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Kurzzusammenfassung

Aufgrund ihrer grolRen Oberflache besitzen Nanopartikel eine im Vergleich zu Mikropartikeln stark
erhohte Reaktivitat. Wahrend diese beispielsweise bei Thermiten in Form von Nanothermiten bereits
ausgenutzt wird, ist ihre Verwendung zur Herstellung von Aluminiden uniiblich. Zur Herstellung von

Nanopartikeln haben sich unter anderem nasschemische Methoden etabliert.

Diese Arbeit soll daher die Eignung nasschemisch hergestellter Nanopartikel zur Synthese von binaren

Ni and Ru Aluminiden untersuchen.

Dazu wurde zunachst die nasschemische Synthese von Al Partikeln untersucht. Es wurde eine Methode
zur Synthese von Al-Partikeln mit GréBen von 100 — 150 nm mittels thermischer Zersetzung von
Triisobutylaluminium entwickelt. Bei der Synthese mittels katalytischer Zersetzung von Alanen wurde
der Einfluss der Reaktionsparameter auf die die Groe und Morphologie der Partikel systematisch

untersucht.

Um eine gute Durchmischung und einen guten Partikelkontakt zu erreichen wurde zur Synthese von
bindaren Aluminiden eine Eintopfsynthese entwickelt. Dabei erfolgte zunachst die Synthese von Al
Partikeln mittels Zersetzung von Triisobutylaluminium, bevor das zweite Metall durch Zersetzung einer
geeigneten Vorstufe, wie Bis(cycloocta-1,5-dien)nickel(0) oder Rus3(CO):;, eingebracht wurde.
Verglichen mit Systemen aus getrennt hergestellten Partikeln konnten diese Gemische durch
thermische Behandlung mit h6heren Umsatzen und niedrigeren Onsettemperaturen zu den jeweiligen

Aluminiden umgesetzt werden.
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Abstract

Due to their large surface, nanoparticles are exhibiting a highly increased reactivity compared to
microparticles. While this is for example already exploited in the field of thermites in the form of
nanothermites, their application for the preparation of aluminides is uncommon. Amongst others, wet

chemical methods have been established for the preparation of nanoparticles.

Thus, this work studies the suitability of wet chemically prepared nanoparticles for the preparation of

binary Ni and Ru aluminides.

The wet chemical synthesis of Al particles was studied. A method for the preparation of Al particles
with sizes of 100 — 150 nm via a thermal decomposition of triisobutylaluminum was developed. Within
the catalytic decomposition approach, the influence of the reaction parameters on the size and

morphology of the resulting particles was systematically studied.

To ensure a good intermixing and a good particle contact, a one-pot synthesis protocol was developed
for the preparation of binary aluminides. Within this protocol, Al particles were prepared via a
decomposition of triisobutylaluminum followed by the decomposition of a suitable precursor of the
additional metal, such as bis(cycloocta-1,5-diene)nickel(0) or Rus(CO)i;. Compared to samples
prepared from separately synthesized particles, these mixtures were reacted with increased yields as

well as lower onset temperatures to the respective aluminides by a thermal treatment.
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Introduction Metal nanoparticles

1. Introduction

1.1 Metal nanoparticles

Per definition, a nanoparticle is an object with a size of 1 —100 nm in all three dimensions whose
lengths of the shortest and longest axes are not differing significantly (typically not more than a factor
of 3)% Accordingly, they are representing the transition region from atoms, molecules, and small
clusters to bulk materials and nowadays, nanoparticles from many different materials, including
metals, metal oxides, or semiconductors are readily available. Beside these synthetic nanoparticles,
they can also be found in the environment, for example in living organisms such as honey bees? or as

a result of natural processes such as volcano eruptions® in the form of small mineral particles.

The historical origins of the nanotechnology research have already been summarized numerous times
in the literature*”. The first, likely unaware, anthropogenic applications of nanoparticles can be dated
back to the late antiquity, when colloidal metal nanoparticles were applied for the coloration of glasses
and ceramics. Well-known examples are including the Lycurgus cup®®, luster ware?® as well as colored
windows of the middle ages!, whose colors can be ascribed to colloidal Au and Ag nanoparticles

(Figure 1).

Figure 1: a) Lycurgus Cup'? b) Luster ware'3 c) colored window located in the Notre-Dame'* (reprinted from the Wikimedia

Commons public domain).

The first systematic scientific investigations of colloidal Au solutions were carried out by Michael
Faraday not earlier than around 1850, who examined the optical properties of Au colloids®>. The
heterogeneous nature of the colloidal Au solutions was confirmed for the first time by Richard

Zsigmondy applying the ultramicroscope developed by Horst Siedentopf and him at around 1900, for

1



Introduction Reactive metal nanoparticles

which he was awarded with the Nobel prize in chemistry in 1925 ("for his demonstration of the
heterogenous nature of colloid solutions and for the methods he used, which have since become
fundamental in modern colloid chemistry")'”. However, the true potential of the nanotechnology was
recognized only slowly within the following years, which was famously expressed in 1959 by Richard
Feynmarn within his well-known lecture , There's plenty of room at the bottom“*®. Consequently, the
research interest in this topic rapidly increased, particularly due to the interesting and sometimes
unexpected physical as well as chemical properties of the nanoparticles, which can differ significantly
from the properties of the respective bulk materials. Moreover, their properties are often found to be
size dependent, which allows a precise control over these properties once the size of the particles can
be controlled. The reason for these deviant and size-dependent properties can be found within the
small size of the particles itself, which results in a large amount of surface atoms and thus an increased
surface energy compared to the bulk materials® as well as the occurrence of size-dependent quantum
effects!®. Typical examples for such size-dependent properties are including melting points,
reactivities, or optical properties of metal colloids. Bulk Al melts at a temperature of 660 °C%°, while Al
nanoparticles with a size of 11 nm are exhibiting a melting point of 647 °C?* and Al particles with a size
of 2 nm are expected to have an even lower melting point of only 200 °C?? as was predicted via
molecular dynamic simulations. The increased reactivity of nanoparticles compared to their bulk
counterparts can for example be observed during the synthesis of Ni aluminides, where Hunt et al.®
reported an ignition temperature of 286 °C upon applying nanoparticulate reactants compared to
633 °C when micrometer sized reactants were applied. This increase in the reactivity is also well known
in aluminothermic reactions, which are then often referred to as nanothermites or metastable
interstitial composites, and which is exploited throughout the field of propellants and explosives?*?,
The colors of colloidal metal nanoparticles can be ascribed to a size dependent quantum effect, the
so-called localized surface plasmon resonance. Although Au and Ag nanoparticles are the most
common examples for which this effect is known, it can be observed in numerous other metals such
as Al, Ni, Cu or Co* %, The exact position of the absorption maximum, and thus the color of the
colloidal solution, is not only dependent on the element itself but also on various other parameters,
such as size, morphology and dispersion medium3® and is not necessarily located in the visible range

of the spectrum.

1.2 Reactive metal nanoparticles

As described above, noble metal nanoparticles have been known for a long time and nowadays a
precise control over size, geometry as well as morphology is readily possible. Details about these

procedures shall however not be discussed within this manuscript and can be found in various review
2



Introduction Reactive metal nanoparticles

articles®>32, In contrast, the wet chemical synthesis of reactive metal nanoparticles is still representing
a challenging task. In a chemical reduction approach, their highly negative standard electrode
potentials make the application of very strong reducing agents necessary, strongly restricting
applicable stabilizers and solvents due to chemical incompatibilities. Moreover, the resulting bare
metal nanoparticles tend to react explosively with ambient air, resulting in the often undesired
formation of the respective metal oxides. Thus, a synthesis and handling of these particles under inert
conditions is often mandatory. Although a passivation applying organic compounds is possible3?, such
passivation is always introducing impurity atoms, which might, depending on the desired application,
be problematic. Selected examples of synthesis approaches reported in the literature for the

preparation of such reactive metal nanoparticles are briefly summarized in the following sections.

A common synthesis method is the chemical reduction approach, in which a metal salt is reduced to
the respective metal applying a strong reducing agent. Strong reducing agents that are typically
employed for the preparation of reactive metal nanoparticles are naphtalenides, which are capable of
reducing many metal halogenides. For example, Mo?, WP, Fe®, Ru®, Re® and Zn° nanoparticles with sizes
of 1 -5 nm can be synthesized starting from their chlorides via Na-naphtalenide reduction in DME
solutions®®. A good dispersibility in nonpolar solvents can be realized in an optional second reaction
step via oleylamine capping®. Similarly, Ti® nanoparticles with similar sizes can be obtained from Li-
naphtalenide reduction of TiCls in THF solution®. The synthesis of Mg® nanoparticles is possible via Li-
naphtalenide reduction of MgCl, in THF® or via K-naphtalenide reduction of MgCp; in glyme®” resulting
in the formation of particles with sizes of 300 nm and 20 — 40 nm, respectively. In a similar approach,
the synthesis of B® and Si® nanoparticles with sizes < 20 nm, which can be further functionalized by a

capping with alcohols, is possible starting from BBrs or SiCls and Na-naphtalenide33°,

Alkali metals can also be applied directly for the reduction of many metal chlorides, whereby it is also
possible to carry out the reduction in the presence of naphthalene as an electron carrier. This method
was initially reported by Rieke for the preparation of nanocrystalline, bare Mg powders, the so called
Rieke-Magnesium, which was obtained from a reduction of MgCl, or MgBr; with an alkali metal in an
ethereal solution®. However, this method can be adapted for various other metals, such as for
example Zn, In, Ni, Ca, Sr, and many more*! and can also be applied for the synthesis of reactive
nanoparticles. For example, Ti° nanoparticles with sizes of 0.5 — 5 um can be obtained by reducing TiCl,
in hexadecane solutions applying Na/K alloy* as a reducing agent, while the preparation of Mn°
nanoparticles with a size of about 2 nm is possible by reducing MnCl, with Li sand in THF solutions®.
Similarly, the preparation of Mg°® nanoparticles has been reported to be possible by reducing n-

butylmagnesium with Li in the presence of naphthalene, wherein the size was controlled between

20 nm and 100 nm by varying the concentration of naphthalene*. The application of Na dissolved in
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liquid ammonia has been applied in the literature for the reduction of WClg resulting in the formation
of W° nanoparticles with a size of 2 nm*. The biggest advantage of this method is the facile clean up

due to the evaporation of the ammonia solvent upon heating to room temperature.

Moreover, the application of organometallic or hydridic reducing agents has been reported. For
example, "BuLi was applied for the synthesis of Mn° nanoparticles with a size of 13 nm in diphenylether
at a temperature of 200 °C*, while lithium triethylborohydride (Superhydride) was employed for the

preparation of Ti° nanoparticles with a size of 2 nm in THF solutions®’.

