increase for the case Il (50 Vol. % 2-EHA), reaching values of 89 m?/g for the LaFeO; perovskite, and
95 m?/g for the LaCoOs perovskite. Further increasing the concentration of 2-EHA to 65 Vol.% does not
significantly influence the specific surface area of the perovskites. Nevertheless, a slight increment from
89 to 92 m?/g is noticed for the LaFeOs system in agreement with the TEM results, which indicates a
reduction in the number of particles with sizes above 20 nm when a mixture of solvents containing
65 Vol.% of 2-EHA is used, thus contributing to an increase of the SSA. For the LaCoOs perovskite, the SSA
decreases to 87 m?/g (case lll), which matches the particle-size distribution obtained from the TEM pic-
tures (Figure 28b-Ill).

The use of pure ethanol as solvent not only generates a multimodal particle-size distribution, it also affects
the phase composition of the samples. In order to analyze the phase composition of the samples and the
effect of 2-EHA, powder XRD patterns are presented in Figure 29a and Figure 30a for LaFeOs and LaCoO;,
respectively. The elemental distribution of lanthanum and iron and lanthanum and cobalt can be seen in
the EDX images from Figure 29b and Figure 30b for the LaFeOs; and LaCoOs perovskites, respectively.
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Figure 29. a.) Powder XRD patterns and b.) EDX images of the LaFeOs perovskites synthesized using (1) ethanol, (1)
ethanol/2-EHA (50/50 by vol.) or (lll) /ethanol/2-EHA (35/65 by vol.) as solvents.
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Figure 30. a.) XRD diffractograms and b.) EDX images of the LaCoOs perovskites synthesized using (I) ethanol, (l1)
ethanol/2-EHA (50/50 by vol.) or (Ill) ethanol/2-EHA (35/65 by vol.) as solvents. In cases |, Il, and lll, a dispersion-gas
flow of 7 sim of O2 was used. The perovskite of case (IV) presented in the XRD results, was synthesized using also an
ethanol/2-EHA (35/65 by vol.) mixture but a reduced dispersion gas flow (6 sIm) to avoid the formation of La20s.

For the LaFeOs; system and according to the XRD results from the Figure 293, the use of ethanol as solvent
generates mainly the indexed orthorhombic LaFeOs phase with a space group Pbnm (62) (ICSD 28255). In
this case, the particles with a size above 80 nm contain more than 99 % of the mass. When 2-EHA is used
as solvent, the LaFeOs particles are phase pure and the lower contribution of large particles is evidenced
in the broadening of the peaks and in TEM results (Figure 28a). In this case, the elemental distribution of
lanthanum and iron is also improved as presented in Figure 29b-Il from EDX analysis.

The LaCoOs; system showed a larger diversity of secondary phases than the LaFeO3 when ethanol was used
as solvent. The phases La;0s (ICSD 192270) and La>CoO, (ICSD 16404) were identified besides the rhom-
bohedral LaCoOs (ICSD 201763) perovskite phase. Small cobalt oxide particles are also expected in this
case, which are usually surrounding large lanthanum-rich particles, as seen in Figure 30b-I. The Rietveld
refinements of the XRD pattern showed a mean crystallite size of 8 and 9 nm for the LaCoO3; samples
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prepared with a dispersion gas flow of 7 and 6 slm, respectively. These values are slightly lower than the
results obtained from TEM and BET measurements. Moreover, Rietveld refinement revealed a slight de-
crease of La;03 content from 2 Wt.% (7 sIm) to 1.4 Wt.% (6 sIm). However, these values are at the limit of
the characterization method. However, as mentioned before, the particle-size distribution in case of La-
CoO0s synthesis is more homogeneous than for the LaFeOs.

In the EDX image (Figure 30b-l), it can be seen that the large particles are lanthanum-rich while the sur-
rounding smaller particles are cobalt-rich. In order to verify the phase of these zones, TEM images and
Selected Area Electron Diffraction (SAED) patterns were recorded for a 73 nm lanthanum-rich nanoparti-
cle (Figure 31a and b) and for a region of low-size (<10 nm), cobalt-rich nanoparticles (Figure 31c and d).
For the lanthanum-rich nanoparticle, the d-spacing values correspond to the crystal structure of the La,03
(ICSD 192270) phase with a space group P-3m1 (164). For the cobalt-rich region, the d-spacing values
correspond to the (220), (311), (222) and (511) planes of the Cos04 cubic structure (ICSD 28158) with a
space group Fd-3mS (227). This verifies the assumed presence of small size cobalt oxide particles in the
sample synthesized using ethanol as solvent.

Figure 31. TEM images and SAED patterns of a lanthanum-rich nanoparticle (a, b) and of a cobalt-rich region of na-
noparticles (c, d) from a polydisperse LaCoOs sample synthesized using ethanol as solvent. Based on the lattice
spacing, the La-rich nanoparticle was identified as La20s while the Co-rich region is mainly composed of Co30a.

The incorporation of 2-EHA in solution avoids the formation of the La,CoO,4 phase while the weight frac-
tion of the La,03 phase decreases with increasing content of 2-EHA in solution. In order to further de-
crease the La;05 content, the dispersion gas flow was decreased from 7 sIm (Figure 30a-lll) to 6 slm (Figure
30a-1V). This enabled to increase the flame temperature and the initial diameter of the droplets, and thus
also increases the probability for micro-explosions.

4.3.6 Temperature-programmed CO oxidation of the LaMOs (M = Fe, Co) perovskites

LaFeOs and LaCoOs perovskites were tested in the catalytic oxidation of carbon monoxide. As can be seen,
the group of LaCoOs perovskites presents a higher activity for the conversion of CO to CO; than the LaFeOs
group (Figure 32a). The light-off temperature of the LaCoOs perovskites is about 100 °C lower than that
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of the LaFeOs; perovskites. 50 % CO conversion is reached at around 160 °C for the best-performing LaCoOs
sample that was generated from a precursor solution in an ethanol/2-EHA (35/65) solution and a disper-
sion gas flow of 6 sim. This sample also shows the lowest light-off temperature (95 °C) with 10 % CO con-
version at about 100 °C and a complete CO conversion was reached at 206 °C. The perovskite structure
wasn’t affected by the catalytic test as shown in the X-ray diffraction patterns (Figure 32b).
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Figure 32. (a) CO oxidation of the LaFeOs and LaCoOs perovskites. Cases: Ethanol (A), ethanol/2-EHA (50/50 by vol.)
(o), ethanol/2-EHA (35/65 by vol.) (o). Case (+): additional sample of LaCoOs synthesized using 6 sim Oz as dispersion
gas with ethanol/2-EHA (35/65 by vol.). All other samples were synthesized with O2 dispersion gas flow of 7 sim. (b)
Powder XRD patterns of LaCoOs as-synthesized and after CO oxidation.

By contrast, in case of the LaFeOs perovskites, 50 % CO conversion is not even obtained at 300 °C. Several
reports agree with the higher activity of the LaCoOs over LaFeOs perovskites for the CO oxidation.® 73
However, both materials show a very high catalytic activity compared to literature. For comparison, per-
ovskites synthesized by batch processes (e.g., Pechini or Sol-Gel method) typically present much lower
activities for CO oxidation, e.g., 50 % CO conversion at 240 °C for the LaCoOs perovskite!’* and at 430 °C
for the LaFeOs perovskite.®

The La®* ion is assumed to be inactive?” > for CO oxidation, with the 3d transition metal ion, Co3* being
active. Fierro et al. indicated that the CO oxidation over perovskites happens basically as a suprafacial
process.?” This means that the symmetry and energy of the orbitals near the Fermi level determine effi-
ciency of the catalyst.?”® According to a study of Jia et al, the compounds LaCoOs and LaFeOs have band
gaps of 0.80 and 2.20 eV, respectively.?” In addition to these electronic considerations, the Lewis acidity
of the surface due to the transition metal cations will also change with the composition and may affect
the adsorption properties, e.g., the interaction of CO with the Lewis acid sites distributed on the surface
of LaCoOs catalysts has been previously studied and demonstrated using DRIFTS.'’® Therefore, a higher
redox activity of the LaCoOs; perovskites is expected. From the mechanisms proposed for the CO oxidation
on the LaCoOs perovskite, the Co®* species (Lewis acidic sites) act as active sites for the adsorption of CO,
while the Co?* sites, which originate from the formation oxygen vacancies,* preferentially adsorb molec-
ular oxygen.®

For the LaFeOs; samples, a higher activity was found for the samples synthesized using mixtures of ethanol
and 2-EHA instead of using only ethanol. In this case, this is thought to be associated with the high specific
surface areas, 89 and 92 m?/g, of the samples, which were synthesized with 50 and 65 Vol.% 2-EHA, re-
spectively. In contrast, the BET SSA of the sample made using only ethanol as solvent was 15 m?/g).
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4.4 Conclusions

This work presents the spray-flame synthesis of single-phase LaFeO3 and LaCoOs3 perovskite nanoparticles
with narrow size distribution and high specific surface area using nitrates as precursors. This was achieved
by the addition of 2-ethylhexanoic acid (2-EHA) to the solutions of the corresponding metal nitrates in
ethanol. 2-EHA has been previously related to cascade-like micro-explosions of droplets in the spray flame
process through the superheating of ethanol.

In this work, the effect of 2-EHA in the solutions prior to the spray-flame processes was investigated in
order to understand the chemical interactions of metal nitrate precursors, ethanol and 2-EHA. Modifica-
tions of the precursor solutions were analyzed by liquid-phase temperature-dependent ATR-FTIR for the
corresponding metal nitrates dissolved in ethanol, ethanol/2-EHA (50/50 by vol.), and ethanol/2-EHA
(35/65 by vol.). It was identified that HNO3 can be formed when the temperature is increased to 70 °C in
the solutions containing iron nitrate and ethanol, indicating a high degree of hydrolysis. In the solutions
containing lanthanum nitrate, iron nitrate (or cobalt nitrate) and ethanol, HNO3; was not identified.

It was found that when 2-EHA is added to the ethanol-containing solutions of lanthanum nitrate and iron
nitrate (or cobalt nitrate), esterification occurs producing ethyl 2-ethylhexanoate and water. In this reac-
tion, the transition metal nitrates are probably acting as low-temperature catalysts as it has been indi-
cated in other report for the reactions of B-citronellol and acetic acid. The coordination of a carboxyl
group with a metal ion could only be identified in the solutions containing iron from room temperature
until 70 °C. This analysis expresses the importance of early stage reactions (catalytic esterification, for-
mation of carboxylates, nitrate-ester interaction) in the solutions as possible promoters of micro-explo-
sions and thus narrow nanoparticle size distributions.

The width of the particle-size distribution of both perovskite materials was significantly reduced when
2-EHA was incorporated in the solution. In the case of LaFeOs, decreasing the content of ethanol in solu-
tion to 35 %, helps lowering the degree of hydrolysis of the iron precursor and hence, the formation of
large particles from the droplet-to-particle mechanism. For LaCoQs, the particle-size distribution was uni-
modal even with a 50 % ethanol in solution, indicating a higher effectivity of the utilization of 2-EHA for
this material in comparison to LaFeOs,

The formation of secondary phases as La,03; and La,CoO4 was evident in the LaCoOs case when only eth-
anol was used as solvent. It was identified by EDX that in this case, the large particles (>80 nm) were
lanthanume-rich, with cobalt-rich particles in the range of 3 to 20 nm. Besides improving the particle size
homogeneity, the incorporation of 2-EHA in solution was effective to improve the atomic La and Co dis-
tribution in the particles, avoiding the formation of La;CoO. and helping in the control of the La,03 sec-
ondary phase, which content was further reduced by decreasing the oxygen dispersion gas flow in the
reactor from 7 to 6 sim.

The LaFeOs; and LaCoOs; perovskites were tested for their activity in low-temperature catalytic oxidation
of carbon monoxide (CO). In agreement with several reports, the LaCoOs perovskites are more active for
this reaction than the LaFeOs; compounds. The temperature required for a 50 % CO conversion in the
LaCoO; case was around 160 °C, almost half of the temperature required for the same conversion level in
the LaFeOs; case.
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5 Spray-flame synthesis of LaMnOs; nanoparticles for se-
lective CO oxidation (SELOX)

The content of this chapter was published in Energy & Fuels:

Angel, S.; Tapia, J. D.; Gallego, J.; Hagemann, U.; Wiggers, H., Spray-Flame Synthesis of LaMnOs.s
Nanoparticles for Selective CO Oxidation (SELOX). Energy & Fuels 2021 35 (5),4367-4376.

Further information related to this chapter is presented in Appendix B (Chapter 11.2), including Figure B
1 to Figure B 5, Table B 1, and Table B 2.

My contribution in this work includes: Research conceptualization, synthesis, characterization of precur-
sors and materials, analysis of data including the catalytic results, writing of the manuscript. U. Hagemann
contributed with XPS measurements/analysis. J.D. Tapia and J. Gallego contributed with catalytic meas-
urements/analysis. H. Wiggers contributed to conceptualization, result interpretation, and writing.