An alternative synthesis approach is the thermal decomposition of suitable precursors at increased
temperatures. Their decomposition ideally results in the formation of only gaseous or volatile side-
products, making fast and facile work-up procedures possible. For example, the synthesis of
monodisperse Fe nanoparticles is possible via a thermal decomposition of Fe(CO)s. Peng et al.*®
prepared Fe® nanoparticles with a size of 13 nm via injection of Fe(CO)s into an oleylamine solution at
atemperature of 180 °C. A scale-up of this reaction was reported by Yang et al.*® enabling the synthesis
of up to 2 g Fe® nanoparticles per batch applying the same method as described above. Moreover, the
decomposition of other iron compounds like Fe(acac)s has also been applied for the preparation of Fe®
nanoparticles in the literature®. In contrast, Ni° nanoparticles can be prepared by decomposing
Ni(acac); in a mixture of oleylamine and oleic acid wherein the size of the resulting particles can be
controlled between 23 nm and 114 nm by varying the reaction temperature in the range from 240 °C
to 285 °C°L. Despite the advantages of these methods, suitable precursors are not known for every
element, are often requiring time-consuming and complex synthesis procedures or are expensive if
commercially available. Accordingly, the applicability of this approach is somewhat limited for many

elements.

Al nanoparticles, which are examined within this manuscript, do also fall within the category of these
reactive metal nanoparticles and a detailed literature review of possible synthesis approaches,

properties and applications is given within the following chapters.



Introduction Al nanoparticles

1.3 Al nanoparticles

1.3.1 Synthesis of Al nanoparticles

[ Al nanoparticles ]
[ wet chemical synthesis ] [ physical methods ]
@ @ @ - laser ablation
metal reduction [ catalytic decomposition ] - electrical exploding wire (EEW)

AlX3 + 3 M—>Al + 3 MX H.AlYS3ts 4 Al +3 LiCI+6 H, - mechanochemical synthesis

X=Cl,Br | 3_ - gas evaporation

M= Na L K Y =N-, O, P-donor - plasma synthesis

, Li, cat. = Ti(OR)4 or TiCl, - etc.
hydride reduction [ thermal decomposition ]
3 LiAlH, + AICI;—> 4 Al + 3 LiCl + 6 H, Al(Bu); — Al +3 H, + 3)\

Figure 2: Synthesis methods of Al nanopatrticles.

An overview of literature known preparation methods of Al nanoparticles is given in Figure 2,
distinguishing physical and (wet) chemical synthesis approaches. In general, the physical methods can
be classified as top-down approaches, as bulk Al is employed as a metal source, which is processed in
a certain way to yield Al nanoparticles. In contrast, the chemical methods are carried out in suitable
solvents using molecular Al precursors, making them bottom-up synthesis approaches. The conversion
of the molecular Al source to Al° is realized using suitable reactants in homogenous or heterogeneous
reaction mixtures in terms of a chemical reduction reaction. Applying these reactions, the addition of
surface-active agents is often necessary to limit the crystal growth and to prevent particle
agglomeration as well as oxidation. Depending on their compatibility towards other reactants they can
be added to the reaction mixture either directly at the start of the reaction or after a certain reaction
time. In many syntheses, a single surface-active agent is playing multiple roles at once, such as for
example oleylamine, which can be employed as a capping agent, a stabilizer, a reducing agent as well
as a solvent all at once®2. Regarding the synthesis of Al nanoparticles, typically applied compounds are
carboxylic acids®®, phosphines®, various polymers (polyepoxides®, PVP*®, PMMA%,..), amines*,

phosphonic acids®® as well as silica®.

1.3.1.1 Synthesis via physical methods

The physical methods described within this chapter are the most commonly applied approaches for
the preparation of Al nanoparticles with a wide range of sizes. However, since this work focuses on
wet chemical synthesis methods, and a detailed discussion of these methods, including the influence
of their reaction parameters on the particle sizes and morphologies, would be well beyond the scope
of this manuscript, only a brief description of the most common processes shall be given for reasons

of completeness.
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Laser ablation

During a synthesis via laser ablation, the surface of a bulk sample (target) is subjected to a pulsed laser
beam leading to the ablation of (nano)particles from the target surface. Accordingly, the synthesis of

0-63 either in solution®%2, or in a gas atmosphere®

Al nanoparticles is possible applying a bulk Al target®
as well as in the vacuum® yielding stable nanoparticle dispersions or dry nanopowders respectively.
Solvents used in the literature for the synthesis of Al nanoparticles are for example water®? or
ethanol®®. The size and morphology of the resulting particles can be controlled via the applied laser
parameters and a decrease of the laser pulse length was found to result in a size decrease of the
prepared particles®®. Accordingly, Stratakis et al. reported the formation of Al particles with a size of

20 nm upon applying fs pulses, while particles with a size of 60 nm were formed upon applying ps

pulses®?,

Electrical exploding wire

The electrical exploding wire method is a process by which a high-density current is applied to a thin
metallic wire ultimately leading to an ablation of small particles from that wire. Similar to the synthesis
via laser ablation, the preparation of Al nanoparticles is possible by applying an Al wire either in a gas

6467 or in solution®, again resulting in the formation of nanopowders or

atmosphere, such as Ar or N3
stable dispersions, respectively. Depending on the applied wire composition, atmosphere, and follow-
up treatment the synthesis of various core-shell-particles is readily possible®®, while the particle sizes
can be controlled by a variation of the reaction parameters including amongst others the electrical
circuit parameters as well as the pressure within the exploding wire chamber®. Depending on these

parameters, the sizes of the resulting particles are ranging from <100 nm up to several hundred

nanometers®.

Gas evaporation

The gas evaporation synthesis is a process by which nanoparticulate Al is formed by condensation of
gaseous Al inside a chamber containing a noble gas at a low pressure’® 7>, The size and morphology of
the resulting particles is dependent on the atmosphere pressure, the temperature as well as the
instrument geometry’® and, by applying this method, the synthesis of particles with sizes ranging from

5 nm’° up to several hundred nanometers’ is possible.
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High-energy ball milling

Starting from coarse grained Al powder, the synthesis of Al nanopowders is possible applying high

7678 The crystallite size of the resulting powders was found to be

energy ball milling techniques
dependent on the milling parameters such as milling speed and milling time. For example, Mhadhbi et
al.”® observed a reduction of the crystallite size from 70 nm to 20 nm upon increasing the milling time

from2 hto8h.

Nowadays, Al nanoparticles synthesized via physical methods are readily commercially available in
various sizes’®82, They are commonly synthesized via the electrical exploding wire technique and are
commercialized as ALEX™. However, due to their simple experimental setups, short reaction times,
and facile scale-ups, wet chemical synthesis methods can be promising alternatives. Thus, a detailed

literature review of the wet chemical synthesis of Al particles is given in the following chapters.

1.3.1.2 Synthesis via thermal decomposition

The wet chemical synthesis of Al nanoparticles via thermal decomposition is based on the
decomposition of suitable Al precursors at increased temperatures without other reactants (Scheme
1). Although only gaseous or volatile side-products are often formed, facilitating a fast and easy work-

up procedure, only a few examples can be found in the literature, which will be discussed below.

S U
y yn

Scheme 1: Synthesis of Al nanoparticles via thermal decomposition of Al(‘Bu)s.

Clark et. al® applied triisobutylaluminum as an Al precursor, which was thermally decomposed in
trioctylamin at a temperature of 250 °C resulting in the formation of particles with various geometries
and a broad size distribution. From TEM images, the product mixture was found to contain 10 %
trigonal bipyramids, 15 % octahedrons, 15 % nanorods as well as 60 % other non-defined geometries.
In contrast, Zhang®* carried out the decomposition of triisobutylaluminum in boiling diphenylether in
the presence of perfluoroundecanoic acid. However, the prepared Al particles exhibited sizes of up to
1 um and the formation of AlF; was problematic, particularly at increased temperatures. In the same
work®, the synthesis of Al nanoparticles with sizes of about 12 nm was accomplished by injecting "BulLi

7



Introduction Al nanoparticles

to a mixture of AICl; and perfluoroundecanoic acid in diphenylether at a temperature of 250 °C. Within
this approach, the formation of Al is likely to proceed via a thermal decomposition of intermediately

formed AlBus.

Besides these examples, several reports are known in the literature involving a thermal decomposition

of intermediately formed AlHs, which will however be discussed separately in Chapter 1.3.1.4.

1.3.1.3 Synthesis via metal reduction
Within the metal reduction synthesis approach, AI** is reduced to Al° in suitable solvents applying

strong alkali metal reducing agents (Scheme 2).

3 M+ AXy ——— = Al+3 MX

M: Li, Na, K
X: CI (Br,l)

Scheme 2: Synthesis of Al nanoparticles via metal reduction of aluminum halides.

In general, they are based on the methods developed by Rieke for the preparation of highly reactive
metal powders, which are mainly known for, but not limited to, the formation of highly reactive Mg
powders, the so-called Rieke-Mg*. Applying these methods, the synthesis of Al is possible by reacting
aluminum halides with (molten) alkali metals in THF, xylene or triethylamine solutions®. In general,
the reaction mixture is heated until the alkali metal is molten and then stirred at room temperature
for several hours with the time necessary for a complete conversion being dependent on the employed
reactants and solvent. The use of naphthalene as an electron carrier is also possible and has been
reported in the literature. Some examples of possible reaction systems as well as the respective
reaction times are given in Table 1. A systematic study of the reaction system was carried out by Tzu-
Jung® and the results were summarized as follows: i) AlI° powder was obtained upon reducing AICls
applying K in xylene, ii) the use of Na/K alloy allows a room temperature reduction in hydrocarbon
solvents, iii) the use of Li results in incomplete reactions, even in the presence of naphthalene, and iv)
the reduction of homogenous solutions of AICl; in THF is possible applying K. In contrast to the
observations described above, Pyo et al.!” successfully employed Li as a reducing agent, which was
reacted with AICl; in refluxing THF for 2 h. Since the resulting powders were used for further reactions
without isolation, no yields and characterizations of the resulting Al° powders were given within these

reports.
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Table 1: Selected reaction systems applied in the literature for the synthesis of Rieke aluminum starting from AICl;.

Reducing agent Solvent Comment Reaction time Reference
K xylene 6-15 h 8
Na/K xylene 3h £e
Li+K xylene incomplete reduction 7d 8
K + naphthalene xylene 3h 8
Li + K + naphthalene xylene incomplete reduction 7d 8
Na/K + naphthalene xylene 4h 8
Li + naphthalene pyridine incomplete reduction 3d 8
Li + naphthalene THF incomplete reduction 3d 8
K THF 1-3h 8
K NEts 1-3h =2
K xylene 1-3h 8
Na xylene 1-3 h e
Li THF reflux, 2 h 87

Due to the strong reducing properties of the employed alkali metals, the range of suitable Al precursors
is restricted, making particularly the use of precursors containing additional reducible functional
groups not possible. Accordingly, no formation of AI° was observed upon reacting Al(acac)s; with
naphtalenides, since the reduction of the acetyacetonate ligand was preferred over the Al
reduction®. Similarly, no Al° was obtained by reacting AICl; with Na in liquid ammonia, because an

ammonolysis was favored over the Al reduction in this solvent®®,

The disadvantages of this method include amongst others the heterogeneous reaction mixtures, the
long reaction times as well as the formation of hard to remove alkali halogenides as side-products,
particularly when THF is used as a solvent. The AI° synthesized applying this approach is commonly
employed in the field of organic chemistry without preceding isolation, for example for the reduction
of nitroarenes®” or within the pinacol-coupling-reaction®®. In contrast, this method is hardly applied in
the literature for the synthesis of Al° nanoparticles, which is why no systematic studies regarding the
influence of the reaction parameters on the resulting particle sizes and morphologies have been

reported up to date.
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1.3.1.4 Synthesis via hydride reduction
Within this approach, an Al precursor, commonly AICl3, is reacted with a strong hydridic reducing agent

at increased temperatures, ultimately yielding Al° (Scheme 3).

3 LiAIH, + AICl, > 189°C _ 4 A1+ 3LicI+ 6 H,

Scheme 3: Synthesis of Al nanoparticles via hydride reduction.

In contrast to the synthesis via the metal reduction approach as described above, the reaction
proceeds via a thermal decomposition of intermediately formed AlH3%, making the use of hydridic
reducing agents necessary. Throughout the literature, LiAlH, is applied almost exclusively as a reducing
agent. On one hand it is representing an additional Al source and its application is thus resulting in
increased yields. On the other hand, less impurity atoms will be introduced into the resulting particles

compared to the application of, for example, borohydrides.

These syntheses are based on the work of Haber and Buhro, who prepared nanocrystalline Al by
reacting LiAlHs and AICl; in refluxing mesitylene®. However, since no additional stabilizers were
present in the reaction mixture, the Al° was obtained as a nanocrystalline, but strongly agglomerated
powder, with particle sizes of > 200 nm. The resulting particles exhibited a purity of only 87 % Al and
contained 3.0 % C, 4.0 % O and 3.3 % Cl as impurities. In the following years, many other procedures
based on this method have been published in the literature, in which a control over particle sizes and
agglomeration was achieved by a variation of the reaction conditions and the addition of stabilizers

(Table 2).

For example, Cui et al.>**® employed the same reaction system as described by Haber and Buhro, LiAlH,
and AICl; in refluxing mesitylene, but achieved a control over the particle sizes and agglomeration by
the addition of PPhs. In their studies, particles with a size of about 50 nm formed upon applying a
PPhs:AlCI; ratio of 20:1, while a ratio of 5:1 resulted in the formation of particles with a size of about

110 nm.
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Table 2: Selected reaction conditions applied in the literature for the synthesis of Al nanoparticles via hydride reduction. Unless
stated otherwise LiAIH; was applied as a reducing agent.

Al- Solvent Reaction Temperature Stabilizer Particle  Reference

Precursor time [h] [°C] size [nm]

AlCl3 mesitylene 16 164 - 90 - >200 8

AlCl; mesitylene 1 164 PPh; 50-130 54,90

AlCl; mesitylene 24 165 PVP 50 - 160 a1

PMMA <300

AlCl; mesitylene 2 164 oleic acid 85 92

AICI; THF 4 250 10-20 %
Al(acac)s mesitylene 72 164 - 50 - 250 S
Al(O'Pr)s toluene 0.25 301 oleic acid 5-10 9
AI(NOs);?  H,0/ EtOH 2-3 reflux 7-56 o

SiCla toluene 2 250 PVP 2-15 %6

Wsonochemical reaction Pbenzildiethylenetriamine as reducing agent

Oleic acid, a common nanoparticle stabilizer, can also be employed within this reaction system, which
was reported by Lee et al.?2. However, in contrast to PPhs, it was added only after a reaction time of
2 h, due to its chemical incompatibility particularly towards LiAlH,4, ultimately yielding particles with a
size of about 85 nm and an oxide layer thickness of 8 nm. The resulting particles contained a high
organic content, observed as a mass loss of up to 20 % in TG measurements. Moreover, the use of
polymeric stabilizers, such as PVP or PMMA, was reported®?, resulting in the formation of particles with
sizes of 50 — 150 nm and < 300 nm, respectively. However, like the particles prepared in the presence
of oleic acid, high organic contents of 32 % and 64 % were determined in these particles via TG

measurements.

The reaction temperatures can be significantly lowered upon applying sonochemical synthesis
approaches as was reported by Mahendiran et al.%. In their studies, Al nanoparticles with a size of
10— 20 nm were sonochemically prepared by reacting AlICl; and LiAlH4 in THF at room temperature

without any other stabilizer being present.

Besides AICls;, only a few examples are known in the literature applying alternative Al precursors.
Ghanta et al.>* employed Al(acac)s, which was reduced with LiAlH4 in refluxing mesitylene yielding
particles with a broad particle size distribution ranging from 50 nm to 250 nm. In addition, compared
to AICl3, a longer reaction time of 72 h was necessary, and the particles contained a carbonaceous

residue, whose exact chemical nature could not be identified. Another precursor applied in the

11
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literature is AI(NOs)s, which was reduced to AI° using benzildiethylenetriamine in a refluxing
water/ethanol mixture resulting in the formation of particles with a size of about 7 nm®. Furthermore,
particles with sizes of 5 — 10 nm were sonochemically synthesized by reducing Al(O'Pr); applying LiAlH,

in the presence of oleic acid at room temperature in toluene solution®.

A different approach, with LiAlH, being the only Al source, was reported by Gottapu et al.>®. Within
their approach SiCl; was reacted with LiAlH4 in the presence of PVP, resulting in the formation of Al°
and the gaseous side-products H, and H(SiCl)s« as well as insoluble LiCl, which had to be separated in
an additional clean-up step. The reaction was carried out at room temperature using an ultrasonic

assisted approach and the size of the resulting particles was 2 — 15 nm.

In general, the disadvantages of this hydride reduction approach include long reaction times, high
reaction temperatures, heterogeneous reaction mixtures and additional clean-up steps to completely

remove the formed LiCl.

1.3.1.5 Synthesis via catalytic decomposition
The synthesis of Al° via catalytic decomposition is based on the catalytic decomposition of AlHs in

solution (Scheme 4).

HoAlY —— 8L o A+ 3, Hy+ Y
Y = N-, O-, P- donor
cat. = Ti(OR)4 or TiCl,

Scheme 4: Synthesis of Al nanoparticles via catalytic decomposition.

To keep the generally polymeric and insoluble AlH; in solution, it is typically employed in the form of
suitable AlHs adducts, which are known to form stable and homogeneous solutions in various solvents.
In contrast to the method described above, in which intermediately formed HsAl is thermally
decomposed, the decomposition is carried out in the presence of a catalyst. Thus, no increased
reaction temperatures are necessary, although they might of course be useful regarding a decrease of
the reaction times. Within this approach, amine alanes such as dimethylethylamine alane or
triethylamine alane, are the most widely applied Al precursors, while Ti compounds, particularly
Ti(O'Pr)s, are employed almost exclusively as decomposition catalysts. It has to be noted that these
alanes could of course be thermally decomposed to Al° at temperatures > 165 °C8, however, such an
approach has no significance in the literature. The advantages of this synthesis method include its short
reaction times of a few minutes as well as its easy work-up procedures, since only gaseous or volatile

side-products are often formed. Accordingly, the catalytic decomposition is the most widely used

12
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method in the literature for the preparation of Al° nanoparticles via wet chemical synthesis processes.

A summary over selected reaction conditions applied in the literature is given in Table 3.

Table 3: Selected reaction conditions applied in the literature for the synthesis of Al nanoparticles via catalytic decomposition
of alanes.

Precursor Catalyst Solvent Temperature Stabilizer Size [nm] Reference
H3AINMe,Et Ti(O'Pr)s mesitylene >100 °C - 40- 180 83
H3AINMe,Et Ti(O'Pr)a TH F/1,4- 40+70 °C oleic acid 70-220 &8
dioxane
H3AINMe,Et Ti(O'Pr), toluene 25 °C oleic acid n/a 97
HsAINMe,Et Ti(O/Pr)s dodecane 70 °c) oleic acid 5 o8
H3AINMe,Et Ti(O'Pr)4 dodecane 70 °Cc oleic acid 5/30 9
CsF15COOH
H3A|NM€3
Ti(OPr)s  diethylether 25°C C10F2:COOH 50 - 1002) 100
HsAINMePyr
Ci3F27COOH
HsAINMePyr TiClg diethylether 25°C C13F27COOH 20 - 200 101
Ci13F27COOH
H3A|NMe2Et C13F27CH20H
TiOPr: ti’: elnfé 25°C +110 °C various® 102
H3AIN[(CaHs) (CH3)] [T Ca3H27COOH
HDIPA

1,2-epoxyisobutane

H3AINMe;Et Ti(O'Pr)a toluene 25°C 1,2-epoxyhexane 20-30 55
1,2-epoxydodecane
1,2-epoxyisobutane

H3AINMe,Et Ti(O'Pr)s toluene 70 °clt) 1,2-epoxyhexane 20-30 103

1,2-epoxydodecane

H3AINMe;Et Ti(OPr)a diZ‘;L‘ﬁgﬁ{er 85 °C 1,2-epoxyhexane 30 104
1,2-epoxy-9-
HsAINMe,Et Ti(O'Pr), toluene 85 °C decene/ 20-25 105
tetradecadiene
HsAINMe,Et Ti(O'Pr)s toluene 85°C PMMA 35 33
HsAINMes Ti(O'Pr)s toluene 110°C TMEDA 100 — 500@ 24
HsAINMes Ti(O'Pr)s toluene 110°C TMEDA 100 - 5002 106
HsAINEts Ti(O'Pr)s heptane 25°C Pd, Ag, Ni, Au 150 107
H3AI(OEt), Ti(OPr)s  diethylether 25°C PMAA 50 108

Ti(O'Pr)s;;  1,4-dioxane;
HsAINMeEt TiClg; THF; NMP; 40 °C 62 - 157? 10
VO(OPr)s TMEDA

(Wsonochemical reaction @depending on the applied reaction parameters
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Like the hydride reduction approach, this synthesis approach is also based on the work of Haber and
Buhro®. In their studies, H3AINMe;Et was decomposed in mesitylene solutions applying Ti(O'Pr); as a
catalyst at temperatures > 100 °C. Since no additional stabilizer was present in the reaction mixture,
large particles with sizes > 100 nm were formed. However, compared to the synthesis starting from
AlCl5 and LiAlH4, a much higher purity of 99 % Al° was observed, with 0.23 % C, 0.25 % O, 0.14 % Cl as
well as 0.32 % Ti being present as impurities. In the following years, this method has been applied
numerous times for the synthesis of Al nanoparticles and the size as well as the agglomeration of the

particles was controlled by the addition of stabilizers and a variation of the reaction conditions.

Stabilizer

Common stabilizers applied for this purpose are carboxylic acids. For example, reaction systems
containing HsAINMe;Et, Ti(O'Pr); and oleic acid were used by Bunker?’, Lewis®® and Fernando®, who
carried out the decompositions in non-polar solvents, typically toluene or dodecane. Moreover, they
applied an ultrasonic assisted synthesis approach leading to the formation of very small particles with
sizes down to 5 nm, with the exact size being controlled in the range from 5 to 30 nm by the amount
of oleic acid added to the reaction system®. Similarly, Jouet et al.}*1%! and Meziani et al.'? applied
various perfluorated carboxylic acids and alcohols for the passivation of the Al particles, which were
synthesized starting from HsAINMes, HsAINMePyr and HsAl[(C4Hs)(CH3)]. Meziani et al.?°? found, upon
decomposing HsAI[(C4Hg)(CHs)], the perfluorated alcohol Ci3F,7CH,OH to be a poor stabilizer resulting
in the formation of particles with sizes > 200 nm, while particles with sizes < 200 nm were observed
upon applying Ci3F27COOH, Ci3H,7COOH or 5-(hexadecyloxy)isophthalic acid (HDIPA)2, Moreover,
HDIPA was also found to lead to slower decomposition reactions as well as the formation of highly air
stable Al particles. Jouet!® reported CsF19COOH not to be a suitable stabilizer since the Al particles
settled out during the synthesis, which was in contrast not observed upon applying C1oF21COOH or

Ci3F27COOH.