5.1 Introduction

Lanthanum-containing manganites (LaMnOs) are perovskite-type oxides that have been studied over the
years for their diverse and interesting magnetic and electrochemical properties, e.g., colossal magnetore-
sistance in doped manganites'’® ¥ and high-energy storage and power densities in Li-ion batteries, 8 182
Recently, these compounds also attracted growing attention for their versatile catalytic properties com-
bined with chemical stability, especially regarding their potential as low-cost substitutes of noble-metal
catalysts for environmentally relevant reactions as CO oxidation and CO selective oxidation (SELOX)® 18
184 They can be applied for, e.g., removing CO from enclosures and residue gases'® to avoid the poisoning

of catalysts in proton-exchange membrane fuel cells for H, production.® 8¢

The oxidation activity of LaMnOs.s perovskites has been mainly attributed to the oxygen mobility within
the lattice'®” and the redox capability’® of the Mn cations (Mn3 = Mn*). The Mn* content (percentage
of the total manganese species) in the LaMnOs.;s perovskite flexibly varies and stabilizes in function of
structure polymorphs®?. According to Tomaszewski et al, the orthorhombic phase Pnma Il counts with a
Mn* content lower than 14 % (abbreviated as 0’), followed by the orthorhombic phase Pnma I, with a
Mn*" content ranging between 14 and 26 % (abbreviated as 0), while the Mn** content of the rhombohe-
dral phase with R-3c space group is usually higher than 26 % but lower than 30 % (abbreviated as R)*°. The
formation of a specific polymorph depends on the selected synthesis technique!®®. In order to produce
rhombohedral/orthorhombic-LaMnOs.s nanoparticles, typically batch processes as sol-gel*®! or the citrate
method'®® are used. These processes count with a final calcination step involving temperatures usually
higher than 600 °C8 18 and long annealing periods of > 2h, making the formation of crystalline manga-
nites with high surface area and thus low-size particles (ideally < 20 nm) a challenge. As an alternative to
common batch processes, the spray-flame synthesis (SFS) is a versatile, continuous and scalable technique
that allows to produce oxide materials with high crystallinity, high specific surface areas and with a con-
trolled chemical and phase composition.”* ¢ It is used for the synthesis of perovskites using either organ-
ometallic precursors (e.g., lanthanum(lll) 2-ethylhexanoate or lanthanum(lll) acetate, strontium(ll) ace-
tate, iron(ll) naphtenate or iron(ll) acetate, cobalt(ll) acetylacetonate, barium(ll) acetate)**1%? or inor-
ganic metal precursors (e.g., lanthanum(lll) nitrate, cobalt(ll) nitrate and iron(lll) nitrate).r”- 1% Regardless
of the type of metal precursor, avoiding the formation of undesired secondary phases is always a chal-
lenge for the SFS of perovskites. Moreover, when low-cost inorganic metal precursors (e.g., metal nitrates)
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are used in combination with polar solvents as EtOH, unwanted multimodal particle size distributions are

often obtained in SFS.** 17

Recently, we successfully synthesized phase pure mixed oxides with unimodal particle size distributions
(PSD) using metal nitrates as precursors and a mixture of EtOH and 2-ethylhexanoic acid (2-EHA) as sol-
vent.’® While the use of such solvent mixtures in SFS has been proven to be beneficial for improving the
quality (e.g., phase purity and PSD) of single (e.g., Al,0s, Co30,', Fe,0:!°) and mixed oxides (e.g.,
LisTisO1,%%, LaCoOs, LaFe03!), the understanding of the chemical/physical phenomena behind this effect
is a matter of current multidisciplinary research.% 19617 For starting, as the superheating temperature of
ethanol (189.5 °C!%) is lower than the boiling point of 2-EHA (227.5 °C*®®) at 1 bar abs., droplets containing
the EtOH/2-EHA mixture have the potential to undergo a sudden fragmentation (e.g., micro explosion)
through the superheating EtOH enabled by the high heat transfer from the exterior to the center of the
droplets in contrast with a low mass transfer of ethanol from the center to the surface of the droplets
(e.g., mixture of solvents with Lewis (Le) numbers much greater than unity?®®). Additionally, as 2-EHA has
a higher combustion enthalpy than ethanol, the flame temperature increases when EtOH/2-EHA mixtures
are used in comparison with EtOH-based solutions,?> most likely influencing the particle size and crystal-
linity of the spray-flame-synthesized materials.

From a chemical point of view, the use of 2-EHA-based solutions in SFS has been related to the formation
of attractive metal carboxylates (e.g., 2-ethylhexanoates)’ due to ligand-exchange reactions of metal ni-
trate precursors with 2-EHA. Nevertheless, it was shown that in solutions containing La, Fe- and La, Co-
nitrates in EtOH/2-EHA mixtures, the ligand-exchange reaction depends on the transition metal and usu-
ally proceeds slowly at the reported conditions.'** EtOH/2-EHA mixtures are also subject to catalyzed es-
terification depending on the transition metal.}'* 2% The formation of water in this reaction might lead to
the hydrolysis of metal ions and the low-temperature precipitation of metal hydroxide species in the drop-
lets causing the generation of high-size particles via a droplet-to-particle mechanism.” To summarize, the
use of EtOH/2-EHA mixtures is a promising but complex approach for the SFS of metal oxides with several
associated challenges. In particular, the role of chemical interactions at low temperatures with redox-
active metal ions is not yet fully understood and is therefore also of particular interest for Mn-containing
solutions. Such interactions might affect the solution composition and thus the particle size distribu-
tion/homogeneity and the formation of specific LaMnO3; polymorphs.

This study explores the spray-flame synthesis of the LaMnOs3 perovskite from solutions containing metal
nitrate precursors and (i) ethanol as a reference case or (ii) a mixture of ethanol and 2-ethylhexanoic acid
(2-EHA) (1/1 v/v) as solvent. The precursor solutions were analyzed using temperature-dependent infra-
red (ATR-FTIR) and UV-Vis spectroscopic studies in order to investigate their stability and thus possible
effects on the synthesized materials while the particles were characterized by X-ray diffraction (XRD),
Raman spectroscopy, transmission electron microscopy (TEM), energy-dispersive X-ray spectroscopy
(EDX), temperature programmed desorption of oxygen (O,-TPD), hydrogen temperature programmed re-
duction (H,-TPR), Brunauer, Emmett, and Teller specific surface area (BET SSA) and X-ray photoelectron
spectroscopy (XPS). Additionally, in order to remove residual organics and water adsorbed on the particles
surface, the samples were heat-treated under air at 500 °C and compared with the as-synthesized perov-
skites. Finally, the heat-treated materials were tested regarding their catalytic activity for CO oxidation
and CO selective oxidation (SELOX).
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5.2 Experimental section

5.2.1  Spray-flame synthesis

The spray-flame synthesis of the LaMnO3; samples was performed in a self-developed and enclosed reac-
tor which diagram is presented in Figure 9. The precursor solutions were prepared by dissolving
La(NOs)3:xH,0 (AppliChem Panreac, >99.0 %) and Mn(NOs),:4H,0 (Alfa Aesar, >98 %) in pure ethanol or
in a mixture of 50 Vol.% of ethanol (VWR, >99.9 % purity) and 50 Vol.% of 2-ethylhexanoic acid (2-EHA)
(Alfa Aesar, >99 % purity) in order to obtain a total metal-ion concentration [La + Mn] of 0.2 mol/I.

Each corresponding solution was filled in a syringe pump and supplied to the reactor at a constant flow
rate of 2 ml/min via a hollow needle located at the center of an external mixing two-fluid atomizing noz-
zle.% 151 Using oxygen (Air Liquide, 99.95 %) as dispersion gas, a fine spray was formed and ignited by a
continuously burning premixed pilot flame (3 slm CH4 (Air Liquide, N25, 99.5 %) and 5 sIm O, (Air Liquide,
99.95 %)). The flame was stabilized by a sheath-gas flow (140 sIm, compressed air) added via a porous
sintered bronze plate (10 cm diameter), coaxially surrounding the spray nozzle. The pressure in the reac-
tor chamber was kept constant at 970 mbar abs., and an additional stream of quenching gas flow (230 sim,
compressed air) was supplied downstream the reaction zone in order to avoid condensation of water and
to reduce the temperature of the off-gas for protecting the filter used to collect the nanoparticles. To
investigate whether the sample preparation for the catalytic tests affects the particle morphology and
phase composition, the collected samples were heat-treated at 500 °C for 1 h under a continuous air flow
(500 1/h) in a Nabertherm L 1/12/R6 muffle furnace. This standard procedure was used in advance of the
catalytic tests to remove adsorbates.

5.2.2  Characterization of precursor solutions

As possible reactions among metal ion precursors and solvents might influence the stability of the solu-
tions and thus the particle formation during the spray-flame synthesis, the prepared solutions were ana-
lyzed by Fourier-transform infrared spectroscopy (FTIR) and ultraviolet-visible spectroscopy (UV-Vis) from
room temperature up to 70 °C.

First, closed vials containing 20 ml of each prepared solution were put into a stirred water bath heated at
30, 50, and 70 °C, respectively. After maintaining each temperature for 15 min, an aliquot of each corre-
sponding solution was extracted using a probing pipette which allowed to place the sample of interest
directly on the ATR holder to measure the FTIR spectra or inside a quartz cuvette to measure the UV-Vis
spectra, in order to identify temperature-related non-reversible chemical transitions during heating. The
Fourier-transform infrared (FTIR) spectra were obtained from the average of 32 scans recorded in
~1.7 min (~3.2 s/scan) from 400 to 4000 cm™ with a resolution of 4 cm™ using a Bruker Vertex 80 with
standard optical components (KBr beam splitter, DigiTect DLaTGS detector, Attenuated Total Reflectance
(ATR) sample holder). Ultraviolet-visible (UV-Vis) spectra were recorded from 200 to 800 nm with a high-
performance dual-beam Varian Cary 400 spectrophotometer (silica overcoated optics, Schwarzschild cou-
pling optics, PbS detector), using a scan rate of 600 nm/min and a step size of 1 nm.

5.2.3  Characterization of as-synthesized and heat-treated samples

The particles were analyzed with transmission electron microscopy instrument (JEOL JEM 2200FS) to
study the particle size, morphology and elemental composition by EDX mapping (energy dispersive x-ray
spectroscopy).
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X-ray diffractograms (XRD) were measured at 20 = 10-70° with a step size of 0.05° using a PANalytical
X'Pert PRO device operated with Cu-Ka radiation (0.15406 nm, 40 kV, 40 mA). Phase characterization of
the samples was also performed with Raman spectroscopy using a Renishaw InVia confocal Raman micro-
scope with a 633 nm laser operating at 1 % of the total laser power (15 mW) in order to avoid the oxidation
of the samples.

X-ray photoelectron spectra (XPS) were recorded using an ULVAC-PHI device (Versaprobe Il) using a mon-
ochromatic Al Ka radiation source and a pass energy of 11.75 eV, a spot size of 100 um and an energetic
resolution of ~0.5 eV. The calibration of the spectra was done using the C1s adventitious carbon C-C bind-
ing energy (284.8 eV).

The specific surface (SSA) area of the perovskite samples was determined with a Quantachrome Nova2000
device using the Brunauer, Emmet, Teller (BET) method after outgassing the samples for 18 h in vacuum
at 250 °C.

5.2.4  Catalytic CO oxidation and selective oxidation (SELOX) of CO

In order to investigate both the reducibility and the formation of active oxygen species on the materials
surface, temperature-programmed reduction (H>-TPR) and temperature-programmed desorption (O»-
TPD) experiments were applied to the heat-treated samples using a Chemisorption AutoChem 2920 Mi-
cromeritics® equipment equipped with a thermal conductivity detector (TCD). The heat-treated samples
(100 mg) were inserted into a U quartz reactor and pretreated at 500 °C for 15 min under the flow of a
mixture of gases (10 Vol.% O, in Ar). The H,-TPR experiments were performed with a mixture of 5 Vol.%
H> in Ar (30 ml/min) while increasing the temperature from room temperature to 500 °C at 10 °C/min.
The TPD-0; experiments were performed under pure argon flow (30 ml/min).

In order to investigate the catalytic activity, temperature-programmed reactions (TPR) were carried out
in a vertical microreactor using 100 mg of the heat-treated oxides. The reaction gas mixture consisted of
5 Vol.% CO, 5 Vol.% 0, 20 Vol.% H, for the SELOX reaction or 0 Vol.% for the normal CO oxidation, and
He balance. A total gas flow rate of 100 ml/min was used in all cases. The reaction conditions gave a gas
hourly space velocity (GHSV) of 10000 h. The reactor off gas was analyzed with a quadrupole mass spec-
trometer (Pfeiffer QMS OmniStar 300) and the intensity of M/Z signals: 2, 15, 18, 28, 30, 32, and 44, cor-
responding to: H,*, CH4*, H,O*, CO*, HCOH*, 0%, and CO;", respectively, were monitored continuously
while raising the temperature from room temperature to 500 °C at a heating rate of 10 °C/min.

5.3 Results and discussion

5.3.1 Temperature dependent ATR-FTIR/UV-Vis analysis of solutions containing the metal
nitrates and the combination of solvents

The ATR-FTIR spectra of a solution containing La(NOs)s-x H20 and Mn(NOs),-4 H,0 in EtOH heated at dif-
ferent temperatures are presented in Figure 33a. Besides the characteristic bands of EtOH, which refer-
ence spectrum is also shown, two bands were identified at 735 and 819 cm™ (not to be confused with the
EtOH characteristic vibration band at 804 cm™), corresponding to typical out-of-plane and in-plane nitrate
group vibrations.?°v2%% |ncreasing the temperature from 30 to 70 °C did not affect the spectra.

ATR-FTIR spectra of the 1:1 ethanol:2-ethylhexanoic acid solutions (EtOH/2-EHA) are presented in Figure
33b. As previously observed in case of iron nitrate precursor,® the solution mixture reacted forming ethyl
2-ethylhexanoate ester and water. The weak ester C=0 antisymmetric vibration band at 1732 cm™ and
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the ester C-0 vibration bands at 1222 and 1197 cm™ did not present an apparent modification when the
temperature was raised from 30 to 70 °C. Nevertheless, the visual inspection of the solution while heating
revealed a distinct color transition suggesting a redox reaction of the metal ions (see Figure B 1 from
Appendix B). At room temperature and at 30 °C, the solution presented a pale pink tone which is the
characteristic color of the Mn?* aqueous complex [Mn(H20)s]?* in neutral/acidic solutions?®>. At tempera-
tures above 35 °C, the color started to change, reaching a pale black tone at 50 °C and an intense darker
tone at 70 °C. This transition might be an indication of the formation of Mn(ll)-2-ethylhexanoate from
manganese nitrate and 2-EHA but was excluded due to the absence of its characteristic IR-bands at
1589 cm™ (CO; antisymmetric stretch) and at 1550 cm™ (antisymmetric shoulder)?® in the spectra shown
in Figure 33b.

a |La-Nitrat b |laNirate -
te IMn-Nitrate” .
S 5 N RNPPL
@ < [Mn(ll)-2-ethylhexanoate .
~ ~ R R T
5} o N\ N
2 2 |EtOH/2-EHA |
© ~ Lo <
£ £ Boc
g 5 ; | | |
g g \ i 1 /
g = § i r j
Y&T N
g7 AR S5 242 2
R SEEEE
T T T T T T T T T T T T
1800 1600 1400 1200 1000 800 1800 1600 1400 1200 1000 800
Wavenumber / cm Wavenumber/cm'l
(o —3o0°c| d
——50°C 2
©
—70°C ~
8
. 5 5
: : i
NG ~ 2
) 3 e
e c <
8 £
2 2 ‘ ‘
< < 300 400
Wavelength / nm
—30°C
———50°C
70°CN—
T T T T T T T T T T T T
300 400 500 600 700 800 300 400 500 600 700 800
Wavelength / nm Wavelength / nm

Figure 33. Temperature-dependent ATR/FTIR and UV/VIS measurements of metal-nitrate-based solutions pre-
pared using either ethanol as solvent (a and c¢) or a 1/1 mixture of ethanol and 2-EHA (b and d).