An alternative class of stabilizers often applied for the preparation of Al nanoparticles are
alkylepoxides, which form, after initiation by the bare Al particle surface, a continuous shell of

551037105 (Figyre 3). By a variation of the alkyl chain length or using

polyepoxide on the particle surface
copolymerizable epoxides, the stability of the formed Al particles can be controlled, which is
particularly important for a possible application in the field of energetic materials. Accordingly, the
application of 1,2-epoxyisobutane results in the formation of pyrophoric particles, while more stable,
non-pyrophoric particles are formed upon applying 1,2-epoxyhexane®. Ultimately, particles stable in

ambient air for several months and also being nearly unreactive towards water can be obtained by the
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105 35 stabilizers. As can be seen above,

use of copolymerizable 1,2-epoxydodecane and tetradecadiene
the stability of the Al nanoparticles is increasing with an increasing chain length of the employed
epoxide. However, an increasing chain length is also associated with higher organic contents or
decreased contents of Al° respectively, leading, depending on the Al: polymer ratio, to organic contents

of up to 40 — 50 %%,

R R

A LT
( ) — > 0 J
35

Figure 3: Polymerization of alkyl epoxides on Al° surfaces; Adapted with permission from Hammerstroem, D. W.; Burgers, M.
A.; Chung, S. W.; Guliants, E. A.; Bunker, C. E.; Wentz, K. M.; Hayes, S. E.; Buckner, S. W.; Jelliss, P. A. Aluminum Nanoparticles
Capped by Polymerization of Alkyl-Substituted Epoxides: Ratio-Dependent Stability and Particle Size. Inorg. Chem. 2011, 50,
5054-5059. Copyright (2011) American Chemical Society93,

Another polymeric stabilizer applied within the literature is PMMA33, It can be easily removed by an
UV-induced decomposition, enabling a controlled release of the AI° cores. In further studies
polydopamine was employed!'?, leading to particles stable in an aqueous environment for at least
15 days. Moreover, Atmane et al.'® covalently attached functionalized diazonium salts, functioning as
photo initiators for the polymerization of methycrylic acid, to the AI° particle surfaces, ultimately

leading to the formation of PMMA-AI-core-shell-particles (Figure 4).

( S N\/
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hil ~ T PMMA
rt, 2h S hv
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+

Figure 4: Synthesis of PMMA®AI core shell nanoparticles; Adapted with permission from Atmane, Y. A.; Sicard, L.; Lamouri,
A.; Pinson, J.; Sicard, M.; Masson, C.; Nowak, S.; Decorse, P.; Piquemal, J. Y.; Galtayries, A.; Mangeney, C. Functionalization of
Aluminum Nanoparticles Using a Combination of Aryl Diazonium Salt Chemistry and Iniferter Method. J. Phys. Chem. C 2013,
117, 26000-26006.. Copyright (2003) American Chemical Society,

Tertiary amines are representing another class of suitable stabilizers®”1%. As they are chemically
compatible to the typically applied alane precursors, they can be added to the reaction mixture at the
start of the reaction. In contrast, the stabilizers described above are typically added only after a

reaction time of a few minutes. Johnson et al.>” decomposed (HsAl(NMes), in toluene solutions
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applying Ti(O'Pr)4 as a catalyst in the presence of TMEDA at a temperature of 110 °C. The particles sizes

were controlled in the range from 100 nm up to 500 nm, by varying the reaction parameters.

Foley et al.’%” prepared transition metal coated Al nanoparticles (Pd, Ag, Au and Ni). The coating was
carried out by simply stirring the Al particles in dimethoxyethane solutions containing the dissolved
metal acetylacetonates in terms of an electroless deposition reaction. The synthesis of the bare Al
particles, was carried out as reported above, by decomposing HsAINEts with Ti(O'Pr); in heptane

without any additional stabilizer being present.

A variety of different stabilizers was employed by Smith!'!, who prepared Al nanoparticles via a
sonochemical assisted decomposition of H3AINMe;Et in dodecane solutions in the presence of several
stabilizers, including oleic acid, 2-hexadecanone, 1-octanol, Span 80, dodecyl aldehyde, 1,2-
epoxydodecane, arachidyl dodecanoate, octadecylamine, chloro(dimethyl)octadecylsilane, Ni-
stearate as well as hexadecanethiole. Except for hexadecanethiole, Al particles were found to form in
every sample with sizes ranging from 20 to 100 nm. Upon applying chloro(dimethyl)octadecylsilane
particles with a cubic morphology were obtained, while spherical particles were observed for the other
stabilizers. Moreover, upon triplicating the concentrations of oleic acid and octadecylamine the
particle sizes were found to decrease from 30 nm to 5 nm and from 20 nm to 10 nm respectively. In
contrast, no variation of the particles size was observed upon triplicating the concentrations of 1-

octanol and chloro(dimethyl)octadecylsilane.

Additionally, it has to be noted that coordinating solvents, such as TMEDA, can play multiple roles of
solvent and stabilizer at the same time. Accordingly, the addition of a stabilizer is not absolutely

109

necessary in these solvents'®, as will be discussed further below.

Precursor

HsAINMe;Et is the most widely applied Al precursor and only a few studies have been conducted
applying alternate precursors such as HsAINMes, H3AINEt; or H3AlPyr (Table 3). For example, Jouet et
al. reported a slower decomposition to occur when Hs;AINMePyr is applied compared to Hz;AINMes,
also leading to the formation of more stable dispersions due to the stronger stabilizing properties of
pyridine!®. Similarly, Meziani et al.2? reported a faster decomposition to occur upon employing
HsAINMe;Et compared to HsAI[(C4Hs)(CHs)]. Moreover, in the same work, an influence of the precursor
on the particle morphology was reported, leading to the formation of particulate structures with a size
of about 40 nm upon decomposing HsAINMe;Et in the presence of C13F,COOH as a stabilizer at room
temperature, while the use of HsAI[(C4Hs)(CHs)] resulted in the formation of more complex, network-

like structures®?.
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Atmane et al.1% applied HsAI(OEt), as a precursor, which was prepared in situ by reacting LiAlH4 and
AlClsz in diethylether. The decomposition was achieved by adding Ti(O'Pr)s, resulting in the formation
of Al° particles with a size of 50 nm without any stabilizer being present. However, the small sizes of
these particles are not necessarily due to the applied precursor, as the reaction was conducted in a
coordinating solvent, which is also influencing the sizes of the formed particles as will be discussed

below.

The concentration of the applied precursor is capable of influencing the size and morphology of the
resulting Al particles, as was reported by Lu et al.}?2 for the decomposition of 1-methylpyrrolidone
alane in THF solutions in the presence of cumyl dithiobenzoate terminated polystyrene. In their studies
particles with a size of 224 nm were obtained upon applying a precursor concentration of 50 mM,
while particles with a size of 184 nm and a broader size distribution were observed applying a
concentration of 15 mM. Moreover, aggregated and coalescenced particles were obtained upon

applying an increased concentration of 80 mM.

Solvents

In general, the decomposition can be carried out in non-polar, hydrocarbon solvents or in polar,
coordinating solvents, such as ethers or amines. Particularly the coordinating solvents are representing
an additional possibility to control the sizes of the resulting Al particles, since they are capable of acting
as capping agents. For example, McClain et al.>®* decomposed Hs;AINMe,Et applying Ti(O'Pr), as a
catalyst at temperatures of 40 °C and 70 °C in the presence of oleic acid as a stabilizer. They used
mixtures of THF and 1,4-dioxane as solvents and the size of the particles was controlled from 55 nm to

109 reported a reduction of the particle size

220 nm by varying the solvent ratio. Similarly, Clark et al.
upon applying bidentate instead of monodentate solvents during the decomposition of H;AINMe;Et
and reported the formation of particles with sizes of 157 nm in THF, 62 nm in 1,4-dioxane, 101 nm in
TMEDA, and 134 nm in NMP. Similar observations were made by Higa et al., who reported the
formation of particles with sizes < 100 nm upon decomposing H3AINMe; in TMEDA solutions at a
temperature of 110 °C, while significantly larger particles with sizes ranging from 100 nm up to 500 nm
were formed upon conducting the reaction in toluene solutions in the presence of only a small amount
of TMEDA®"1%_However, upon exchanging TMEDA for toluene the decomposition rate was found to
be several orders of magnitude higher®’, which was attributed to a stabilization of the alane precursor

by TMEDA. Analogous observations were reported by Meziani et al.1%2, who observed the formation of

particles with a size of 50 — 100 nm upon decomposing HzAI[(CsHs)(CHs)] in the presence of C13F27COOH
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in refluxing toluene/ethyl ether mixtures, while particles with a size of < 50 nm were formed upon

employing DMA as a solvent at a temperature of 90 °C.

Temperature

The decomposition was carried out in a wide temperature range from room temperature up to 110 °C
(Table 3). However, the influence of the decomposition temperature on the size and morphology of

the resulting particles has not been widely studied.

According to Higa et al.1%, the influence of the reaction temperature on the size of the particles
resulting from the decomposition of H3AINMejs in the presence of TMEDA can be neglected. In contrast,
Lu et al.'®? reported a decrease of the particle size from 320 nm to 224 nm upon increasing the
temperature from 40 °C to 50 °C during the decomposition of 1-methylpyrrolidone alane in THF

102 reported

solutions in the presence of cumyl dithiobenzoate terminated polystyrene. Meziani et al.
a change of the morphology of the resulting products from network-like to particulate with sizes of
50 — 100 nm upon decomposing HsAl[(CsHs)(CHs)] in the presence of C13F,7,COOH at room-temperature

and 110 °C, respectively.

In addition to the size and morphology, the reaction temperature has a large influence on the time
necessary to achieve a complete decomposition. For example, the reaction time decreased from 12 h
to 20 min upon increasing the reaction temperature from room-temperature to 110 °C in the system
applied by Meziani et al.’2, Similar observations were made by McClain et al.>3, who reported a
decrease of the decomposition time from 2 h to 30 min upon decomposing HsAINMe,Et in THF/1,4-
dioxane mixtures in the presence of oleic acid at temperatures of 40 °C and 70 °C respectively, while

the reaction took even 12 h to complete at room temperature.