UV-Vis absorption spectra of the metal nitrate solutions in EtOH and EtOH/2-EHA are presented in Figure
33cand d, respectively. For the precursor solution in EtOH (Figure 33c), the spectra exhibited an ultravio-
let feature below 300 nm due to the cut-off wavelength of ethanol,?” but no features were observed in
the visible, indicating only the presence of Mn? species in solution?® regardless of the temperature. This
was also the case for the precursor solution in the EtOH/2-EHA mixture heated at 30 °C (Figure 33d).
Heating at higher temperature caused the development of one main peak at A =447 nm and a shoulder
at 4 =516 nm that can be associated with manganese complexes counting with a mixed oxidation state
of Mn?* and Mn?*.208210 Thjs indicates the oxidation of Mn?* to Mn?* and the stabilization of Mn** (possibly

MnZ-Mn3*) complexes. This process is most likely happening through the release and reduction of nitrate
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groups (NOs7/NO,), previously identified in solutions of Mn(NO3); in 2-picolinic acid and acetic acid.?% The
explanation is supported by four very weak shoulders at A =333, 345, 357, and 371 nm presented in the
inset of Figure 33d, indicating the formation of nitrous acid (HNO,).?'! We attributed the formation of NO;
(N-oxidation state = +4) to the reduction of NOs™ (N-oxidation state = +5), balancing the oxidation of Mn?*
to Mn*. However, the oxidation process did not affect the stability of the solution.

5.3.2  Particle size and phase characterization of as-synthesized materials

TEM investigation of materials produced from ethanol solution clearly showed the formation of a multi-
modal particle size distribution with sizes ranging from 4 nm until almost 2 um in diameter, as it can be
observed in Figure 34a. In strong contrast, the use of the mixture of ethanol and 2-EHA as solvent led to
the formation of a much more homogeneous particle size distribution (Figure 34b), mainly consisting of
nanoparticles with sizes ranging between 4 nm and 15 nm with an average particle size (d,) of 8 nm (ds,,
= 9.4 nm, ds3 = 10.5 nm) according to the TEM histogram presented in Figure B 4 (Appendix B). Only a
very few particles in the 200 nm range could be found and bigger particles are completely missing.
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Figure 34. TEM images of LaMnOs particles from spray-flame-synthesis using (a) EtOH and (b) a mixture of EtOH and
2- EHA. At the right side of each image, a bar chart indicates the BET specific surface area (SSA) of each sample (unit:
m?/g). While the use of EtOH as solvent led to the formation of a multimodal particle size distribution (PSD) with a
low SSA, the use of the EtOH/2-EHA mixture promoted the formation of a much more homogeneous PSD avoiding
the formation of micron-sized particles.

BET specific surface area measurements (SSA) support the findings regarding the particle sizes. While the
use of only EtOH as solvent generated a low BET SSA (24 m?/g, bar chart at the right side of Figure 34a),
the use of the EtOH/2-EHA mixture produced a sample with a BET SSA 4.4 times higher (105 m?/g, bar
chart in Figure 34b). Since the as-synthesized particles are mainly spherical, a SSA-derived particle size
was calculated for the latter assuming a monodisperse size and considering the LaMnOs3 bulk density
(= 6.6 g/cm). The calculated particle size of 9 nm is quite close to the TEM results (Figure B 4, Appendix B)
and supports the finding that only few bigger particles are produced. Due to the multimodal size distribu-
tion of the material synthesized from pure EtOH solution, the calculation of a BET-derived particle size is
not appropriate.
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The X-ray diffractograms presented in Figure 35 reveal significant differences in crystallinity and phase
composition of the samples. It is obvious that the material synthesized from the EtOH-based solution
shows a much higher crystallinity, which is in line with the high number of big particles. The analysis indi-
cates the formation of mainly orthorhombic LaMnOs (space group Pnma II, abbreviated as O’, ICSD Nr.
83761). Besides this main phase, a low content of La,05 (ICSD 192270) was also identified.
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Figure 35. X-ray diffractograms of the spray-flame-synthesized samples using ethanol or a mixture of ethanol and
2-EHA as solvent.

The LaMnO; sample synthesized with the ethanol/2-EHA mixture also showed the characteristic peak po-
sitions of the O’ phase, however, the main phase contribution was identified to come from one or two
additional phases: the orthorhombic LaMnOs.s (space group Pnma | abbreviated as O, ICSD 51653) and/or
the rhombohedral LaMnOs.s (space group R-3c, abbreviated as R, ICSD 80370). A qualitative and reliable
differentiation of the O and R phases could not be obtained in the current case from the XRD pattern
alone for several reasons: (1) the peak broadening because of small crystallite sizes, (2) the presence of
the O’ phase, and (3) the similarity of the peak positions (26) of both phases as shown in the reference
diffractograms (Figure 35).%°

All the possible three phases (0’, O and rhombohedral), usually denominated as excess-oxygen phases,
present cation (La, Mn) deficiencies.’®® The O’ phase with a Mn** content lower than 14 % is commonly
used and accepted as LaMnOs, also used here. The electroneutrality of the phases is maintained by the
oxidation of Mn3" to Mn*, with the concentration of Mn*" in the structure being equivalent to 28 (ex-
pressed in %). The high Mn3*/Mn* ratio of the orthorhombic O’ phase leads to the occurrence of Jahn-
Teller (J-T) distortions of the MnQOs octahedra (two shorter and four longer Mn—0 bond lengths)®, also
present in the O-phase.?? As a result, the Raman modes in the orthorhombic structures related to the
Jahn-Teller distortions (e.g., Ag and By, modes) are enhanced %3, which allows to distinguish the ortho-
rhombic phases from the rhombohedral phase.?** Consequently, Raman spectra (Figure 36) were meas-
ured for the sample prepared from ethanol/2-EHA solution.
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Figure 36. Raman spectra measured at two different regions of the sample synthesized using a mixture of ethanol
and 2-EHA.

Two characteristic spectra measured at different positions are presented in Figure 36. The main bands
were identified at 490 cm™ (A; mode) and at 610 cm™ (B, mode), corresponding to the orthorhombic
perovskite structure.?*? Additionally, the rhombohedral structure, which counts with two bands centered
at ~515 and ~635 cm™, could not be identified with the performed Raman measurements.?'? In summary,
the Raman results and the previous XRD results point to the presence of mainly orthorhombic O’ and O
structures for the sample that was synthesized using the ethanol/ 2-EHA solution.

Based on the qualitative determination of the phase composition of both LaMnO3; samples, Rietveld re-
finements were performed (see Appendix B). For both samples, the shape of the peaks of the diffracto-
grams (broad bottom, narrow top) presented in Figure 35 and specifically observable for the etha-
nol/2-EHA sample indicates the contribution of at least two different crystallite sizes. The Rietveld refine-
ment of the XRD pattern (ethanol-prepared sample, Figure B 2a) revealed 59.5 Wt. % of the O’-phase with
an average crystallite size (dc) of 40 nm, 37.6 Wt.% of the O’-phase (dc = 864 nm), and 2.9 Wt.% of the
La,0;3 phase (dc = 100 nm). Regarding the sample prepared from EtOH/2-EHA (Figure B 3a), the Rietveld
refinement indicated 89 Wt. % of the O-phase (dc = 10 nm), 9 Wt. % of the O’-phase (dc = 167 nm) and
2 Wt.% of the La;0Os (dc = 100 nm). The results regarding the particle size are in very good coincidence
with the TEM investigations (Figure B 4). As a main finding of the XRD analysis it is found that the EtOH/2-
EHA solution is not only effective to generate small nanoparticles with a narrow particle size distribution
but also promotes the O-phase formation containing a higher amount of Mn* than the material synthe-
sized from pure ethanol. Interestingly, the Mn** rich O phase is mainly related to the small nanoparticles
(dc = 10 nm) while the O’ phase is connected with the bigger particles (dc = 167 nm).

The poor homogeneity of the material made from pure ethanol was also found in TEM-EDX elemental
mapping of lanthanum and manganese (Figure 37). While the very small particles tend to be rich in man-
ganese, the bigger ones are rich in lanthanum. In contrast, a very homogeneous La and Mn distribution
was observed for particles made from ethanol/2-EHA.
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| - Ethanol

Figure 37. TEM/EDX images of perovskite samples synthesized using () ethanol or a (ll) ethanol/2-EHA mixture as
solvent with their corresponding (a) dark-field TEM image, (b) La Lol elemental mapping and (c) Mn K1 elemental
mapping.

The findings regarding the inhomogeneity of the materials made from ethanol are further supported by
XPS measurements. Former investigations on SFS-made materials have shown that as-prepared particles
are covered with adsorbates®® 2%° originating from combustion products and (partly) unburned fuel. Thus,
different oxygen-containing species can be identified. O1s XPS enables the analysis of these species and
allows the identification of the nature of lattice oxygen close to the particle surface. The respective spec-
tra shown in Figure 38 indicate significant differences between the samples prepared from EtOH and
EtOH/2-EHA, respectively. While the spectrum of the EtOH-made sample is dominated by oxygen — mainly
bound in water, carbonates, and single oxides (lattice oxygen binding energy of 529,8 eV?) — the spec-
trum of EtOH/2-EHA-made material clearly shows a different oxygen species. Besides the oxygen-related
surface-adsorbed species (OH/CO/0,) identified at 531.1 eV, 217 the oxygen peak at 529.1 eV can be
assigned to lattice oxygen pertaining to the perovskite structure.?
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Figure 38. O 1s XPS spectra of samples spray-flame synthesized using (a) EtOH and (b) EtOH/2-EHA mixture as sol-
vent.

In summary, the materials characterization shows that the use of pure ethanol alone did not only lead to
the formation of a multimodal particle size distribution, it also comes along with an inhomogeneous La
and Mn distribution in the particles and consequently, the formation of multiple phases. The orthorhom-
bic O’ LaMnO;s structure observed in XRD is related to the big particles, while the small-size particles (< 10
nm) were found to be poorly crystalline and manganese-rich. Using ethanol/2-EHA as a solvent not only
leads to the formation of a much more homogeneous product, it also supports the formation of materials
with manganese in a higher oxidation state. We attribute this to the fact that oxidation of Mn?* to Mn3*/**
is not limited to the particle formation step in the flame but starts much earlier when droplets are heated
in advance of the combustion as shown by UV-VIS spectroscopy of the respective solutions.

5.3.3 Heat-treated materials: Particle-size and characterization

To remove adsorbates from the particle surface previous to catalytic testing, the synthesized materials
were heat-treated under a continuous flow of air at 500 °C for 1h. Given that the heating process might
modify the particle size and phase composition/concentration of the samples, the heat-treated samples
were again characterized by XRD, Raman, TEM, and XPS.
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Figure 39. (a) X-ray diffractograms and (b) O1s XPS spectra of the heat-treated (500 °C, 1 h, air) samples that were
synthesized using ethanol or a mixture of ethanol and 2-EHA as solvent.

The material made from ethanol/2-EHA remained almost unaffected regarding its phase composition, the
contribution of at least two different perovskite phases can be observed in the XRD diffractogram (Figure
39a). This result is also supported by Raman measurements (not shown). As before, the phase content of
the O and R phase could not be separated by Rietveld refinement, however, a small increase in crystallite
size from 10 to 13 nm was observed (Figure B 3, Table B 2), matching closely the particle size obtained
from TEM measurements (Figure B 4). Regarding the ethanol-made material, the peak positions shifted
towards higher 26-values when compared with the reference positions of the O’-orthorhombic LaMnOs;
phase (Figure 39a). This can be related to some oxidation of Mn3* to Mn* ions in the perovskite structure,
decreasing the unit cell volume, which is well-known from literature.>® 218219 A phase transition of the O’-
phase towards the O or R phase containing an amount of Mn** higher than 14 % could not be identified.

The deconvoluted O 1s XPS spectra of the heat-treated samples are presented in Figure 39b. The lattice
oxygen peak at B.E. = 529.1 eV corresponding to the perovskite structure, absent in the as-synthesized
sample made from EtOH solution (Figure 38), could now be identified. Nevertheless, the contribution of
the single-oxide lattice oxygen peak at 529.8 eV?'® was found to be still prominent, corresponding to
~45 mol% of the near-surface lattice oxygen. As expected, the heat-treatment caused an important de-
crease of the oxygen content related to metal carbonate structures (B.E. = 531.9 eV)?¢, also observed in
FTIR measurements (Figure B 5), decreasing from ~35 mol% (as-synthesized sample) to ~10 mol% (heat-
treated sample) of the total measured oxygen. In contrast, the lattice oxygen of the ethanol/2-EHA-made
sample related to the perovskite phase did not change while the content of oxygen species related to
adsorbates is reduced as expected, also identified with FTIR measurements (Figure B 5).

5.3.4  Catalysis tests

CO oxidation tests, as presented in Figure 40a, were conducted in order to compare the activity of the
two heat-treated samples. Both samples presented a typical sigmoidal evolution, however, the ethanol/
2-EHA sample presented a significantly higher catalytic activity for the oxidation of CO.
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Figure 40. Catalytic performance of the heat-treated samples synthesized either with EtOH as solvent or with a
mixture of EtOH (50 Vol.%) and 2-EHA (50 Vol.%): (a and b) CO conversion percentage and temperatures. (c) CO
and H2z conversions and (d) Hz conversion temperatures on the selective oxidation (SELOX) of CO.

The required temperatures for 10, 50, and 90 % conversion of CO are presented in Figure 40b for the two
measured samples. The EtOH/2-EHA sample reached a 50 and a 90 % CO conversion at 196 and 254 °C,
respectively, while the EtOH sample required higher temperatures, reaching the same conversions at 241
and at 319 °C, respectively.

Concerning the CO SELOX reaction (Figure 40c), the EtOH/2-EHA sample also outperforms the ethanol
sample, reaching almost 80 % of CO conversion at 220 °C while the H, conversion was only of 10 % (Figure
40d). For the ethanol sample, at 259 °C, corresponding to the temperature for the 10 % conversion of H,,
a CO conversion of only 40 % was reached.

The catalytic activity of lanthanum-based perovskites for CO oxidation and CO SELOX reactions is reported
in literature discussing three main aspects: (i) defect nature and density, (ii) reducibility, and (iii) oxygen
adsorbed species.® Regarding the CO oxidation, the reaction proceeds through a suprafacial mechanism,
in which CO molecules react with adsorbed active oxygen species that were formed through the activation
of O, from the gas phase on the surface of the catalyst. This occurs via a redox process of the B-site ele-
178 'in this case, the interplay of Mn* and Mn?* ions. Thus, the catalytic activity of
lanthanum-based perovskites, e.g., LaMnOQs.s, is mainly dependent on the activation and control of ad-
sorbed oxygen species and on the reducibility of the cations. In order to understand the influence of both
of these factors, O,-TPD and H,-TPR measurements were performed and are presented in Figure 41a and
b, respectively.

ment of the perovskite
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Figure 41. (a) O2-TPD and (b) H2-TPR- results from heat-treated samples that were synthesized either with ethanol
as solvent or with a mixture of ethanol and 2-EHA.

The O,-TPD region up to 350 °C is related to the so-called a-O, which is a measure of weakly chemi-
sorbed/physisorbed oxygen upon oxygen vacancies,?? the most active oxygen species for the catalytic
oxidation of CO. According to the O>-TPD results shown in Figure 41a, the EtOH/2-EHA sample presented
a higher oxygen activation degree and adsorption amount (1282 pumol/g / 17 umol/m?) than the ethanol
sample (253 umol/g / 11 pumol/m?), in agreement with the CO oxidation results from Figure 40a. The re-
spective results are summarized in Table 3.

Table 3. BET specific surface areas, oxygen desorption (O2-TPD) and hydrogen consumption (H2-TPR) from LaMnOs
samples synthesized either with ethanol as solvent or with a mixture of ethanol and 2-EHA (EtOH/2-EHA).

Catalyst (heat-treated BETSSA  O,-TPD pumol g™* H.-TPR umol/g (umol/m?)
samples) m?/g (pmol/m?) o 5 y Total
LaMnOs-ethanol 23.1 253 (11) 214 (9) 412 (18) 161 (7) 786 (34)
LaMnOs-EtOH/2-EHA  77.6 1282 (17) 220(3) 761(10) 262(3) 1242 (16)

Regarding the H,-TPR results presented in Figure 41b, three main reduction events are observed??: ¢,
which is related to the removal of physically/chemically adsorbed surface oxygen species; £, which indi-
cates the reduction of Mn* ions to Mn3" ions and; y, which is related to the Mn3** to Mn?* reduction in
coordination with unsaturated microenvironments. The ethanol/2-EHA sample presented a higher reduc-
ibility with a total H, consumption of 1242 umol/g while the ethanol sample had a total H, consumption
of 786 umol/g. The difference is mainly related to the process indicated as 3 (Table 3), associated with
the reduction of Mn** ions to Mn3*. The results show a pronounced Mn*/Mn3* redox capability of the
ethanol/2-EHA sample, involving not only the surface of the particles but also the perovskite lattice. Con-
gruently, the temperatures at the maximum points of the B-peaks of both samples, 247 °C (ethanol/
2-EHA) and 300 °C (EtOH), correspond roughly to the temperatures at the 90 % CO conversion as it can be
observed in Figure 40a and c.
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The higher CO oxidation activity of the ethanol/2-EHA sample was expected as this sample mainly consists
of the Mn*-rich O/R phase while the ethanol sample presented mainly the orthorhombic O’-phase. Nev-
ertheless, the low reducibility of the ethanol sample is beneficial in avoiding a premature hydrogen oxi-
dation as it can be observed in Figure 40c.

Despite the lower H,-TPR temperatures of the ethanol/2-EHA sample which are also related with the un-
desired lower temperature to oxidize H, (Figure 40c and d) the ethanol/2-EHA sample still presents a
better catalytic activity for the CO-SELOX reaction than the ethanol sample. The reason behind is the
higher effectivity of the ethanol/2-EHA sample to generate active oxygen species on the catalyst surface.

5.4 Conclusions

The spray-flame synthesis of the LaMnO; perovskite using metal nitrates as precursors and ethanol as
solvent led to the formation of a multimodal particle size distribution with sizes ranging from 4 nm up to
2 um. The formation of the big particles is suggested to be related with a droplet-to-particle conversion.
The use of a solvent mixture (ethanol/2-ethylhexanoic acid (2-EHA) 50/50 v/v) generated the formation
of a narrow and homogeneous particle size distribution (sizes ranging mainly between 4 and 15 nm). The
use of ethanol/2-EHA also led to the oxidation of Mn?* in solution as observed with UV-VIS spectroscopy.
The phase composition of the samples was also affected by the solvent. While the sample synthesized
using ethanol as solvent was identified to mostly consist of the orthorhombic O’ phase, the sample syn-
thesized from ethanol and 2-EHA solution was identified to count mainly with phases rich in Mn*',

The higher amount of Mn** resulted in a better catalytic performance for the oxidation of CO and the
selective oxidation of CO compared to the sample synthesized from ethanol solution. A CO conversion of
50 % was reached at 196 °C, while the EtOH sample required a temperature of 241 °C to reach the same
conversion. The same trend was observed for the SELOX reaction, where the ethanol/2-EHA sample
reached 80 % CO conversion at 220 °C. The better performance could be explained based on O,-TPD and
H,-TPR measurements, which also identified the Mn3*/Mn* redox reaction as main driver for high cata-
lytic activity.
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6 Spray-flame synthesis of LaMOs (M = Mn, Fe, Co) per-
ovskite nanomaterials: Effect of spray droplet size and
esterification on particle size distribution

The content of this chapter was published in Proceedings of the Combustion Institute:

Angel, S.; Schneider, F.; Apazeller, S.; Kaziur-Cegla, W.; Schmidt, T. C.; Schulz, C.; Wiggers, H.,
Spray-flame synthesis of LaMO3 (M = Mn, Fe, Co) perovskite nanomaterials: Effect of spray drop-
let size and esterification on particle size distribution. Proc. Combust. Inst. 38 (2021) 1279-1287.

Further information related to this chapter is presented in Appendix C (Chapter 11.3), including Figure C
1 to Figure C 12.

My contribution in this work includes: Research conceptualization, synthesis, characterization of precur-
sors and materials, analysis of data including the catalytic results, writing of the manuscript. F. Schneider
and S. Apazeller contributed with PDA measurements. W. Kaziur-Cegla and T.C. Schmidt contributed with
headspace GC/MS measurements. C. Schulz and H. Wiggers contributed to conceptualization, results in-
terpretation, and writing.

6.1 Introduction

Perovskites are mixed oxides with the general formula ABOs, in which A is generally a lanthanide metal
ion and B is a transition metal ion such as manganese (LaMnOs), iron (LaFeOs), or cobalt (LaCoOs) 46,
Given their diversity of physical and chemical properties,?” these materials are currently being studied in
the field of heterogeneous catalysis as they are promising alternatives to costly noble-metal based cata-
lysts containing, e.g., platinum, palladium, rhodium, or iridium.?® 222 Transition metal-based perovskite
catalysts are of high interest in multiple reactions such as the oxygen-evolution reaction (OER), alkaline

223 224 225

electrolysis,** alcohol oxidation towards aldehydes and ketones,*** or photocatalytic CO, reduction.

There are multiple routes to prepare and synthesize perovskite-type oxides, usually involving precipitation,

226 or solid-state synthesis based on blending, grinding, and

complexation, and gelation in the liquid phase,
sintering of solid-state precursors. These methods usually involve additional pre- and post-processing
steps such as drying and calcination.”® In contrast, gas-phase processes such as spray-flame synthesis,
offer an attractive alternative to produce perovskite materials in a single step.'® This method, in which
typically spherical particles can be generated at high production rates, offers additional advantages over
the previously described batch processes such as scalability and reproducibility of the continuous produc-

tion process.”’

In spray-flame synthesis, oxide nanoparticles are generated by combustion of a solution of metal salts in
combustible liquids. Size homogeneity and phase purity of the synthesized materials depend on the se-
lection of the metal precursors and solvents. Synthesis from metal nitrates dissolved in low-cost polar
solvents as ethanol often results in bimodal particle-size distributions. Large particles with sizes up to
several hundred nanometers are produced via a droplet-to-particle conversion mechanism involving pre-
cipitation inside the droplet prior to evaporation, while in parallel, small particles (below 50 nm) are pro-
duced via a gas-to-particle mechanism where gas-phase precursor species are formed and then nucleate
from the gas phase.’® 2?7 In the case of the synthesis of multinary materials systems such as perovskites,
secondary phases such as La;0sand La,CoO4 can form as unwanted side products.®
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It has been shown that the use of solvent mixtures consisting of ethanol and 2-ethylhexanoic acid (2-EHA)
is beneficial for the spray-flame synthesis of unimodal and narrow particle-size distributions, which also
enables the synthesis of phase-pure multinary oxides from nitrates.’> 3 The positive effect of the addition
of 2-EHA has been attributed to the generation of cascade-like micro-explosions during the combustion
of burning droplets 2 as a result of concentration gradients forming inside the evaporating droplets. These
micro-explosions considerable decrease the droplet lifetime and thus promote the gas-to-particle mech-
anism. Recently we reported that mixtures containing 50 Vol.%:50 Vol. and 35 Vol.%:65 Vol.% of etha-
nol:2-EHA could be successfully used to directly synthesize phase-pure LaCoOs; and LaFeOs perovskites
from metal nitrate precursors.'®® In addition, it was discussed that liquid-phase reactions at low temper-
ature, particularly a catalyzed esterification already taking place upstream of the droplet combustion, may
cause precipitation inside the droplets, thus affecting the particle-size distribution of the product.

Micro-explosions and liquid-phase reactions depend on the temperature history of the evaporating drop-
lets in the flame and thus on the initial droplet size and velocity. Consequently, the effect of the dispersion
gas flow (5-8 slm 0,), which is used to atomize the solution, is analyzed in the current study. This is done
for the spray-flame synthesis of the three perovskite-forming systems. In all cases, mixtures of the corre-
sponding metal nitrates were dissolved in a mixture of 35 Vol.% ethanol and 65 Vol.% 2-EHA. The disper-
sion gas flow has been also related to modifications of the flame temperature, residence time, and thus
sintering of the particles %,

We investigated the characteristics of the burning spray of a mixture of 35 Vol. %:65 Vol. % ethanol:2-EHA
without precursors using phase Doppler anemometry (PDA) to quantify the droplet-size distribution as a
function of the dispersion gas flow. Using GC/MS, we analyzed the effect the metal precursors have on
the liquid-phase esterification of ethanol and 2-EHA in a semi-quantitative way. These investigations,
were used to understand the effect of the spray-flame process on the particle-size distribution and the
characteristics of the synthesized perovskite nanoparticles that were analyzed by transmission electron
microscopy (TEM), X-ray diffraction (XRD), and nitrogen adsorption (BET).

6.2 Materials and methods

6.2.1  Spray-flame synthesis

An enclosed spray-flame reactor (previously described in Refs.”” 1°!) was used to synthesize LaMnOs, La-
FeOs, and LaCoOs; perovskite nanomaterials. A process flow/component diagram of the reactor system is
presented in Figure 9b. Metal nitrates were used as precursors: La(NOs)s;-xH,O (AppliChem Panreac,
>99.0 %), Mn(NOs),-4H,0 (Alfa Aesar, >98 %), Fe(NOs)3-9H,O0 (VWR, >98 %), Co(NOs),6H,0O (Honey-
well, > 99.0 %) and dissolved in a mixture of 35 Vol.% ethanol and 65 Vol.% 2-EHA. The precursor solutions
contained a total metal-ion concentration of 0.2 mol/I.

The solutions were supplied via a syringe pump at a constant flow rate of 2 ml/min to a two-fluid nozzle
installed at the bottom of a closed reactor chamber. A spray was formed from the solution by an O, dis-
persion gas flow. The spray is ignited by a continuously burning premixed pilot flame (3 sIm CH4 (Air
Liquide, N25, 99.5 %) and 5 slm 0,), stabilized on a sintered bronze plate (10 cm diameter) coaxially sur-
rounding the spray nozzle. The pilot flame itself is surrounded by a sheath-gas flow (140 sIm, compressed
air) to stabilize the flame and shield it from the reactor walls. An additional quenching gas flow (230 sim,
compressed air) was added downstream the reaction zone to control the reactor off-gas temperature to
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values below 130 °C to prevent thermal damage of the filter from which the particles were collected at
the end of each synthesis.

6.2.2  Phase Doppler anemometry (PDA)

A metal-precursor-free solvent mixture was supplied to the burner used for the spray-flame synthesis in
this study. The PDA measurements (for details about the principle of measurement, see Appendix C) were
performed as described by Schneider et al.®° and a schematic of the used setup is presented in Figure C 3
from Appendix C. Droplet velocities and size distributions in the spray flame were measured using a com-
mercial fiber-based dual PDA system (Dantec Dynamics). By using two lasers operated at 20 mW, two
velocity components u and v (corresponding to the height above burner, HAB axis and the radial y-axis,
respectively) can be measured simultaneously, but only the velocity u (HAB axis) was used in this study. A
minimum HAB of 10 mm could be probed in the used configuration.

6.2.3  Headspace GC/MS (Gas Chromatography-Mass Spectrometry) measurement of metal-
nitrate solutions

Ethanol/2-EHA solvent mixtures containing the metal-precursors were prepared and 1 ml of each solution
was transferred to 20 ml amber vials and investigated by GC/MS in triplicates. Blanks with 1 ml ethanol
were measured after each triplicate. A GCMS-QP2010 Ultra (Shimadzu Deutschland GmbH, Germany)
with a Restek Rxi-5ms (30 m x 0.25 mm x 0.25 um) as analytical column was used for separation and
guantification of the organics. Samples were injected with a PAL RTC autosampler, equipped with a head-
space tool with a 2.5 ml gas-tight headspace syringe (CTC Analytics AG, Switzerland). The vials with the
samples were transferred to an agitator, where they were heated to 40 °C and agitated continuously
(500 rpm) to ensure temperature equilibration. During the incubation time, the headspace syringe was
flushed with N for 9 min. Afterwards, it was heated to 60 °C to ensure a complete injection without any
residues in the syringe body and 300 pl of the solution were injected into the GS/MS. The sample was
desorbed at 250 °C for 1 min (splitless) with helium as carrier gas at a column flow of 1 ml/min. The tem-
perature in the column oven started from 50 °C with 1 min hold time and increased to 150 °C with a rate
of 10 °C/min. This program led to the best separation and time efficient detection of the desired analytes.
The interface between GC and MS as well as the ion source temperature were set at 250 °C as recom-
mended by the manufacturer. The solvent cut time was 7 min. To determine the analyte, the total ion
current of the QMS was monitored (m/z range of 50-400). The mass spectra were compared with those
of solutions of commercial ethyl-2-ethylhexanoate (abcr GmbH, Germany).

6.24 Particle characterization

Transmission electron microscopy was used (TEM-EDX-SAED; JEOL JEM-2200FS) and the images were an-
alyzed using Imagel. Histograms of the particle sizes were plotted and fitted to log-normal distributions.
X-ray diffraction patterns were recorded in a PANalytical X'"Pert PRO operated with Cu-K, radiation
(0.15406 nm, 40 kV, 40 mA). The diffraction intensity was recorded at 20 = 10—-100° with a step size of
0.05°. BET (Brunauer Emmet Teller) specific surface areas were measured by nitrogen adsorption
(Quantachrome, Nova2000).

69



Spray-flame synthesis of LaMO3 (M = Mn, Fe, Co) perovskite nanomaterials: Effect of spray droplet size
and esterification on particle size distribution

6.3 Results

6.3.1 Particle-size distribution and phase characterization

The LaMnQOs, LaFeOs and LaCoOs perovskite materials were analyzed concerning the effect of the disper-
sion gas flow on particle size and morphology. Therefore, the O, dispersion gas flow rates were varied
from the lowest flow at which the spray-flame was stable enough and considering four consecutive inte-
ger values (5, 6, 7, and 8 slm), while the other operating parameters were kept constant.