Catalyst

Although Ti(O'Pr)4 has been applied almost exclusively as a decomposition catalyst, the concentration
and chemical nature of the catalyst have been reported to play an important role during the
decompositions. The concentration of the decomposition catalyst was reported by Johnson et al.>” to
play an important role regarding the Al particle sizes resulting from the decomposition of HsAINMejs in
the presence of TMEDA in toluene solutions. They reported a reduction of the particle size from
500 nm to 100 nm to occur upon increasing the catalyst Ti(O'Pr); concentration from 0.02 % to 2.2 %,
while the use of TiCls instead of Ti(O'Pr)s led to the formation of larger particles with broader size
distributions®”. Similar results were obtained by Lu et al.}*? upon decomposing 1-methylpyrrolidone
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alane in THF solutions in the presence of cumyl dithiobenzoate terminated polystyrene, who observed
a decrease of the particle sizes from 250 nm down to 134 nm upon increasing the Ti(O'Pr),
concentration from 0.2 mM to 0.4 mM. This behavior can be explained by the formation of a larger
amount of Al seeds during the early stages of the reaction, thus decreasing the particles sizes. Clark et
al.’% decomposed HsAINMe;Et at a temperature of 40 °C applying various catalysts and found the
decomposition to be complete after 30 min for TiCls, 2 h for Ti(O'Pr)s and 24 h for VO(O'Pr)s. No
differences in the size of the resulting particles was observed, which was at about 60 nm in all samples.
Moreover, the chemical nature of the catalyst might influence the morphology of the resulting

particles as will be in Chapter 1.3.1.8.

Reaction time

The Al nanoparticle size can be controlled by decreasing the reaction time in terms of a premature
quenching of the reaction mixture. This has been employed by Clark et al.** for the synthesis of
particles with sizes ranging from 53 nm to 160 nm, with the reaction mixture being quenched after a
time of 30 min and 2 h, respectively. Moreover, as summarized above, the reaction time is strongly
dependent on the reaction temperature and increasing reaction temperatures are leading to

decreased reaction times.

As was summarized in the previous sections, a large variety of reaction conditions has been employed
in the literature for the synthesis of Al nanoparticles via the catalytic decomposition approach and Al
particles with various sizes have already been synthesized (Table 3). However, the reaction systems
are often not comparable, for example due to varying reactant concentrations or varying experimental
equipment. Moreover, the influence of the reaction parameters on the size and morphology of the

formed Al particles has been hardly systematically studied.

Reaction mechanism

Ti compounds have been applied almost exclusively as decomposition catalysts in the literature (Table
3). The catalytic effect of Ti on the decomposition reaction of various alanes has been known for a long
time and is already being exploited for the optimization of hydrogen storage systems based on solid
alanes such as LiAlH, or NasAlHe''*. However, the underlying decomposition mechanism has not yet
been fully understood and various models, such as a destabilization of the Al-H bond, an altering of

the Fermi energy levels or an increase of the mobility of mobile species, have been postulated in the

19



Introduction Al nanoparticles

literature!®®. A more detailed discussion would be beyond the scope of this work and can for example

be found in a review article published by Frankcombe!®>.

Similarly, the catalytic effect of Ti on the decomposition of AlH; and its adducts in solution as well as

116-118 Similar

its superior activity compared to other transition metals is well-known in the literature
as described above, the decomposition mechanism has not been understood until very recently, when
it was studied by Clark et al.»% applying NMR and ESR techniques. According to their results, Ti(O'Pr)s,
which is formed from the initial Ti(O'Pr)4s-AlHs-complex via reductive H, elimination, is representing the
catalytically active species and Al is formed via repeated alane coordinations followed by reductive H,

eliminations. The mechanism as postulated by Clark et al. is shown in Figure 5.
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Figure 5: Mechanism of the Ti(O'Pr), catalyzed decomposition of alane adducts; Adapted with permission from Clark, B. D.;
DeSantis, C. J.; Wu, G.; Renard, D.; McClain, M. J.; Bursi, L.; Tsai, A.-L.; Nordlander, P.; Halas, N. J. Ligand-Dependent Colloidal
Stability Controls the Growth of Aluminum Nanocrystals. J. Am. Chem. Soc. 2019, 141, 1716—1724 Copyright (2019) American
Chemical Society09,

1.3.1.6 Additional synthesis methods
Besides the methods described above, a few additional methods have been reported in the literature,
not fitting in any of these categories. For example, Tiwari et al.}'® synthesized Al nanoparticles with a

size of 20 nm via photochemical reduction of AICl; applying LiNbOs as a photocatalyst in aqueous
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120

solutions. Moreover, Cokoja**” prepared spherical Al particles with a size of 20 nm via hydrogenolysis

of [(AICp*)4] in mesitylene solutions at a temperature of 150 °C applying a hydrogen pressure of 3 bar.

1.3.1.7 Size control

As reported in Chapter 1.1, the properties of metal nanoparticles are dependent on their size.
Accordingly, the synthesis of particles with tailored properties is possible once their size can be
controlled. For metal nanoparticles, the size of the particles resulting from a certain synthesis is
dependent on the ratio of the nucleation rate and the growth rate at the start of the reaction!?*123,
Assuming an identical growth rate, a fast nucleation will result in the formation of small particles, while
a slow nucleation will lead to the formation of large particles (Figure 6). Accordingly, the size of these
nanoparticles can be controlled by altering the ratio of both rate constants, which can be typically
realized by changing various reaction parameters, such as the reaction temperature, the nature and

concentration of the stabilizer, the solvent, the reactant concentrations, etc.'?17123,

Q Q9
Q
OOO
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nucleation growth

o OO
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slow

Q

Figure 6: Synthesis of metal nanoparticles with various sizes (without considering Ostwald ripening). Adapted with permission
from Shevchenko, E. V.; Talapin, D. V.; Schnablegger, H.; Kornowski, A.; Festin, O.; Svedlindh, P.; Haase, M.; Weller, H. Study
of Nucleation and Growth in the Organometallic Synthesis of Magnetic Alloy Nanocrystals: The Role of Nucleation Rate in Size
Control of CoPt; Nanocrystals. ). Am. Chem. Soc. 2003, 125, 9090-9101. Copyright (2003) American Chemical Society 121,

For the catalytic reduction method, the effect of the reaction parameters on the size of the resulting
particles has already been described in Chapter 1.3.1.5. The size of the resulting particles can be
reduced by i) increasing the amount of stabilizer, ii) the chemical nature of the stabilizer, iii) applying
coordinating solvents, and iv) increasing the catalyst concentration. In contrast, the observed influence
of the reaction temperature on the particle sizes is not consistent throughout the literature>106:112,
Similarly, the effect of the applied precursor on the sizes of the resulting particles has not yet been

studied in the literature.
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1.3.1.8 Control of morphology

The morphology of a given nanoparticle is determined by the growth rates of individual lattice planes.
By adding surfactants which are coordinating selectively to particular planes, the growth of this plane
can be slowed down or can be completely inhibited, thus influencing the morphology of the resulting

particle (Figure 7).

capping
{111}

capping
{100}

Figure 7: Synthesis of nanoparticles with controlled morphologies by applying surfactants?4,

For the catalytic decomposition approach, the morphology of the resulting Al particles has been hardly
studied in more detail and the particles are commonly obtained as quasi spherical or irregularly formed
particles or as a mixture of various morphologies. For example, for the synthesis of Al nanoparticles
via catalytic decomposition of H3AINMe,Et applying Ti(O'Pr)s in THF/1,4-dioxane solutions in the
presence of oleic acid, mixtures of various morphologies have been reported independently of the
solvent composition®. A typical composition was determined to consist of 30 % truncated trigonal

bipyramids, 30 % octahedrons, 10 % icosahedrons and 30 % irregular formed particles.

Only a few reports are known in the literature, studying the wet chemical synthesis of Al nanoparticles
with a controlled morphology. Lu et al.}?? achieved a control over the particle morphology by
decomposing 1-methylpyrrolidine alane in THF in the presence of cumyldithiobenzoate terminated
polystyrene. This bulky polymer preferably coordinates to the {100} surfaces and via a variation of its
concentration, the growth rate along the <100> and <111> directions could be controlled. Thus, upon
increasing its concentration from 0.30 mM to 0.70 mM a change in the morphology of the resulting
particles according to the following series was observed: cubes/ trigonal bipyramids ->
cuboctahedrons/ anticuboctahedrons = truncated octahedrons/ truncated triangular platelets -
octahedrons/ triangular platelets (Figure 8). Even lower concentrations of the stabilizer were found to

not sufficiently stabilize the resulting particles.
22



Introduction Al nanoparticles

.l:{) |:{>.|:{>

cube cuboctahedron truncated octahedron
octahedron

single crystal structures

wamm | S O)k

singly twinned structures 4.5 kg/mol
trigonal . truncated .
bipyramid anticuboctahedron triangular platelet triangular platelet

Figure 8: Synthesis of Al nanoparticles with a controlled morphology applying cumyldithiobenzoate terminated polystyrene
as a surfactant2,

The synthesis of Al nanocubes has been reported recently by decomposing HsAl in THF solutions at a
temperature of 65 — 70 °C applying Tebbes reagent (Cp,TiCICH,AlMe>) as a decomposition catalyst'®3,
Cubes with sizes ranging from 53 nm to 160 nm were obtained by prematurely quenching the reaction
mixtures at different times. The reaction mechanism has not yet been fully understood, it is however
assumed, that the formation of a C-Al bond between Al and a Cp-ligand, formed via H; elimination as
a result of a Cp-H-bond activation is playing an essential role!3. The product mixture consisted of 65 %

cubes, 20 % bipyramids, 5 % pentagonal rods and 10 % other geometries.

The synthesis of Al nanorods has been reported to be possible by decomposing TIBAI in trioctylamine
at a temperature of 250 °C%. The resulting nanorods exhibited a hexagonal cross-section, a growth
along the <110> direction as well as a diameter of 272 nm and a length of 992 nm. The product mixture

consisted of 15 % rods, 5 % trigonal bipyramids, 20 % octahedrons and 60 % other geometries.

1.3.2 Oxidation of Al nanoparticles

Bare Al nanoparticles are a pyrophoric solid and are passivated by the formation of a thin oxide layer
almost immediately upon air contact. This oxide layer formation can not only be observed following
air contact, but also in the presence of organically bound oxygen, such as in oleic acid® or epoxides'®.
The oxide layer thickness can for example be experimentally determined via HRTEM analysis and is

varying from 0.2 nm to 6.9 nm depending on the applied synthesis method and conditions. Selected
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oxide layer thicknesses reported in the literature are summarized in Table 4. As described in Chapter

1.3.1.5, the Al oxidation can be slowed down or inhibited with the help of various stabilizers.

Table 4: Oxide layer thicknesses of Al nanoparticles reported in the literature.