For all as-synthesized materials, particle-size distributions were derived from TEM measurements (Figure
42). The materials consisted of mostly agglomerated, spherical particles with primary particle sizes be-
tween 2 and 30 nm. The TEM images from experiments with 6 sim O, show typical particle morphologies
that were observed for all experimental conditions. The mean particle sizes (dp), the standard deviation
(SD) and the Sauter mean diameters (ds;) were calculated and indicated in each distribution.

Count

5 10 15 20 25 30 5 10 15 20 25 30 0}3
Particle size / nm Particle size / nm

5 10 15 20 25 30
Particle size / nm

Figure 42. Example TEM images (6 sim Oz) and particle-size distributions of the LaMnOs, LaFeOs, and LaCoOs spray-
flame-synthesized perovskites.

For the LaMnOs; and LaCoOs perovskites, the effect of the dispersion gas flow on the particle-size distri-
bution was very similar. The mean particle size of both perovskite systems synthesized with a 5 sim flow
was 10 nm. Given a slight increase in the count of particles from 20 to 30 nm, the ds; of LaCoO; was slightly
higher, 14 nm, than that of the LaMnO; perovskite, 13 nm. The mean particle sizes and Sauter mean di-
ameters were found to be almost identical for flows from 6 to 8 sim (d, =8 nm and d3; = 11 nm for LaMnOs,
dp =9 nm and ds; = 12 nm for LaCoOs), thus, no trend was observable. In the LaFeOs case, it was found
that the mean particle sizes varied between 8 and 12 nm but also without a clear trend related to the
dispersion gas flow.
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For all materials, few large spherical particles up to 200 nm were observed (Figure 43, examples from
materials synthesized with 7 slm O, — TEM images from the samples synthesized with other dispersion
gas flow rates are shown in Figure C 11 from Appendix C), however, they were not included in the particle-
size distributions from Figure 42 as the counted numbers from these large particles is not statistically
significant.

o A i s ¢

e

Figure 43. Examples of large particles of a) LaMnOs, b) LaFeOs (larger sizes found compared with the other materi-
als), and c) LaCoOs perovskite materials synthesized with a dispersion gas flow of 7 sim Oa..

The phase composition characterized by XRD confirms the findings from the TEM analysis. The diffraction
pattern as well as the signal shape and width are almost unaffected regarding the dispersion gas flow
(Figure 44). In the LaMnOs case, three main phases could be identified from the XRD patterns (Figure 44a):
the orthorhombic Pnma Il (Ortho 11) (ICSD 50334), the orthorhombic Pnma I (Ortho 1) (ICSD 51653) and
the rhombohedral R-3c¢ (ICSD 75070) phases. The Ortho Il phase could be unequivocally identified from
the XRD patterns, it presented well defined peak positions and intensities which also qualitatively indi-
cated a higher crystallite size than that of the other two possible phases. The presence of the Ortho I or
the rhombohedral phase cannot be excluded from the qualitative analysis of XRD alone. This is due to the
strong unit cell symmetrization >° of the Ortho | phase, indicating that its diffraction peaks present a small
splitting with 26 positions that match those of the rhombohedral phase at, e.g., 23.3° and 47.1°. Raman
measurements (Figure C 4) suggest that both the Ortho I and rhombohedral phases are most likely present
in the LaMnOs samples besides the Ortho Il phase.

In case of LaFeQs, the diffraction pattern perfectly matches the orthorhombic (ICSD 28255) LaFeOs phase
without the presence of secondary phases. The diffraction patterns for the materials synthesized are vir-
tually congruent and no major variations were developed with the change of the dispersion gas flow. In
the LaCoOs case, the main phase indexed was the rhombohedral (ICSD 201763) LaCoOs structure while
traces of the (ICSD 192270) La,0s phase could also be identified. Again, no specific change could be ob-
served with increasing dispersion gas flow.
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Figure 44: XRD of the a) LaMnOs, b) LaFeOs, and c) LaCoOs perovskites synthesized using dispersion gas flows from
5to 8 sim.

Surprisingly, the characterization of the specific surface area (SSA) with BET measurements draws a dif-
ferent picture. In contrast to the almost identical results presented so far for the materials synthesized at
different dispersion gas flow rates, the BET results show a clear trend for LaMnO; and LaCoOs; towards an
increasing SSA with increasing flow rate as presented in Figure 45. As evidenced in the TEM pictures from
Figure 42, particles are mainly assumed as spherical and monomodal. Considering the bulk density of the
materials produced, a mean BET-based particle size (dger) can be obtained from the measured SSA and is
also presented for each sample in Figure 45. A big mismatch between particle sizes obtained from TEM
histograms and the BET-based estimation of the mean particle size indicates a bimodal size distribution
as shown in Figure 43. Thus, BET measurements are an easy method to identify the presence of large
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particles. From these results presented in Figure 45 it must be concluded that the dispersion gas affects
the particle formation process in the spray flame. In case of 8 sim dispersion gas, the particle sizes calcu-
lated from the SSA match almost perfectly with the results from TEM analysis. However, the results also
suggest that the mass ratio of the big particles cannot be neglected for lower flow rates despite the fact
that there are only very few.
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Figure 45. BET specific surface areas and derived diameters from the synthesized
LaMnOQs, LaFeOs, and LaCoOs perovskite materials.

Particle formation in spray flames occurs either via a gas-to-particle or a liquid-to-particle process 4. In
the latter, particles are formed via precipitation inside the droplets, especially in large ones. Thus, we
investigated droplet formation and their disappearance through evaporation during combustion for dif-
ferent dispersion gas flow rates.

6.3.2  PDA measurements of droplets in the burning spray

Phase Doppler anemometry measurements were performed along the axial centerline between 10 and
50 mm. At HAB = 10 mm, the arithmetic mean droplet size (D10) was 16 um regardless of the dispersion
gas flow and did not change much for HAB = 20 mm (D10 = 16 um) and HAB = 50 mm (D10 = 19 um). The
slight increase in Dio from HAB = 20 mm to 50 mm is attributed to the preferential and fast vaporization
of small droplets. The droplet count number significantly decreases with increasing HAB (Figure 46a and
b) as expected due to evaporation and dilution of droplets. The droplet-size distribution at HAB = 20 mm
as a function of the dispersion gas flow is presented in Figure C 12.
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Figure 46. Droplet-size distributions as a function of the dispersion-gas flow rate (5 sIm: black, 6 sim: red, 7 sIm:
blue, 8 sim: magenta) at a) HAB = 10 mm and b) HAB = 50 mm. c) Relative change in number concentration for
6, 7, and 8 slm compared to 5 sim at HAB = 10 mm.

As the droplet count at HAB = 10 mm was the same for dispersion gas flows from 5 to 8 slm, the number
concentration of droplets along the size distribution was analyzed exemplarily for HAB = 10 mm. For bet-
ter comparison, the counts for each section of the measurements for 5 sIm were set as reference and the
relative change was plotted for 6, 7, and 8 sIm (Figure 46c). It is obvious that the most important changes
occur for droplets > 30 um and especially between 45 and 65 um where the number concentration is
reduced by about 90 % for 8 sim compared to 5 sim. As a consequence, it can be concluded that the
particle formation process is increasingly shifted from the droplet-to-particle to the gas-to-particle pro-
cess in the LaMnOs and LaCoOs cases, which can also explain the very good agreement between the par-
ticle diameters obtained from BET and TEM measurements for a dispersion-gas flow rate of 8 sim.

In contrast to the results discussed for LaMnOs and LaCoOs, the SSA of LaFeOs did not systematically in-
crease with the dispersion gas flow. SSA values are comparably low and range from 57 to 68 m?/g. A more
detailed inspection of the XRD patterns, especially of LaFeOs, also reveals that the signal profiles do not
well match to a Lorentz shape but seem to consist of two overlapping modes (Figure 44). A similar XRD
profile was observed when synthesizing titania nanoparticles in a spray-flame reactor at reduced pressure,
where poor atomization caused a bimodal particle-size distribution.’! Thus, Rietveld analyses (Figure C5

d229

to Figure C 10) of LaMnQOs, LaFeQs, and LaCoOs XRD patterns were performe considering a bimodal

crystallite-size distribution with a small- (crystallite sizes: ~10 nm) and a large-particle mode (50—-220 nm).

For LaMnOs, a small-particle mode (~10.5 nm) was identified contributing ~83 Wt.% of the sample. Nei-
ther the average crystallite sizes nor the concentration of the small-particle mode was significantly influ-
enced by the dispersion-gas flow rate. In the large-particle mode in contrast, the average size decreased
from 215 nm (5 slm) to 83 nm (8 sIm) while its concentration remained stable (~15 Wt.%, Figure C 6).
Similar to LaMnOs, the LaCoOs samples contained a small-particle fraction (~9 nm, 85 Wt.%) which was
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not affected by of the dispersion-gas flow rate, while, the average size of the large-particle fraction de-
creased from 85 nm (5 sIm) to 55 nm (8 sIm) with a constant mass fraction of 15 Wt.% (Figure C 10). This
observation agrees with the TEM results that showed a constant number of small particles (Figure 42) and
with the increase of the SSA of LaMnOs and LaCoOs with increasing dispersion-gas flow rate through the
decrease of the size of the large particles. The small-particle fraction of LaFeOs had an average size of ~10
nm (76 Wt.%) while the large crystallites had an average size of 178 nm, that — unlike the LaMnO; and
LaCoOs cases — did not depend on the dispersion-gas flow rate (Figure C 8). Furthermore, the average
concentration of the large crystallites of the LaFeO3 samples was higher (24 Wt.%) than that of the other
materials systems. This information is consistent with the SSA of the LaFeOs; samples (Figure 45) that did
not depend on the dispersion-gas flow rate. The origin of the specific role of LaFeOsis still unclear.

6.3.3  Esterification reaction of ethanol and 2-EHA in the precursor solutions

In previous studies, we proposed that the iron-containing precursor solution shows some catalytic activity
towards the esterification of ethanol and 2-EHA for producing ethyl-2-ethylhexanoate and water.'®*
Mainly the content of water — together with the water of crystallization of the iron nitrate precursor — is
expected to force the hydrolysis of the metal ions, especially iron, and the subsequent formation of par-
ticles within the droplets before their evaporation occurs, thus boosting the droplet-to-particle mecha-

nism.%

The chemical interaction of the different components of the solutions (lanthanum nitrate, the correspond-
ing transition metal nitrate, ethanol and 2-ethylhexanoic acid) might influence the formation and com-
bustion of the droplets as well as the low-temperature formation of species prompted to precipitate in
the liquid-phase in advance of the droplet combustion leading to the formation of large particles.

In a previous study,**

it was found from an ATR-FTIR analysis that in solutions containing lanthanum and
iron nitrates, the hydrolysis of iron leading to iron-hydroxide species was reduced by decreasing the eth-
anol concentration in the solution from 50 to 35 Vol. %, narrowing the particle-size distribution (TEM) of
LaFeOs. Solutions containing lanthanum and cobalt nitrates were also analyzed, finding that given the
lower degree of hydrolysis of cobalt, solutions containing 50 Vol.% ethanol led to the formation of LaCoOs3
with a unimodal particle size distribution.

Without the presence of a catalyst, esterification reactions are typically slow at room temperature.'®®

However, we previously observed that transition metals — especially iron — can act as a catalyst for this
reaction.’ To quantify the effect of the precursor solution composition on the esterification reaction, we
applied GC/MS for a quantitative comparison of the ethyl-2-ethylhexanoate content produced for the
various precursor systems (Figure 47).
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Figure 47. Integrated GC/MS signal of ethyl-2-ethylhexanoate as a measure
for their relative concentration in the precursor solutions.

Solutions containing lanthanum and iron nitrates showed by far the highest trend towards forming ethyl-
2-ethylhexanoate with a concentration four times higher than in solutions of lanthanum and manganese
nitrates and nine times higher than in solutions of lanthanum and cobalt nitrates. The esterification is
directly related to the release of water, thus the water content originating from the esterification is also
4-9 times higher than in the solutions with cobalt and manganese. Additionally, the content of water of
crystallization is also the highest for iron nitrate (Fe(NOs)s-9H,0). In contrast, cobalt and manganese ni-
trates have 6 and 4 molecules of water of crystallization, respectively. Therefore, iron nitrate solutions
will reach a water content (from released water of crystallization and esterification) 6-10 times higher
than solutions of cobalt or manganese nitrate. The formation of ethyl-2-ethylhexanoate and water is ex-
pected to affect the temperature history and vaporization characteristics of the droplets in the spray
flame. As ethanol is consumed and water is produced, the boiling point of the mixture will increase and
additional energy will be required for heating up the droplets and for the evaporation of water. Moreover,
liquid-phase separation might occur due to the low solubility of the ester and the acid in water, dividing
also the precursors in water-soluble such as nitrates and ester/acid-soluble, e.g., iron-carboxylate, which
formation has been previously studied.* We assume that a significant amount of the metal ions will ac-
cumulate in the water phase, especially in solutions containing iron nitrate, and hydrolyze before the
droplet is completely burned/evaporated. As a consequence, the formation of large particles from the
LaFeOs perovskites can be attributed to the high water-content and related hydrolysis of metal ions and
thus the variation of the dispersion-gas flow (and thus the decrease of initial droplet size) would not
greatly increase the SSA of the product because particle precipitation also occurs rapidly in small droplets.

6.4 Conclusions

In this paper, we identified spray-flame reaction conditions that lead to the formation of perovskite na-
noparticles with a bimodal size distribution. For LaMnOs and LaCoQs, the dispersion gas flow (6—8 sim) did
not affect the primary particle size of the small-particle mode (up to 30 nm). This was evidenced in the
mean particle size (8 nm in LaMnOs; and 9 nm in LaCoOs) obtained from TEM images (Figure 42), which
was almost independent on the dispersion-gas flow rate. A low flow rate of 5 slm slightly increased the
mean particle size of both materials systems to 10 nm due to an increase in the fraction of particles in the
20-30 nm regime. In case of LaFeOs, the mean particle size varied from 8 to 12 nm depending on the
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dispersion-gas flow rate. In addition, few large particles (up to 200 nm) were encountered for all three
materials.

Even though the mean particle size obtained from the analysis of TEM images was almost invariant, the
increase of the dispersion-gas flow rate caused an increase of the BET specific surface areas (SSA) of the
LaMnOs (from 54 to 101 m?/g at 5 to 8 sIm, resp.) and LaCoOs perovskites (from 66 to 95 m?/g from 5 to
8 sIm, resp.), indicating a reduction of the fraction of large particles with increasing dispersion-gas flow
rate. This effect was not seen for LaFeOs, where the SSA remained constant at ~65 m?/g.

PDA measurements of the burning sprays from a mixture of 35 Vol.% ethanol and 65 Vol.% 2-ethylhexa-
noic acid without precursors revealed droplet sizes ranging from 2 to 65 um, and a mean droplet size of
16 um. Most importantly, the measurements revealed that the number concentration of large droplets
(4565 um) is reduced by about 90 % when increasing the dispersion-gas flow rate from 5 to 8 sim. We
conclude that in case of LaMnOs3; and LaCoOs, increasing the dispersion-gas flow rate shifts the formation
of particles from the droplet-to-particle to the gas-to-particle mechanism, explaining the increase in the
specific surface areas.

Our experiments verified the previous hypothesis that the esterification reaction of ethanol with 2-EHA
towards ethyl-2-ethylhexanoate and water is catalyzed by the transition-metal precursors in the solution.
From GC/MS measurements we found that the concentration of ethyl-2-ethylhexanoate, and hence water,
is four times and nine times higher in solutions containing La/Fe nitrates than in solutions containing
La/Mn and La/Co nitrates, respectively. The high content of water specifically affects the hydrolysis of iron
and the formation of precipitates in the droplets, generating the formation of high-size particles. This
explains the rather low and invariant BET specific surface area of the LaFeOs perovskite with the dispersion
gas flow.
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7 Discussion summary

This work presents the spray-flame synthesis (SFS) of three lanthanum-based perovskite-like oxides —
LaMnOs, LaFeOs and LaCoOs — using nitrates as metal precursors. The effect of two solvents — ethanol and
2-ethylhexanoic acid (2-EHA) — mainly on the particle size distribution, specific surface area (SSA) and
phase composition of the synthesized materials is analyzed.

The use of ethanol as solvent produced perovskite materials with low BET SSAs of 24, 15, and 23 m?/g for
the LaMnOs (Figure 34a), LaFeOs; and LaCoOs oxides (see Figure A 2 in Appendix A), respectively. TEM
images of the different materials indicate the formation of particle-size distributions consisting of two
modes: small particles with sizes ranging between 2 and 20 nm and large spherical particles reaching up
to 2 um in diameter. The formation of such large particles is responsible for the identified low SSAs of the
synthesized materials. As presented in chapter 3.2.2, the formation of large particles when ethanol is used
as solvent — as in the synthesis of single oxides — has been associated with the direct droplet-to-particle
formation route, which is closely related to the chemistry of the metal nitrate precursors in the ethanol-
based solutions. To identify such chemical effects, temperature-dependent ATR-FTIR measurements of
the corresponding precursor solutions for the spry-flame synthesis of the three perovskite systems were
performed. In the lanthanum-free iron-nitrate-based solution (Figure 25a), IR bands related to the for-
mation of HNO; were identified when the temperature of the solution was increased from 23 to 70 °C.
The formation of HNOs is related to the hydrolysis of the Fe(lll) hexa-aqua ion (chapter 4.3.2) and the
generation of (oxy)-hydroxides, which are precipitating species in the liquid-phase. Cobalt nitrate (Figure
25) or manganese nitrate (Figure 33) — regardless of the presence of lanthanum nitrate — ethanol-based
solutions did not display the formation of IR bands related to the formation of HNOs3, indicating a weaker
hydrolysis degree than the iron-based solution. A stronger degree of hydrolysis (i.e., formation of stable
hydrated complexes) of iron nitrate is expected as it has — taking water-based solutions as reference —a
lower free energy of hydration (Figure 16a) and water exchange rate constant (Figure 16b) than La-, Co-,
or Mn-nitrate. The study of the chemistry of metal nitrates in ethanol-based solutions points to the hy-
drolysis of the metal ions — especially of iron — in solution and the formation of precipitating hydroxide
species as promoters of the formation of large particles directly from droplets in the spray-flame process.

The use of ethanol alone a solvent does not only affect the particle-size distribution of the spray-flame
synthesized materials, it also affects the elemental distribution of La/Mn, La/Fe and La/Co throughout the
formed particles. An enrichment of lanthanum in large particles can be observed in the TEM/EDX images
of the spray-flame synthesized LaMnOs (Figure 37-1), LaFeOs (Figure 29b-1), and LaCoOs (Figure 30b-I). This
lanthanum enrichment is likely driven by different phenomena, e.g., the higher decomposition tempera-
ture of lanthanum nitrate in comparison with Mn-, Fe-, or Co-nitrate (see chapter 3.2.1) and the lower
solubility of lanthanum nitrate in ethanol in comparison with the other metal nitrates which might cause
an early recrystallization of lanthanum nitrate with the evaporation of ethanol from the droplets (chapter
3.2.2). The consequence of the lack of elemental homogeneity throughout the particles is the formation
of secondary phases as La,0s besides the formation of the LaCoOs (Figure 30) or the LaMnOs (Figure 35)
perovskite.
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The use of metal-nitrate-based solutions of ethanol/2-EHA (50/50 by vol.) caused an important increase
of the BET SSAs of the spray-flame synthesized LaMnOs, LaFeOs; and LaCoOs; perovskites to 105 (Figure
34a), 89, and 95 m?/g (chapter 4.3.5), respectively. The improvement of the SSAs is explained through the
radical decrease — compared with using only ethanol as solvent — of the concentration number of large
particles (> 100 nm) in the synthesized materials, especially for the LaMnOs (Figure 34b) and LaCoOs (Fig-
ure 28b-Il) cases. For the LaFeOs case (Figure 28a-ll), few large particles (>100 nm) were identified. Nev-
ertheless, the increase of the concentration of 2-EHA to 65 Vol.% was effective to further decrease the
concentration number of such particles (Figure 28a-lll). The reasons behind the beneficial effect of the
ethanol/2-EHA mixtures in the SFS of oxides (chapter 3.2.3) have been attributed to different physical (see
chapter 3.2.3.1) — as droplet micro-explosions and high flame temperatures — and chemical (chapter
3.2.3.2) phenomena such as the formation of metal carboxylates. To further understand the chemical
interactions among the metal nitrates and the ethanol/2-EHA mixture, temperature-dependent ATR-FTIR
measurements of the corresponding precursor solutions were performed. In all solutions containing metal
nitrates, ethanol and 2-EHA, IR bands (Figure 25c, Figure 26¢, Figure 33b) characteristic for ester com-
pounds were identified and using GC/MS (see Figure A 1 in Appendix A), the ester compound was identi-
fied as ethyl 2-ethylhexanoate, as proposed in reaction (3.4). As esterification reactions are typically cat-
alyzed by, e.g., Lewis acid compounds (chapter 3.2.3.2), the transition metal ions (Fe**, Mn?, or Co?*) in
solution were proposed as potential catalysts for the identified formation of the ester compound. The
formation of characteristic IR bands of the C=0 carbonyl group in the solutions containing iron (Figure
25c) hinted to a stronger interaction of Fe®* ions — compared to that of cobalt or manganese ions — with
the carbonyl group of the carboxylic acid, which has been identified as important part in the mechanisms
of catalyzed esterification reactions. For solutions containing lanthanum and manganese nitrate, the pres-
ence of 2-EHA generated as well the oxidation of Mn?* to Mn3* — supported by UV-Vis measurements
(Figure 33d) — at temperatures above 35 °C (chapter 5.3.1), happening through the release and reduction
of nitrate groups. As consequence, the liquid-phase oxidation of manganese allowed the formation of the
LaMnOs.;s perovskite-like oxide which counts with a Mn**-rich orthorhombic O-phase as identified by XRD
(Figure 35) and Raman measurements (Figure 36). Furthermore, the incorporation of 2-EHA in solution
caused a more homogeneous — in comparison with using only ethanol as solvent — elemental distribution
of La and Mn throughout the particles (see TEM/EDX pictures from Figure 37-1l). This higher degree of
elemental distribution was also observed in the LaFeOs (Figure 29b-Il) and LaCoOs (Figure 30b-Il) perov-
skites synthesized using the ethanol/2-EHA mixture.

Using solutions of the corresponding metal nitrates dissolved in the ethanol/2-EHA (35/65 by vol.) solvent
mixture, the effect of the dispersion gas — which is used to atomize the solution flow into fine droplets —
flow rate (5, 6, 7, and 8 slm) on the particle size distribution of the spray-flame synthesized LaMnO;, La-
FeOs, and LaCoOs perovskites was analyzed. Increasing the dispersion gas flow rate from 5 to 8 sim caused
the increase of the BET SSAs (Figure 45) of the LaMnOs and LaCoOs perovskites from 54 to 101 m?/g and
from 66 to 95 m?/g, respectively. On the other hand, the BET SSA (Figure 45) of the LaFeOs perovskite did
not present any important variation — constant value of ~65 m?/g — with the change of the dispersion gas
flow rate. Rietveld refinements of the LaMnOs; (Figure C 5), LaFeOs (Figure C 7) and LaCoOs (Figure C 9)
perovskites synthesized with dispersion gas flow rate of 5 sim evidenced a bimodal particle size distribu-
tion — also observed in TEM pictures from Figure 43 — consisting of small crystallite size (<12 nm) nano-
particles (~85 Wt.%) and large crystallite size (~200 nm for the LaMnOs and LaFeO; samples and ~85 nm
for the LaCoO; sample) particles (~15 Wt.%). While the size and concentration of the small-crystallite-size
nanoparticles and the concentration of the large-crystallite-size particles did not present an important
variation, the increase of the dispersion gas flow rate to 8 sIm caused the decrease of the size of the large-
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crystallite particles of the LaMnOs and LaCoO3; samples to ~75 nm (Figure C 6b) and ~60 nm (Figure C 10b),
respectively. By contrast, the size of the large-crystallite particles of the LaFeO3; samples was not modified
— explaining the invariability of the BET SSAs —with the change of the dispersion gas flow rate, remaining
at a high value of ~200 nm (Figure C 8b). As presented in chapter 3.1, the formation of large particles in
the spray-flame synthesis is associated with the droplet-to-particle conversion mechanism, which indi-
cates that the initial droplet size is a relevant parameter to be understood and controlled. In this regard,
phase Doppler anemometry (PDA) measurements (Chapter 6.3.2) of metal-nitrate-free burning sprays
were conducted along the axial centerline of the burner in order to quantify the droplet size distribution
as a function of the dispersion gas flow rate. At a height-above-burner (HAB) of 10 mm and using a dis-
persion gas flow rate of 5 sIm, the droplet size (Figure 46a) ranges between 2 and 65 um (arithmetic mean
droplet size (D10) of 16 um). Even though Dipis not modified when the dispersion gas flow rate is increased
to 8 slm, the number concentration of droplets with sizes between 45 and 65 um is decreased by 90 %
(Figure 46c). This is in agreement with the results concerning the LaMnOs and LaCoOs cases, as the in-
crease of the dispersion gas flow rate shifts the particle formation process from droplet-to-particle to gas-
to-particle route, causing the decrease of large particles and consequently, the increase of the BET SSAs.
In order to understand the different behavior — invariability of BET SSAs and large particle size with the
change of the dispersion gas flow rate — of the LaFeOs samples, the previously mentioned hypothesis
related to the catalytic role of the transition metals in solutions for the esterification of reaction between
ethanol and 2-EHA was explored.

Using headspace GC/MS measurements (Chapter 6.3.3), the ethanol/2-EHA (35/65 by vol.)-based solution
containing lanthanum and iron nitrates was identified to present the highest concentration of ethyl 2-
ethylhexanoate (Figure 47), four times higher than a La/Mn-based solution and nine times higher than a
La/Co-based solution. This indicates that the iron-based solution has a remarkable catalytic activity in the
esterification reaction between ethanol and 2-EHA. Furthermore, water is also produced in the reaction
and the Fe-based solution also contains four or nine times more water coming from the esterification than
the Mn- or Co-based solutions, respectively. Considering the higher tendency of iron ions to hydrolyze —
lower free energy of hydration and water-exchange rate constant compared to Co, Mn, or La ions as pre-
sented in Figure 16 — and the high concentration of water in the Fe-based solutions, a higher formation
of precipitating (oxy)-hydroxide species is expected, leading to a higher influence of the droplet-to-parti-
cle conversion route as it was observed in the spray-flame synthesis of LaFeOs perovskite-like oxides.

Concerning the catalytic activity of the spray-flame synthesized materials for the oxidation of CO, the
LaCoO; perovskite oxides presented — as expected and previously presented in Figure 6b — the highest
activity (LaCoOs > LaMnOs > LaFeOQs), reaching a 50 % CO conversion at ~160 °C (Figure 32a). By contrast,
the LaFeOs; oxides reached the same conversion at ~300 °C (Figure 32a). Regarding the LaCoOs and LaFeOs;
oxides, the samples synthesized with only ethanol or with an ethanol/2-EHA mixture did not perform
radically different in the catalytic CO oxidation. This was not the case for the LaMnOs3 oxides as the sample
synthesized with an ethanol/2-EHA (50/50 by vol.) mixture reached a 50 % CO conversion at 196 °C (chap-
ter 5.3.4 for more details) while the sample synthesized with ethanol reached the same conversion at
241 °C (Figure 40a, b). As previously indicated, the LaMnO3s; sample synthesized with the ethanol/2-EHA
counts with a Mn**-rich orthorhombic (O) structure which was identified to have both an increased capa-
bility to adsorb oxygen species (e.g., generation of active a-O oxygen species as presented in Figure 41a)
and a higher reducibility at lower temperatures (Figure 41b), explaining the higher activity of this sample
— compared to the LaMnOs oxide prepared using ethanol as solvent — for the catalytic oxidation of CO.
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Furthermore, LaMnQOs; samples were also tested for the selective oxidation of CO (Figure 40c, d) as pre-
sented in Chapter 5.3.4. Also in this case and attributed to its high capability to generate active oxygen
species on the catalyst surface (Figure 41a), the sample synthesized using an ethanol/2-EHA mixture as
solvent presented a higher catalytic activity reaching ~80 % of CO conversion at 220 °C while the H, con-
version was only of 10 %.
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8 Outlook

The spray-flame synthesis of LaFeOs, LaMnOs, and LaCoOs3 perovskite nanomaterials for catalytic CO oxi-

dation was presented in this thesis. Using metal-nitrate-based solutions, the effect of two solvents was

analyzed: ethanol and 2-ethylhexanoic acid. Several aspects that can potentially help to synthesize mate-

rials of higher quality in terms of phase purity and particle size homogeneity were identified and are de-

scribed as follows:

Regarding hydrolysis, micro explosions and the use of 2-ethylhexanoic acid

To avoid the formation of large particles from droplets when metal nitrates are used as precursors,
two issues must be studied in parallel: the improvement of the nozzle/burner and the control of
hydrolysis of metal ions. The improvement of the nozzle, specifically related to the spray-formation
directed towards controlling the droplet size, requires multiple aspects: a preparation of several noz-
zle design options with their respective modeling (e.g., CFD to understand velocities and pressures),
the fast and precise manufacture of the parts (e.g., evaluate the possibility of 3D printing of nozzle
parts) and a testing methodology which involves the measurement of droplets’ sizes and velocities,
gas velocity and spraying angles — in a test/design feedback loop — with concrete goals, e.g., a maxi-
mum droplet size of 7 um.