Oxide layer Particle size [nm] Synthesis method Stabilizer Reference
thickness [nm]

2-4 50 cat. decomposition 108
2-4 110 cat. decomposition - 125
2-4 160 cat. decomposition 113

3 100 cat. decomposition 126

2-4 70-220 cat. decomposition oleic acid 3
0.2-1.7 140 - 290 EEW (Ar + 10 % H,) - o
15-21 120-160 EEW (Ar) - 69
49-6.9 210 - 330 EEW (Ar + 10 % N,) 69
4 30 gas condensation — 127

6 25 gas condensation 128

3 nanorods; d: 275 nm  thermal decomposition  trioctylamine 8

Due to the oxide layer growth being controlled by the diffusion of Al and O species, which is dependent

on the particle size, apart from a time dependence, a dependence of the oxide layer thickness from

the particle size can be expected'®. Accordingly, thinner oxide layers can be expected to form on larger

particles and, assuming that the smallest particles (<10 nm) are fully oxidized, following oxide

thickness-particle diameter correlation can be calculated (Figure 9):
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Figure 9: Calculated oxide layer thickness of Al particles as a function of the particle diameter. Reprinted with permission from
Trunov, M. A.; Umbrajkar, S. M.; Schoenitz, M.; Mang, J. T.; Dreizin, E. L. Oxidation and Melting of Aluminum Nanopowders.
J. Phys. Chem. B 2006, 110, 13094—-13099. Copyright (2006) American Chemical Society?°.
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Because of this oxidation, the active AI° content is generally decreasing with decreasing particle sizes.
Accordingly, nanoparticles are exhibiting high oxide contents, while they can be neglected for bulk Al
or micrometer-sized Al particles. Consequently, the application of oxide passivated Al nanoparticles,
for example for the preparation of intermetallic compounds, will result in the introduction of impurity
phases within the final product, with the content of this phase being dependent from the size of the
applied nanoparticles. Of course, the formation of these phases might also have an influence on the
physical and chemical properties of the resulting products. Since Al,Os is capable of acting as a heat
sink, the application of oxide passivated Al nanoparticles can moreover alter the thermodynamic
properties of certain reactions, such as for example SHS reactions?3. This will be summarized in more

detail in Chapter 1.4.2.3.

Upon exposing Al nanoparticles to increased temperatures in oxygen containing atmospheres, further
oxidation will occur, leading to characteristic TGA traces exhibiting multiple stepwise mass increases.

These traces can be divided into 4 different stages®3! and a typical example is shown in Figure 10.

180 |- v
R " n - /7
® 160 |- Stage %d—b:’/
@ 140 i e »
= 120 |- A _L//- 3.0-4.5 um Al Powder,
Heating rate of 10 Kimin
100 LN | :
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300 600 900 1200 1500

Temperature, °C

Figure 10: TGA trace of Al particles in an oxidizing atmosphere as well as its segmentation into 4 stages based on the
underlying processes. Reprinted from Combustion and Flame, 140, Trunov M.A.; Schoenitz M.; Zhu X.; Dreizin E.L., Effect of
polymorphic phase transformations in Al;Os film on oxidation kinetics of aluminum powders, 310-318, Copyright (2005), with
permission from Elsevier'3t,

In the first stage, a slow mass increase can be observed, with the AI** diffusion through the existing
amorphous oxide layer being the rate determining step®3%132, Upon reaching a critical thickness (about
2 — 4 nm®133) the amorphous alumina will transform to denser y-Al,0s (Table 5), resulting in an
exposition of fresh, bare Al° to the atmosphere. This freshly exposed Al° will oxidize very fast until a
complete covering of the surface is evident again, ultimately resulting in the step wise mass increase
followed by the formation of a plateu visible in stage 2139131, Within stage 3 the oxidation rate is initally

increasing upon increasing the temperature until again reaching a plateau. At this temperatures, the
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0% diffusion is representing the rate determing step®¥132, As the diffusion rate is increasing with
increasing temperatures, a steepening mass increase can be observed in the beginning of stage 3. At
the end of stage 3, y-Al,03 transforms to even denser a-Al,O; resulting in a decrease of the diffusion
rates and the formation of a plateu'***3!, Upon further increasing the temperatures in stage 4, the
diffusion rates are increasing again, thus leading to the observed increasing oxidation rates. The TGA
trace shown in Figure 10 can be typically observed for micro-meter sized particles, while for
nanoparticles particulary the sections 3 and 4 are not necessarily present, due to their complete

oxidation before reaching these stages (Figure 18b).

Table 5: Densities of selected alumina polymorphs.

Al,O3-polymorph  Density [g/cm?] Reference
amorphous 2.66-3.30 134,135
Y 3.2 136
6 3.2 136
S 3.56 136
a 3.99 20

However, the TG measurements are strongly dependent on the experimental setup, which was
demonstrated by Labourer et al.'¥’, particularly resulting in a missing comparability of TG analyses
published throughout the literature. For example, as reported within their work'®’, Chen et al.’®®
observed a shift of the oxidation onset temperature from 493 °C to 564 °C upon increasing the heating
rate from 5 K/min to 90 K/min. Similarly, an increase of the sample mass was reported to lead to lower

137

onset temperatures as well as peak temperatures™’, while an increase of the atmosphere oxygen

content led to a decrease of the onset temperatures®’.
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1.3.3 Applications
Due to their highly exothermic reactions with many materials, such as for example O,, H,0, metals, or
metal oxides, many of the applications of Al nanoparticles can be found within the field of

(nano)energetic materials. Besides, they are employed in optical as well as medical applications.

Optical and medical applications

The plasmon resonance of Al nanostructures can be tuned over a wide wavelength range and is
dependent on various parameters such as their size, their oxide content as well as their substrate!3°.
For example, Knight et al.’®® prepared Al nanodisks, whose scattering intensities were tuned from
250 nm to 650 nm by varying their size from 70 nm to 180 nm. Due to these plasmonic properties,
combined with the low costs and high abundance, Al nanoparticles are a promising possibility to
increase the efficiency of solar cells currently being discussed in the literature®#14%-142 |n addition, Al
nanorods have been employed for the preparation of pixels and might be applied within color
displays'*1#, Moreover, these optical properties can be exploited for medical applications, such as
the detection of biomolecules'®. This detection is based on the enhancement of the fluorescence of a
fluorophore in the presence of a metal substrate (the so-called metal-enhanced fluorescence (MEF))

and Al nanoparticles have been shown to be a suitable metal substrate®.

Propellants and Explosives

Due to their violent reaction with water, Al nanoparticles can be applied for the production of

146

hydrogen®® or as a solid rocket propellant (so-called ALICE)'*"/1%8 (Scheme 5):

2A| + 3 Hzo —_— H2+A|203

Scheme 5: Reaction of Al with water.

The propellant was prepared by dispersing Al nanoparticles with a size of about 80 nm and an Al°
content of about 75 % in water and then freezing the resulting mixture at a temperature of — 30 °C. It
can be ignited applying small amounts of conventional explosives and its advantages include its

environmental friendliness, its cheap and readily available raw materials as well as its proper
functionality under water47:148,
Similarly, Al nano or mesoparticles can be added as an additional component to conventional

propellants such as for example ammonium perchlorate#-
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undesired decomposition of the conventional propellant at low temperatures, while the
decomposition at high temperatures is catalyzed'®, ultimately resulting in increased rates of
combustion®®°. Al nanoparticles were also found to improve the ignition characteristics of conventional

diesel fuel, leading to increased ignition probabilities on a hot plate!®2,

The addition of Al nanoparticles to conventional explosives such as cyclotrimethylenetrinitramine
(RDX)¥>*¥>*  trinitrotoluene®>*¢, or 2,4,6,8,10,12-hexanitro-2,4,6,8,10,12-hexaazaisowurtzitane
(CL20)*7 has also been studied in the literature. Similar as reported above for conventional
propellants, the Al nanoparticles catalyze the decomposition of these explosives!>® and their ignition
sensitivity might be increased®’. Moreover, the application of Al nanoparticles within other energetic
materials, such as nitrocellulose or Teflon>8, has been reported to lead to complete and fast reactions

due to short diffusion path lengths.

Aluminothermic reactions

Another possible application lies within the field of aluminothermic reactions, in which Al is reacted

with a suitable metal oxide (Scheme 6):

2 Al + 3, M,O, —> M + Al,03
M = metal

Scheme 6: General aluminothermic reaction.

These reactions are generally characterized by highly negative heats of reaction. By far the most well-
known example is the thermite reaction, the reaction of Al and Fe,0s, which is amongst others applied
for the welding of rails'*°. However, Al is known to react with many other metal oxides in a similar
matter (Table 6). The reaction products are often formed in their liquid state since the reaction
temperature often exceeds their melting point. Accordingly, a separation of the formed metal from

the lighter alumina side product (the so-called slag), which floats on the liquid metal, is readily possible.
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Table 6: Selected examples of aluminothermic reactions including their enthalpies of reaction and adiabatic temperatures as

well as the melting points of the metal reaction products.

Aluminothermic reaction Taa (°C)*° Trmp (°C)**° - OH (J/g)**
Al +3/,MnO; > 3/, Mn + 1/, Al,O3 3905 1244 4859
Al +1/, MoOs; - '/, Mo + 1/, Al,03 4008 2617 4702
Al +3/10 V205 > 3/s V + 1/, AL,O3 3512 1902 4569
Al +3/3 Co304 - /3 Co + 1/, Al,03 3908 1222 4234
Al +1/, Fe,03 > Fe + 1/, Al,O3 3349 1536 3955
Al + 3/, NiO = 3/, Ni + 1/, Al,03 3251 1453 3440
Al +3/,Pb0O; > 3/4Pb + 1/, Al,O3 > 3727 327 3062
Al+1/; W03 >/, W+ 1/, AlL,Os3 4007 3407 2914
Al +1/, Cr,03 > Cr + 1/, Al,O3 2108 1857 2602
Al +3/,TiO; > 3/4 Ti+ 1/, Al,O3 1526 1670 1527

Taq: adiabatic temperature; Tmp: melting point of the metal reaction product

In contrast to conventional thermites, nanothermites or metastable interstitial composites are

prepared from nanoscaled oxidizers and reducing agents. These nanothermites are exhibiting

significantly increased reactivities as well as ignition sensitivities®2. For example Weir et al.’®® studied

the ignition of Al-MoO; thermites via electrical discharge and found the nanothermites to be

significantly more sensitive to ignition than their micrometer sized counterparts (Table 7). The

reactivity of the Al-Mo0Oj3 system was examined by Sun et al.’** and they found the maximum reaction

rate of a conventional thermite to be 0.6 W/gu, while it increased to 2-5.5 W/g, upon employing

nanoscaled Al.

Table 7: Electrical discharge ignition characteristics of Al-MoOj3 thermites. The MoOj3 particle size was 44 nm in all samples?3,

Al size (nm) Ignition voltage (V) Minimum ignition energy (m)J)
20000 -
4000 -
2000 4.0
100 1.0
50 0.3

) no ignition was observed
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Aluminides

Al nanoparticles can be applied for the synthesis of various intermetallic compounds. Strictly speaking,
the term “aluminide” refers to compounds consisting of Al and at least one additional, more
electropositive element. However, due to historical reasons and the quantification of the
electronegativity being nontrivial, within this work, every intermetallic Al containing compound will be
referred to as aluminide. Al is known to form such intermetallic compounds with many metals and
Figure 11 summarizes the elements, from which at least one binary aluminide is known according to
the FactSage Phase Diagram Database!®. Their synthesis is commonly possible starting from the
elements and is, similar to the aluminothermic reactions, often characterized by a highly negative heat

of reaction (Table 8).

H He
Li | Be B C N (0] F Ar
Na | Mg Al Si P S cl Kr

Rb | Sr | Y | Zr | Nb | Mo | Tc | Ru [Rh | Pd | Ag [Cd | In | Sn | Sb Te | Xe

Cs | Ba | * Hf | Ta | W | Re | Os | Ir Pt | Au | Hg | TI | Pb Bi Po | At Rn

Fr | Ra Rf | Db | Sg | Bh | Hs | Mt | Ds Rg | Cn | Uut | FI | Uup | Lv | Uus | Uuo

* |'La|Ce | Pr [ Nd [Pm |Sm | Eu | Gd | Tb | Dy [ Ho | Er | Tm | Yb Lu

Ac | Th | Pa| U [Np|Pu Am | Cm |Bk| Cf | Es| Fm | Md | No | Lr

at least one binary aluminide known

no aluminide known

Figure 11: Overview of known binary aluminides>,
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Table 8: Selected examples of binary aluminides including their enthalpies of formation, the adiabatic temperatures of their
formation and the states of the formed products (all values are from reference'®! unless stated otherwise).