The hydrolysis of metal ions should also be studied and related with the spray-flame synthesis of
oxides. One interesting case would be the synthesis of Al;03 from aluminum nitrate. The first study
idea comes from the identified esterification reaction of ethanol with 2-EHA which produces the es-
ter compound ethyl 2-ethylhexanoate and water. In order to eliminate water or to displace the equi-
librium reaction to the left (reaction (3.4)), ester compounds can be directly added to the solutions.
This is a non-explored field in the design of solutions for the spray-flame synthesis of metal oxides.
Other potential water scavengers are ortho esters?° (e.g., trimethyl orthoformate, TMOF) or acid
anhydrides?®! (e.g., acetic anhydride reacts with water to form acetic acid). The addition of esters and
acid anhydrides can be studied for the spray-flame synthesis of Al,Os, analyzing particle sizes and
specific surfaces areas. All these analyses must be done taking into account the chemistry of the
solutions, different spectroscopic methods can be used (e.g., IR, UV-Vis, MS, NMR). The identification
of hydrolysis-derived chemical species must also be considered, an alternative here might be the use
of methods as the electrospray ionization mass spectroscopy (ESI-MS), which is identified as a
method that allows the transfer of ionic species from a solution to the gas-phase.1%®

Another alternative to control the hydrolysis of the metal nitrates can be the use of ligands stronger
than H,0 in solution (e.g., NHs, NO;"). Here, attention must be paid to other reactions (e.g., formation
of sols and gels) that might affect the final quality of the particles.

Avoiding the formation of large droplets and controlling hydrolysis would not only serve to avoid the
formation of large particles, it would also help avoiding the formation of secondary phases, especially
when mixed oxides (e.g., perovskites) are being produced. As identified in this thesis, large particles
tend to be La-rich forming phases as La;CoO, or La;0s. This is evident from multiple points of view:
The low solubility of lanthanum nitrate in different solvents compared with transition metal nitrates
and the volatility of, e.g., Co gas-phase species.

To form small and monomodal nanoparticles and to obtain phase pure perovskite materials, the use
of the ethanol/2-ethylhexanoic acid mixtures was very effective. The underlying chemical and physi-
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cal phenomena, however, must be further explored. The effect of the metal precursors and interme-
diaries on the droplet micro explosions can be investigated by modifying the concentration of the
precursors in the prepared solution and by recording high-speed videos of the formed droplets (sin-
gle droplet and spray) in a way that the frequency of the micro-explosions could be quantified. This
point is also related with the role of the presence of traces of elements/species that can influence
the heterogeneous nucleation of bubbles in the droplets, e.g., addition of extremely low quantities
to the solutions of carbon-derived compounds, Al,O3 nanoparticles, or of the same final desired com-
pound.

The heterogeneous nucleation of bubbles in droplets can also be encouraged using various ap-
proaches as, e.g., saturating?? the prepared solutions with gases (e.g., CO,, Oz, N;) or pressurizing
the solution container to facilitate the superheating of ethanol. Lasers can be also used to generate
micro-explosions of droplets. For example, Wood et al.?*® used a pulsed CO; laser to cause the micro-
explosions of ethanol and water droplets.

The formation of metal carboxylates (e.g., metal 2-ethylhexanoates) from the reaction of metal ni-
trates with 2-ethylhexanoic acid must be better understood. Until now, the analysis of these com-
pounds in the solutions used for the spray-flame synthesis has been done basically using qualitative
methods (e.g., characteristic bands in FTIR). Quantitative analysis can be performed using, e.g., liquid
chromatography — mass spectroscopy (LC-MS) or micro-extraction techniques coupled with gas chro-
matography/spectroscopy. The quantification of metal carboxylates will help also to clarify aspects
of the micro-explosion phenomenon and the role of these compounds in the formation of homoge-
neous nanoparticles.

Alternatives to 2-ethylhexanoic acid can be also explored.?° Within the branched chain acids family
there two interesting options: 2-propylpentanoic acid (boiling point: 219-220 °C) and 3,5,5-trime-
thylhexanoic acid (boiling point: 230-240 °C). The latter option might be especially interesting given
its high boiling point and higher branching degree. Within the straight chain acids family, options as
the n-heptanoic acid, n-octanoic acid or n-nonanoic acid can be tested.

Regarding the synthesis, characterization and the use of perovskites

Avoiding the formation of large droplets/particles will greatly help improving the phase purity of per-
ovskite materials. A careful design of the solutions of precursors should be always performed, under-
standing, e.g., the chemistry and decomposition of precursors in order to identify important differ-
ences, the effect of solvents in the solution and in the flame characteristics (e.g., temperatures, res-
idence time).

For catalytic applications, the surface of the perovskites should be as clean as possible. Chemical
species (e.g., unburned solvents, CO, CO,, H,0) that are adsorbed on the surface of the materials
should be minimized. Until now, this is commonly done by heating the materials in ovens at, e.g.,
250 °C for some hours. Instead, the heating can be done directly in the reactor and under vacuum.
As low pressures can be reached in the reactor system, the samples can be left in the filter with a
continuous flow of N»/O; and at a temperature of ~150 °C, as with vacuum, lower temperatures are
required to desorb the species. Heating at low temperatures is also important in order to limit the
sintering of the particles. Nevertheless, this process —as the normal heating in ovens at mild temper-
atures —is not effective to decrease the content of carbonates.
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The understanding of the electronic structure of the perovskites must be increased to develop better
catalysts. Characterization techniques as EXAFS (extended X-ray absorption fine structure) and
XANES (X-ray absorption near-edge structure) can be performed using synchrotron radiation in order
to identify, e.g., interatomic distances, coordination numbers and valence states. These measure-
ments should go from sporadic to frequent and should be related with the studied applications.

As stated by Royer et al.?®, the future in the use of perovskites as catalysts might be more related to
the production of hybrid catalysts (e.g., (hoble)metal/perovskite). However, many other alternatives
234 (e.g.
La(Coo.2Cro.2Fe02Mng2Nio2)0s, (SrosBaos)(Zre2SnoaTio2Hfo2Nbo2)O3) is an emerging promising field

can be tested. For example, the synthesis of perovskites in a high-entropy configuration

that can be explored.

Various ideas regarding the use of hydrogen, organization of information, and digitalization
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The use of hydrogen in the pilot flame of the spray-flame synthesis should be further explored. As
hydrogen is currently being worldwide explored for several applications, the spray-flame synthesis
method can be easily coupled with several alternatives. For example, if carbon contamination of the
synthesized material needs to be reduced, water can be used as the main solvent to prepare the
precursor solutions. In this case, a H,/O, supporting flame would provide the required energy for the
spray-flame synthesis without introducing — contrary to CH4/0; flames — additional carbon sources
to the process and final material.

Linking the characterization of materials with the synthesis operation parameters (e.g., liquid and gas
flow rates, concentration of precursors) is a simple task but time demanding and very manual. A
more complex — but also normally done and manual — activity is relating the spray-flame character-
istics (e.g., droplet sizes, temperatures, chemical species) with the materials characterization (e.g.,
particle sizes, crystallographic phase, surface characteristics). Getting to a level at which the spray-
flame and materials characteristics could be automatically compared is not a simple task. One ap-
proach might be to organize all characterization results in a database and in a parametric way. For
example, a folder of the spray-flame synthesis of LaCoO3 will contain the XRD, FTIR, XPS results of the
materials — in a format that can be analyzed by a computer program — and the flame temperatures,
droplet sizes from LIl or PDA measurements. All these data should be correlated and the program
could be able to identify, e.g., the presence of secondary phases in XRD, and to relate these issues
with flame parameters. The development of such databases will give the potential to develop ma-
chine learning — and eventually, artificial intelligence — alternatives, in which the program might be
able to predict the best operation conditions to synthesize a given material. Another alternative here
is related to the in-situ crystallographic characterization of materials in the spray-flame reactor. One
way of achieving this might be using a soft X-ray free electron laser?*® in order to obtain in-situ dif-
fraction patterns of materials. However, this requires a powerful X-ray source (Beamline) and con-
sidering having the continuous presence of a spray-flame reactor in a beamline.
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11 Appendix

11.1 Appendix A

The information presented in this appendix is related to the analysis from Chapter 4.
Spray-flame synthesis description

Each solution was supplied via a syringe pump at a constant flow rate of 2 ml/min to a two-fluid nozzle
installed in the bottom part of a closed reactor chamber. A fine spray was formed from the solution by a
flow of 7 sIm (standard liters per minute, otherwise indicated) of O, (Air Liquide, technical). The main
flame was supported by a premixed flat pilot flame (3 sim methane (Air Liquide, N25, 99.5 % purity) and
5 slm O;) stabilized on a sintered bronze plate (10 cm diameter) coaxially surrounding the spray nozzle.
The pilot flame is surrounded by a sheath-gas flow (140 sIm, compressed air) to stabilize the flame and
shield it from the reactor walls. An additional quenching gas flow (230 sIm, compressed air) was supplied
above the reaction zone to further control the reactor off-gas temperature to values below 130 °C to
prevent thermal damage of the filter device used to collect the particles.

Measured Mass Spectrum (MS)

Reference MS - NIST database:
Ethyl 2-ethylhexanoate

Relative intensity / a.u.

|/ a.u.

| . il L 1. . L1
80 100 120 —l
m/z

800 805 810 815 820 825 8.30
t/ min

Figure A 1. Gas chromatogram and mass spectrum of ethyl 2-ethylhexanoate (retention time of 8.19 min) in a solu-
tion of ethanol/2-EHA 50/50 % v/v.
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Figure A 2. BET surface areas of the perovskites LaFeOs and LaCoOs. (I) Ethanol, (II) ethanol/2-EHA (50/50 by vol.)
and (Ill) ethanol/2-EHA (35/65 by vol.). The specific surface area (SSA) of the nanoparticles was determined using
the Brunauer, Emmet, Teller (BET) gas-adsorption method (Quantachrome Nova2000).
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11.2 Appendix B
The information presented in this appendix is related to the analysis from Chapter 5.

e Photographs of solutions of precursors at different temperatures

5°C

<
= =
o
o
N~
=
Q
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o)

Figure B 1. Photographs of the nitrate-based solutions of precursors using a) ethanol (EtOH) and b) a mixture of
ethanol/2-EHA as solvent.

e Rietveld refinements

Rietveld refinements were performed using the program Maud and the corresponding reference diffrac-
tion patterns from the ICSD database.

a. Ethanol as solvent

Regarding the as-synthesized and heat-treated samples spray-flame-synthesized using ethanol as solvent,
their Rietveld refinements were done using the “double-phase model”??° which consists in selecting/load-
ing the same reference phase file twice (LaMnOs Orthorhombic O’ in this case: (1) and (2) — ICSD: 83761)
in order to obtain two different concentrations and crystallite sizes for the same phase. The reference
phase of La;0s (ICSD: 192270) was also included in the refinement of both samples. The refinements’
results are presented in Figure B 2a (as-synthesized) and Figure B 2b (heat-treated). A summary of the
concentrations and crystallite sizes of the different phases conforming both phases is presented in Table
B 1.
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Figure B 2. Rietveld refinements of (a) as-synthesized and (b) heat-treated samples spray-flame synthesized using
ethanol as solvent. Phases included: LaMnOs orthorhombic O’ (1) and (2), La20s.

Table B 1. Concentrations and crystallite sizes of as-synthesized and heat-treated samples spray-flame synthesized

b. Mixture of ethanol and 2-ethylhexanoic acid (2-EHA) as solvent

using ethanol as solvent.

As-synthesized Heat-treated
Concentration, | Crystallite | Concentration, | Crystallite
Wt.% size/ nm Wt.% size/ nm
LaMnO; O'
(1) 59.50 40 67 54
LaMnOs O'
(2) 37.60 864 28 949
La;03 2.90 100 5 110

The Rietveld refinements of both the as-synthesized and heat-treated samples prepared using the mixture

of ethanol and 2-EHA as solvent were performed including the following reference phases: LaMnOs Or-
thorhombic O’ — ICSD: 83761, LaMnQOs Orthorhombic O — ICSD: 51653 and La;Os — ICSD: 192270). The
refinements’ results are presented in Figure B 3a (as-synthesized) and Figure B 3b (heat-treated). A sum-

mary of the concentrations and crystallite sizes of the different phases conforming both phases is pre-
sented in Table B 2.
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Figure B 3. Rietveld refinements of (a) as-synthesized and (b) heat-treated samples spray-flame synthesized using
the mixture of ethanol and 2-EHA as solvent. Phases included: LaMnO3s orthorhombic O’, LaMnOs orthorhombic O
and La20s for both the as-synthesized and heat-treated samples.

Table B 2. Concentrations and crystallite sizes of as-synthesized and heat-treated samples spray-flame synthesized
using the mixture of ethanol and 2-EHA as solvent.

As-synthesized Heat-treated
Concentration, | Crystallite | Concentration, | Crystallite
Wt.% size/ nm Wt.% size/ nm
LaMnOs O' 9.00 167 8 253
LaMnO; O 89.0 10 92 13
La;03 2.00 100

Particle size distributions of LaMnO3 samples synthesized using the EtOH/2-EHA mixture

80

As-synthesized:

Heat-treated:

%5

%] As-synthesized

dp=8nm dp=13.7nm Heat-treated at 500°C
d;,=9.4nm d3,=20nm
601 d,3=10.5nm dy3=23nm
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Particle size / nm

Figure B 4. Particle size distributions of as-synthesized (ethanol/2-EHA) and heat-treated LaMnOs samples ob-
tained from the analysis of TEM images.
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ATR-FTIR analysis of LaMnO3s samples

ATR-FTIR spectra of the synthesized LaMnQOs samples — and their corresponding heat-treated samples
(500 °C, air, 1 h) — using ethanol and a mixture of ethanol/2-EHA as solvent are presented in Figure B 5a
and in Figure B 5b, respectively.

Heat-treated

As-synthesized
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4000 3500 3000 2500 2000 1500 1000 500
Wavenumber / cm™

Figure B 5. FTIR spectra of as-synthesized and heat-treated LaMnOs samples that were synthesized using a.) etha-
nol or a mixture of b) ethanol/2-EHA as solvent.

Regarding the synthesized LaMnOs sample using ethanol as solvent (Figure B 5a), the bands centered at
1320 and 1490 cm™ were assigned to characteristic vibrations of unidentate carbonates.?® The band at
1430 cm™ has been attributed in the literature to the symmetric (COO) stretch vibration of carboxylates
and it has been also related to the CH; group in aliphatic alkanes.*” The band at 1636 cm™ was assigned
to asymmetric (COO) carboxylate vibrations?®, The heat-treatment at 500 °C under air of the ethanol-
synthesized sample reduced almost completely the intensity of the mentioned vibration bands indicating
the effective extraction of adsorbed carbonates and carboxylate species from the surface of the sample.