Aluminide Taa [°C] State of product -OH¢ ﬁ]
AlPt 3106 s 100
AlPd 2380 | 92
ALB 1465 | 73
AlRu 197716 s P
AINi > 1251 s >9
AlB; >979 g >0
AlCo > 1639 s 38
AlFe 1162 s 37
AlTi 1324 s 37
AlMn 530 s 21
AlCu 662 > 20
AlAg, 15

Taq: adiabatic temperature; s: solid; I: liquid; g: gaseous

As stated above, their synthesis is possible starting from the elements via various techniques such as

189 or reactions in solid samples!’%'’1, These reactions in the solid

melt metallurgy, reactive infiltration
samples can be divided into sintering approaches and combustion syntheses depending on the
reaction parameters applied within these methods (Figure 12)2173, While the inherent self-heating of
the sample due to the strongly exothermic reaction is exploited within the combustion syntheses, it
should be avoided during a synthesis via a reactive sintering approach’3. Depending on the reaction
initiation, the combustion syntheses can be further divided into SHS reactions and thermal explosion

methods. In a SHS reaction, the reaction mixture is initiated via a local energy input and the reaction

front subsequently propagates self-sustainingly throughout the entire sample. Besides applying a local

174 175

heat source, an initiation is possible applying laser pulses'’®, microwave radiation'’>, electric energy
(such as a spark!®®) or mechanical energy’®. In contrast, in a thermal explosion, the reaction mixture

is initiated by heating the whole sample at once and no local spot of initiation can be defined.

Within the sintering approaches, the reaction is also commonly initiated by heating the whole sample
at once, but, as stated above, the self-heating of the sample is avoided'’®. Depending on the exact

experimental set-up, these methods can be further divided into reactive sintering, reactive annealing,

172

reactive hot isostatic pressing, and reactive hot pressing'’s. In a reactive sintering approach, the

reaction is initiated by heating the whole sample at once and a porous sample is employed. Upon
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employing a non-porous sample, the approach is referred to as reactive annealing. If the sample is
compacted during the reaction applying a hydrostatic pressure, the approach is known as reactive hot
isostatic pressing, while an uniaxial pressure is applied within the reactive hot pressing approach

(Figure 12).

Thermal
explosion
T global initiation reaction in the whole
ombustion. sample volume
synthesis
local initiation self-propagating
reaction front

Sintering

Reactive Reactive Reactive Reactive
sintering annealing hot isostatic hot
pressing pressing

Figure 12: Synthesis of aluminides via combustion and sintering approaches72173,

Within all these approaches, the educts can be employed in the form of powder mixtures, multilayers,
for example prepared applying CVD techniques, as well as other morphologies such as core-shell
particles'”’. Particularly the preparation of multilayers is characterized by a high experimental effort,
however also resulting in an excellent interfacial contact between the elements and a minimum
formation of passivation layers. Powder mixtures can be employed in the form of loose powders as
well as compacted pellets. The mixing of these elemental powders can be carried out applying various
techniques ranging from simple physical mixing in an agate mortar, an ultrasonic bath or a turbulate
mixer to a treatment in a planetary ball mill. While an efficient mixing is expected to occur upon
applying a planetary ball mill, it might also result in an activation of the powders’® or in the undesired,

premature formation of intermetallic phases'”.

Moreover, the synthesis has been reported to be possible via wet chemical or mechanochemical

approaches!”®81, A more detailed discussion of the preparation methods reported in the literature
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for NiAl and RuAl, which were primarily studied within this work, will be given in the following chapters.

1.4 Aluminides

This work mainly focused on preparation of Ru and Ni aluminides starting from wet chemically

prepared nano and submicron particles. Thus, the Ru-Al and Ni-Al systems as well as their properties,

applications and preparation methods will be described in more detail within the following chapters.

1.4.1 Ru aluminides

1.4.1.1 Ru-Al system
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Figure 13: Binary Ru-Al equilibrium phase diagram. The legend within the figure stems from the original source. Reprinted
from Intermetallics, 13, Miicklich F.; Ilic, N., RuAl and its alloys. Part I. Structure, physical properties, microstructure and
processing, 5-21, Copyright (2005), with permission from Elsevier'82,

Figure 13 shows the binary Ru-Al phase diagram. As can be seen, 6 intermetallic compounds are known

to be existent, including the room temperature stable phases AlsRu, Al1sRus, Al,Ru, AlsRuz and AlRu*3-

186 as well as the high temperature phase AlsRu,!®®. From these compounds, AlsRu is exhibiting the

lowest melting point and melts incongruently at a temperature of 734 °C', In contrast, AlsRu, Ali3Rug,

AlsRu,, and AlRu all have significantly higher melting points and are melting incongruently at
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temperatures of 734 °C, 1420 °C, 1492 °C and 1805 °C®, AlsRu, is known to be existent only in the
small temperature range from 1340 °C up to its melting point of 1492 °C and below 1340 °C it
decomposes to Al,Ru and RuAl*®. RuAl is the only congruently melting compound and is exhibiting the

highest melting point of these compounds at a temperature of about 2050 °C*¥7,

The compounds AlgRu, Al13Rus, AlsRuz, Al;Ru und AlsRu; are line phases and thus all exhibiting very
small stability ranges. In contrast, RuAl is exhibiting a broader stability range, particularly on the Al rich
side, ranging from 53.4 — 49.9 at% Al at room temperature and from 54.2 —50.0 at% Al at 1200 °C*#8,
While the solubility of Ru in Al can be neglected, a solid solution of Al in Ru can contain up to 14 at%

A|189

Due to their differing crystal structures, which are summarized in Table 9, the identification of these
compounds within a reaction mixture is possible applying X-ray diffraction techniques. For example,
RUAl crystallizes in the space group Pm3m, thus exhibiting a B2 structure, with the lattice parameter
being dependent on the exact composition and being linearly decreasing from 0.29932 nm at 54.2 at%

Al to 0.29892 nm at 49.9 at% AI'#8,

Table 9: Crystallographic data and enthalpies of formation of Ru aluminides.

Aluminide Space a(nm) b(nm) c(nm) B(°) -AH{M -AH{Y
el I
mol atoms g
Al Fm3m 4.05'%°
AlsRu Cmcm 7.49%%1 6.55 8.96 31 819
Al13Rus C2/m 15.82192 8.19 12.74 107.77 50 1135
AlsRu> Cmcm 0.78186 0.66 0.42 45 928
Al2Ru Fddd 8.011% 4.72 8.78 66 1283
AlsRuz 14/mmm 3.08% 3.08 14.33 64 1173
AlRu Pm3m 3.0318 62 975
Ru P65 /mmc 2.7219%

Mtheoretical values from?¢’

1.4.1.2 Properties and applications

Due to its broad stability range compared with its high-temperature properties, RuAl is by far the most
promising Ru aluminide regarding possible applications, which is why the following discussion will be
limited to RUAl. In the following chapter, a few of its properties will be summarized, while a detailed

overview on its properties and applications can be found in various review articles®%%,
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RuAl is exhibiting a high resistance towards oxidation, particularly at increased temperatures. Single-
phase RuAl was altered only up to a depth of 5 um upon heat-treating a sample at a temperature of
1000 °C for 300 h**® and a layer of a-Al,03 was observed to form on the sample surface, with the
subjacent layer being Ru rich due to Al depletion. In contrast, near stoichiometric RuAl was found to
be more prone towards oxidation and an oxide layer with a thickness of 25 um was observed to form
after a heat treatment at a temperature of 1000 °C for 200 h'®’. This observation was explained by the
oxidation of excess Ru, leading to the formation of volatile RuO; or RuOs species, which lead to the
formation of a more porous a-Al,Os layer upon evaporation. This porous a-Al,O; layer cannot protect
the sample from oxidation as efficient as a non-porous layer, thus leading to the observed increased

oxidation sensitivity.

Moreover, RuAl is exhibiting an excellent corrosion resistance in acid as well as alkaline conditions. In
conc. HNOs, aqua regia, 80 % H,S04, 48 % HF and 50 % NaOH, the rates of corrosions were < 0.1 mm/a
even at temperatures > 100 °C. Similar rates of corrosion were observed in aqueous solutions of FeCls
and NacCl. Only a solution of NaOCI (15 %) was found to result in a severe corrosion leading to corrosion

rates > 3000 mm/a*®%,

Its most important mechanical properties are including its ductility under compression'®2%, with Ru

199

rich RuAl exhibiting a higher ductility compared to Al rich RuAl, as well as its high hardness™” even at

increased temperatures of up to 1100 °C?%,

Additionally, its physical, chemical and mechanical properties can be specifically altered by alloying
with ternary elements such as for example C'%8, Co202203, Fg202.203 Tj202203 or M o294, This might be
particularly important regarding the synthesis of aluminides starting from wet-chemically synthesized
particles, which might contain C, H, N, P and O containing impurities originating from the applied
reagents, solvents, or stabilizers. For example small amounts of C have been reported to reduce the

hardness of RuAI'*8, while alloying with B increases its ductility and strength®®,

Although possible applications of RuAl are limited by its high costs, it is nonetheless a promising

material for high temperature applications also requiring materials with high strengths, such as

205,206 207 208 209,210

engines , cutting tools?”’, exhaust manifolds?®® as well as bond coats and thermal barriers or

metallizations?’.

1.4.1.3 Preparation methods
The synthesis of RuAl is commonly starting from the elements, for example applying melt metallurgy
techniques such as vacuum arc melting?’. In this process, both elements are melted in vacuo, mixed

and the product is formed after a homogenization at temperatures > 1000 °C. However, typically no
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single-phase products are obtained applying this technique, since intergranular Ru rich phases were

found to form'¥’.

Moreover, the preparation is possible applying mechanochemical synthesis approaches, in which Ru
and Al powders are reacted within a planetary ball mill*’®212, The crystallite size of the resulting single
phase RuAl can be controlled by adjusting the milling time, with smaller crystallites being formed at
increased milling times!”. However, increased milling times might also lead to an increased amount of

impurity phases being introduced in the resulting products due to abrasion from the grinding bow!*”.