239 and

The band centered at 560 cm™, assigned to the M-O vibration of the LaMnOs perovskite structure
also identified in the LaMnO3; sample synthesized with the ethanol/2-EHA, was not affected by the heat-

treatment.
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The spray-flame synthesized LaMnOs sample using the ethanol/2-EHA mixture presented bands at 1540
and 1430 cm™ assigned to the asymmetric and symmetric (COO) carboxylate vibrations, respectively.?*
The heat-treatment (500 °C, air) of the sample caused the total reduction of the afore-mentioned vibra-
tions, leaving weak bands centered at 1580, 1360, 1070, 1027, and 843 cm™, which correspond to typical

vibrations of carbonate species.?0 241

11.3 Appendix C

The information presented in this appendix is related to the analysis from chapter 6.
Phase-Doppler anemometry (PDA) principle and experimental setup
e Measurement principle

Phase-Doppler anemometry is a laser-based optical technique which allows to measure simultaneously
the velocity and size of spherical particles (e.g., droplets).?*?> The measurement principle is based on light-
scattering interferometry. Light-scattering can be analyzed with the help of ray-tracing diagrams as those
presented in Figure C 1.

Reflection
1st order
Incident ray refraction
2nd order n,
refraction = )
7
/_/
a) b) 7
1st order
Reflection refraction
//’
< e
Incident ray
n
n
©) 2nd order d)

refraction

Figure C 1. Light scattering by droplets (a, b) and by bubbles (c, d).2*

The most important scattering modes for the PDA are reflection, the 1t and the 2" refraction orders as
indicated in Figure C 1a,b for water droplets in air refractive index of the particle (n,) > than that of the
medium (nm,) and in Figure C 1c,d for air bubbles in air refractive index of the particle (n,) < than that of
the medium (np). The angle (see Figure C 2) of the receiving optics (photo-detectors) is selected based on
the np/nn, ratio and in order to ensure that a given scattering mode is dominant, e.g., angles between 30°
and 70° are commonly used for first-order refraction.

In order to calculate the velocity and size of moving droplet, two incident laser beams of equal intensity
and frequency intercept and interfere at 20 as presented in Figure C 2forming a fringe pattern.
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Figure C 2. Light scattered by a droplet and Doppler bursts generated in the photo-detectors.?*?

When a droplet passes through the interception, light waves coming from the two beams are scattered.
As each incident beam has a different orientation related to the position of the photodetectors and the
direction of the droplet, the frequency shifts of the light scattered from each beam are slightly different.
In the photodetectors, the two scattered bursts are superimposed forming a Doppler burst (signal peri-
odically rising and falling with a frequency which is equal to half of the difference between the frequency
shifts of the light scattered from each laser beam). The velocity of the droplet is proportional to the Dop-
pler burst frequency. As the photo-detectors are located at different positions, each detector receives the
same Doppler burst (same frequency) but with a phase difference, which is used to calculate the diameter
of the droplet based on the scattering mode.

e Experimental setup

Droplet size distributions and velocities in the spray-flame were measured using a commercial fiber-based
dual Phase-Doppler anemometry (PDA) system (Dantec Dynamics). It consists of two monochrome diode
lasers (532 nm and 561 nm) that are spatially overlapped by a lens (L1) to form the measuring volume
(Figure C 3). An optical receiver (R) is collecting the scattered light through a collimating-lens (L2) from
the droplets crossing the measuring volume. Through a detection mask (M), the signal is separated into
four parts being focused on four fiber-coupled photo-detectors (PD) that are read-out and processed by
a burst spectrum analyzer (BSA processor). Figure C 3 shows the setup for in situ measurements on the
spray burner using first-order refraction on the droplets of the spray-flame. By using two lasers operated
at 20 mW, two velocity components u and v (corresponding to the HAB-axis and y-axis, respectively) can
be measured simultaneously, however, only the axial velocity u is presented in this study. Due to the focal
length of the focusing-lens (L1) of 300 mm and the outer diameter of the burner system (100 mm), a
minimum height above the burner (HAB) of 10 mm can be probed in the presented configuration. The
applied mask enables the measurement of droplets in the range from 1-63 um. For the measurements,
droplets were either counted for a fixed time slot of 60 s or until a number count of 100,000 validated
droplets was reached.
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Figure C 3. Fiber-based dual PDA setup applied to the burner indicating the axis definitions (x, y, HAB) used. The
top view (b) shows the probe, the photo detectors (PD) and the BSA processor that is omitted in the side view
(a) for better clarity.

Samples transfer to TEM grids and XRD holders

For TEM measurements, dispersions of the collected samples were prepared in ethanol. Each dispersion
was homogenized in an ultrasonic bath for 10 min. Afterwards and working inside a protecting fume hood,
a droplet of each dispersion was deposited onto a corresponding carbon supported copper TEM grid from
which ethanol was allowed to be dried for 5 min before transferring the grid to the TEM specimen holder.
For XRD measurements, each sample was uniformly spread over a zero-background holder (ZBH) which
was adapted to a steel support and placed in the XRD device rotating stage.

Raman measurements of the LaMnO; samples

Raman spectra were recorded from 100 to 800 cm™ using a Renishaw inVia Reflex MicroRaman system
with a laser wavelength of 633 nm and a laser power < 0.2 mW. Based on the XRD results presented in
Figure 44a, three LaMnOs phases were identified: the orthorhombic Pnma Il (Ortho Il) (ICSD 50334), the
orthorhombic Pnma I (Ortho I) (ICSD 51653) and the rhombohedral R-3c (ICSD 75070) phase. The Ortho I
phase could be unequivocally identified from the XRD patterns, it presented well defined peaks’ positions
and intensities which also qualitatively indicated a higher crystallite size than that of the other two possi-
ble phases. The presence of the Ortho | or the rhombohedral phase cannot be excluded from the qualita-
tive analysis of XRD alone. This is due to the strong unit cell symmetrization > of the Ortho I phase, indi-
cating that its diffraction peaks present a small splitting with 20-positions that match those of the rhom-
bohedral phase.

The Ortho | phase counts with a Mn*" content ranging between 14 and 26 %, while the rhombohedral
phase presents a Mn* content higher than 26 % °, indicating that the Ortho | phase has a higher Mn3*
content than the rhombohedral phase. The Mn3* ions in the MnOs non-linear octahedra of the perovskite
structure allow Jahn-Teller (J-T) distortions 23, The rhombohedral cation-deficient LaMnO3 perovskite is
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not compatible with the J-T distortion as the Mn-O bonds have the same length 223, The Jahn-Teller dis-
tortions cause the enhancement of the Raman modes between 400 and 700 cm™ in the orthorhombic
structure, the Ag (~490 cm™) and B, (~600 cm™) Raman modes present narrow and intense bands 212214,
By contrast, the rhombohedral structure presents broader and relatively weaker bands also at ~490 and
~600 cm™, which are not necessarily Raman modes but oxygen phonon branches from non-coherent
Jahn-Teller distortions #'3. Raman measurements of LaMnOs perovskites spray-flame synthesized using
different dispersion gas flow rates are presented in Figure C 4.

Intensity / a.u.

8 slm
7 slm
6 slm
5slm
200 400 600 800
Raman Shift / cm™

Figure C 4. Raman measurements of the LaMnOs samples. Two spectra from an orthorhombic and a rhombohedral
phase are presented as reference.

The Raman spectra of all samples (5—8 slm) were similar, with two main bands centered at ~490 and
~600 cm™, which indicate the presence of both, orthorhombic and rhombohedral phases. The bands
shape hint to a higher content of the orthorhombic structure. As the crystallite size of the low-content
Ortho Il phase is suspected to be much higher than the of the Ortho | or R-3¢ phases (confirmed in the
following Rietveld refinements results) and the Raman spectra were taken in regions of low-size nanopar-
ticles, the Raman results combined with the XRD results indicate the presence of the three proposed
phases.

Rietveld refinements

The refinements were performed using the program Maud and the reference phases from the ICSD data-
base. As presented in chapter 6.3.1, the particle size distributions are composed of a high fraction of low-
size particles and a low fraction of high-size particles. Assuming this bimodal particle size distribution, the
“double-phase model” *%:22% was used in the refinements of the LaFeOs and LaCoOs samples. This method
consists on using twice the same reference phase file for the fitting of each sample. As consequence, from
one phase, two average crystallite sizes can be obtained with their corresponding mass concentrations.

For the LaCoOs; samples, the rhombohedral (ICSD 201763) reference database CIF file was loaded twice
to Maud. Additionally, La,05 (ICSD 192270) was also included. For the LaFeOs samples, the orthorhombic
(ICSD 28255) CIF file was loaded twice.

Regarding the LaMnOs samples and according to the XRD results, the high crystallite size orthorhombic
Pnma Il (Ortho Il) (ICSD 50334) phase was identified. Additionally, two low crystallite size phases were
identified as possible: the orthorhombic Pnma I (Ortho I) (ICSD 51653) phase and the rhombohedral R-3c
(ICSD 75070) phase. The two low-crystallite size phases were verified with Raman measurements as pre-
sented in Figure C 4, which qualitatively indicated a higher proportion of the Ortho | phase over the R-3c
phase. Based on this finding, the Rietveld refinement of the LaMnO3; samples was performed using only
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the two orthorhombic phases. This was additionally done because the strong unit cell symmetrization of
the Ortho | phase and the presence of the other orthorhombic phase (Ortho Il) do not allow to reliably
distinguish them from the rhombohedral phase in the Rietveld refinement or qualitatively in the XRD pat-
terns. As consequence, the Ortho Il phase concentration and crystallite size are approximations to the
average concentration and average crystallite size of the Ortho Il and R-3c phases.

Based on the refinement results, two additional graphs were prepared for each perovskite system. In the
first one, the mass concentration of each phase is presented as function of the dispersion gas flow rate.
In the second one, the corresponding crystallite size is presented.

a. LaMnOs

Rietveld refinements of LaMnQOs samples are presented in Figure C 5.
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Figure C 5. Rietveld refinements of LaMnOs samples. Two phases were included: the orthorhombic Pnma | (Ortho.
1) and the orthorhombic Pnma Il (Ortho. Il) phases.
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Figure C 6. (a) Concentration of each phase as a function of the dispersion gas flow. (b) Crystallite size of each
phase as a function of the dispersion gas flow.

According to Figure C 6a, the Ortho | phase presented a concentration of about 87 Wt. % for the samples
prepared using dispersion gas flows from 5 to 7 sIm. This concentration slightly decreased to 78 Wt. % for
the 8 slm case. As expected and as presented in the Figure C 6b, the Ortho | phase counted with a low
crystallite size, about 10 nm, regardless of the used dispersion gas flow rate. In contrast, the concentration
of the Ortho Il phase (Figure C 6a) was about 13 Wt.% for dispersion gas flows between 5 and 7 sIm, and
increased to 22 Wt. % for the 8 slm case. The increase of the dispersion gas flow caused the decrease of
the crystallite size of the Ortho Il phase from 215 nm (5 sIm) to 83 nm (8 sIlm) as it can be observed in
Figure C 6b. These results are in line with the TEM and BET SSA results from the chapter 6.3.1 (Figure 42
and Figure 45), which indicated that the primary particle size as obtained from TEM images was not af-
fected by the change of the dispersion gas flow, but the specific surface area increased with the increase
of the flow.
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b. LaFeOs

Rietveld refinements of LaFeOs; samples are presented in Figure C 7.
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Figure C 7. Rietveld refinements of LaFeOs samples. The same orthorhombic (ICSD 28255) phase was loaded twice
to Maud. The designated LFO-1 and LFO-2 phase have the same crystal structure and space group but present dif-
ferent concentration and crystallite size.
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Figure C 8. (a) Concentration of LFO-1 & LFO-2 as a function of the dispersion gas flow. (b) Crystallite size of LFO-1
& LFO-2 as a function of the dispersion gas flow.

In case of LaFeQs, the modification of the dispersion gas flow did not significantly affect the concentration
of the LFO-1 and LFO-2 phases (Figure C 8a). The LFO-1 concentration presented an average of 75.7 Wt.%
while the LFO-2 phase concentration counted with an average of 24.3 Wt.%. In parallel, the crystallite
sizes (Figure C 8b) of the LFO-1 and LFO-2 phase were as well not importantly affected by the dispersion
gas flow, with an average of 178 nm for the LFO-2 phase and an average of 10 nm for the LFO-1 phase.
These results agree with the TEM (Figure 42) and BET SSA (Figure 45) results.
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c. LaCoOs3

Rietveld refinements of LaCoO; samples are presented in Figure C 9.
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Figure C 9. Rietveld refinements of LaCoOs samples. The same rhombohedral (ICSD 201763) phase was loaded
twice to Maud. The designated LaCoOs-1 and LaCoOs-2 phase have the same crystal structure and space group but
present different concentration and crystallite size.
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Figure C 10. (a) Concentration of LaCoOs-1 and LaCo0Os-2 as a function of the dispersion gas flow. (b) Crystallite size
of LaCoOs-1 & LaCo03z-2 as a function of the dispersion gas flow. The results concerning the La20s phase (concen-
tration <3 % and crystallite size about 100 nm) of were not included in the figures.

The mass concentrations (Figure C 10a) of the LaCoOs-1 (average of 84.6 Wt.%) and LaCoOs-2 (average of
14 Wt.%) phases were not affected by the change of the dispersion gas flow. This was also the case for
the crystallite size (average of 9 nm) of the high-concentration LaCoOs-1 phase (Figure C 10b). On the
contrary, the crystallite size of the low-concentration LaCoOs-2 phase decreased linearly with the increase
of the dispersion gas flow, from 85 nm (5 sim) to 55 nm (8 sIm). These results are also in accordance with
the TEM and BET SSA results (Figure 42 and Figure 45) from the chapter 6.3.1, in which the primary particle
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size obtained from the analysis of TEM images was not modified by the change of the dispersion gas flow
while the specific surface area increased from 66 m?/g (5 sim) to 95 m?/g (8 slm).
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TEM images
a.)LaMnO3

b.) LaFeO;

c.) LaCoO;

Figure C 11. TEM images depicting both high-size and low-size particles of the studied perovskite-like oxides syn-
thesized using different dispersion gas flow rates (here: 5, 6 and 8 sim and in chapter 6.3.1: 7 sim — Figure 43): a.)
LaMnOQs, b.) LaFeOs, c.) LaCoOs.
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Phase-Doppler anemometry (PDA) measurements at HAB = 20 mm

Couris

Figure C 12. Droplet-size distributions as a function of the dispersion gas flow at HAB = 20 mm.
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