Many other synthesis methods are relying on the high heat of formation of RuAl (Table 9) and the self-
sustaining character of the reaction. Since an initiation of the self-sustaining reaction is possible in the
solid-state, the necessary reaction temperatures are often being low compared to the high
temperatures particularly applied during the melt processes. For example, the synthesis of single phase
RuAl is possible starting from Ru/Al multilayers, which can be synthesized via magnetron
sputtering®®?13, For these multilayers, their bilayer thickness is representing an important reaction
parameter, which amongst others is controlling the multilayer ignition temperature. A sample with a
bilayer thickness of 22 nm was found to ignite at a temperature of 408 °C, while a sample with a bilayer
thickness of 222 nm ignited at 608 °C*!3. Another parameter that is influenced by the bilayer thickness
is the reaction front velocity, which is increasing with increasing bilayer thickness!®®. In these
multilayers, the RuAl formation was shown via high speed time resolved X-ray experiments to proceed
in a single step reaction via crystallization from the melt'®®2!%, Upon igniting on a hot plate, the SHS
reaction is initiated by the formation of at least one intermetallic phase, which was evidenced by the
observation of AlsRu right before the ignition of the samples?:3. The Al¢Ru formation followed an Ru
grain boundary diffusion in Al, which was found to play a crucial role within this ignition process and
which was exhibiting an activation energy of 75 kJ/mol?®3, Upon applying slow heating rates, a
dependence of the bilayer thickness of the multilayers on the phase formation sequence was reported.
In the case of a bilayer thickness < 22 nm and a heating rate of 20 K/min, the formation of RuAl was
reported to occur in a two-step process?'. In the first step, at temperatures < 425 °C, Al diffusion into
Ru is taking place, resulting in the formation of a Ru(Al) solid solution. In the second step, RuAl is
formed in a diffusion-controlled process without the formation of any intermediate products?'4. In
contrast, upon heating a multilayer with a bilayer thickness of 88 nm and a heating rate of 20 K/min,
the formation of a Ru(Al) solid solution was reported to occur at temperatures < 350 °C%*°, This solid

solution then decomposes yielding AlsRu, which then reacts with Ru forming RuAl at around 500 °C.

The synthesis is also possible applying powder metallurgy techniques. As stated above, loose powders
as well as compacted pellets can be applied, which can be heated with or without the application of
an external pressurel’%1%9:216217 Applying these methods, the preparation is typically carried out well
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below the melting point of Ru and RuAl using several temperature steps, with the last step commonly

being a homogenization at temperatures of 1400 — 1600 °C.

Upon reacting loose Al and Ru powders, no reaction was observed in DTA measurements upon
reaching the Al melting point'’?, which can be attributed to a poor particle contact. Naturally, this
contact will significantly improve as soon as liquid Al is present, ultimately leading to an initiation of
the reaction. Accordingly, the onset temperature was 755 °C and a decrease of the Al particle size was

reported to lead to increased onset temperatures within these loose powder mixtures!”°.

Reactive sintering

In contrast to the loose powders, the onset of the reaction in compacted Ru-Al pellets was found to
occur well below the melting point of AI'’%, indicating an initiation via solid-state reactions. Wolff et
al.’% reported no clear trend to be visible in the reaction onset temperature upon increasing the
heating rate, while Mohamed et al.?® reported increasing onset temperatures with increasing heating
rates. The application of low heating rates < 30 K/min was reported to lead to the formation of multi-
phase products containing large amounts of unreacted Ru, while a complete conversion to RuAl was
observed upon applying high heating rates > 70 K/min'’°. Similar observations were made by
Mohamed et al.?!%, who reported the formation of multiphase products, containing RuAl as well as
RuAl,, upon applying a heating rate of 5 K/min, while single-phase RuAl was formed upon heating with
15 K/min. In these systems, the formation of pores was problematic, leading to the formation of
porous products'’®?’ As reported by Gobran et al.?'’, the Ru:Al particle size ratio is an important
parameter within this system, with a small ratio being advantageous towards complete reactions as
well as low onset temperatures. Moreover, the onset temperatures was found to increase with
increasing Ru:Al size ratio and was determined to be about 625 °C for a ratio of 0.24 and about 635 °C

for a ratio of 0.67.

Reactive hot pressing

By the application of an external pressure, the amounts of pores within the prepared samples can be
reduced, leading to the formation of RuAl with 95 % of its theoretical density, which is considerably
higher compared to the products obtained without any additional external pressure (up to 81 % of its
theoretical density)’%2”, However, the resulting products are typically containing multiple phases
including Ru, RuAl, RuAl, and Ru,Alz'%?17 making a homogenization at increased temperatures

(1400 — 1600 °C) necessary to obtain single phase products. Within the literature, heat transfer effects
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to the pressure die, leading to an inhibited Ru diffusion due to the decreased temperatures, have been
discussed to be responsible for the formation of these multiphase products?'’. Accordingly, due to

shorter diffusion paths, the use of smaller Ru particles results in reactions that are more complete?Y’.

A synthesis applying a wet chemical approach has not been reported yet in the literature up to date.

1.4.2 Ni aluminides

1.4.2.1 Ni-Al system
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Figure 14: Binary Ni-Al equilibrium phase diagram. The legend within the figure stems from the original source. Reprinted by
permission from Springer Nature Customer Service Centre GmbH: Springer Nature, Journal of Phase Equilibria and Diffusion,
Al-Ni (aluminum-nickel), Okamoto H., 25, 394 (2004), Copyright (2004) (https://www.springer.com/journal/11669)1,

Figure 14 shows the binary equilibrium Ni-Al phase diagram. Ni-Al intermetallic compounds have been
known for a long time, and Wéhler already reported in 1860%'° about an intermetallic compound of
the proposed composition AlgNi, while Brunck reported about a compound of the composition AlzNi in
19012%, The first Ni-Al phase diagram was published in 1908 by Gwyer?*! containing the phases NiAls,
NiAl as well as a compound of the proposed composition NiAl,. A few years later, the compound NiAl,
was found to actually be Ni>Al; and an additional phase of the composition NisAl was detected via X-

ray diffraction??>2%3, With the discovery of NisAls in 1978 by Enami and Nenno?** all of the Ni-Al
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intermetallic compounds known up to date have been detected. As can be seen, five stable Ni-Al
intermetallic phases, NiAls, AlsNi,, NiAl, NisAl, and NisAl, are existing, which are moreover all stable at

room temperature.

The compounds NiAls, Ni>Als, NisAl; and NisAl are melting incongruently at temperatures of 854 °C?%,
1133 °C??2, 700 °C*8, and 1362 °C??, respectively. Particularly the question whether NisAl is formed
from a peritectic reaction of the melt and NiAl or from a peritectic reaction of the melt and Niremained
unclear for a long time?18222.225226_NjA| is the only phase melting congruently at a temperature which

was long assumed to be 1638 °C2?2 before being corrected to 1681 °C by Bitterlich et al. in 200227,

While NiAls is the only line phase within the Ni-Al system, AlsNi,, NiAl, NisAl, as well as NisAl are all
exhibiting a more or less broad stability range. Ni;Als is stable from 37.7 at% Ni to 42.2 at% Ni at a
temperature of 500 °C??8, while NisAl and NisAls are stable from about. 72 — 77 at% Ni and 64 — 68 at%
Ni respectively®?. In contrast, NiAl has a broad stability range, ranging from 45.2 at% Ni to 60.0 at% Ni
at a temperature of 500 °C?%, with the phase border on the Ni rich side shifting to 69.5 at% Ni at a
temperature of 1395 °C?%, Similar to the Ru-Al system, the solubility of Ni in Al can be neglected??,

while solid solutions of Al in Ni can contain up to about 22 at% Ni at a temperature of 1362 °C?*226,

The Ni-Al phases (Table 10) can be distinguished applying X-ray diffraction techniques. Since Ni is
considerably smaller than Al, a decrease of the lattice parameter could be expected to occur upon
increasing the Ni content within NiAl. However, this decrease can only be observed for NiAl with > 50 %
Ni and, contrary to this expectation, a decrease in the lattice parameter can be observed upon
decreasing the Ni content within Al rich NiAl. As a result, a lattice parameter maximum can be observed
at a stoichiometry of NisoAlso (Figure 15a), which is explained in the literature by the formation of
vacancies within Al rich NiAI?28, Thus, a determination of the exact composition of NiAl is not possible
only considering the lattice parameter and only a derivation from the ideal composition can be
determined. For NiyAls, the ratio of the lattice parameters a/c can be used to determine the exact

phase composition (Figure 15b).
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Table 10: Crystallographic data and enthalpies of formation of Ni aluminides.
Aluminide  Space a(nm) b(nm) c(nm) v(°) -OH [ kJ ] -BHf [1]
group mol atoms g
Al Fm3m  4.05'%°
AlzNi Pnma 6.602% 7.35 4.80 37235 1180
AlsNi> P3m1 4.03%0 4.03 4.89 120 63232 1624
AINi Pm3m 2.882% 66232 1553
AlsNis Cmmm  7.44%% 6.68 3.72 54234 (1) 1164
AlNiz Pm3m 3.57?% 39232 776
Ni Fm3m  3.522%
() theoretical value
a) TD T T T T T T T T T T T b) 1
6.8 - l 2‘16 ~ Rt =
6.6 . b+p
6.4 - 1215+ 1
- 62 .
E
g o0 _ . 1214 .
ERR § ¢fa
E 5.6~ Tetragonal ] L3 T
5.4 o Cubic =
Trigonal L2zl _
L2l 5+ 4120
R —
1210 - 4.910
= ctA)
= 1.209 - ~ 4,900
82 =
g _—
5 4.05 [ 14.8%
8 alh 6 +F%._-¢
5 4,040 2 .
I T I T S . 4.030 i ] | ] 1 1 !
B a4 4% 50 54 58 62 % 37 3B 39 40 a 2 48 4

Nickel-Atomic Percent

Nickel-Atomic Percent

Figure 15: Dependency of the a) NiAl and b) Ni Als lattice parameters from their composition. Reproduced with permission of
the International Union of Crystallography (https://journals.iucr.org/). Taylor, A.; Doyle, N. J. Further Studies on the Nickel—
Aluminium System. I. 8-NiAl and 6-Ni,Al; Phase Fields. ). Appl. Crystallogr. 1972, 5, 201-209?%,

1.4.2.2 Properties and applications

Due to its broad stability range as well as its chemical, physical, and mechanical properties, NiAl is one

of the most applied Ni aluminides for technical applications. Thus, the following sections shall focus on

the properties and preparation methods of NiAl.
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Similar to RuAl, NiAl is exhibiting a very high oxidation resistance, particular at increased temperatures
> 1000 °C, which can be further improved by alloying with ternary elements, such as for example
0.1 at% Zr?%%2%7 Doychak et al. observed the formation of an oxide layer with a thickness of about 1 pm
upon treating a NiAl sample for 25 h at a temperature of 1100 °C?3. During the oxidation, the meta
stable phases NiAl;04, 6-Al;0; and 6-Al;0Os are initially formed, which then transform to a-Al,0s,

ultimately passivating the underlying material?*°,

The corrosion resistance of NiAl in acidic environments as well as the influence of various alloying
elements was studied by Albiter et al.2*. Within these studies, NiAl was observed to have an excellent
corrosion resistance and the corrosion rate in 0.5 M H,SO4 was 1 mm/a and was hardly affected by the
addition of 2 -6 % Mo, 2 — 6 % Ga or 6 % Fe. In contrast, the corrosion rate in 0.5 M HNOs was lowered
from 10 mm/a to < 1 mm/a by the addition of 2 % Ga. Similar as reported above for RuAl, many of its
physical and chemical properties can be controlled by the addition of ternary elements such as B2,
Be?*, €21, Ga2*°, Mo?%. For example, the yield strength can be increased by 1700 MPa/at% via C

addition®*%.

Moreover, many of the chemical and mechanical properties of NiAl were found to be dependent on
many parameters, including for example the exact sample stoichiometry or the applied preparation
method. A discussion of these influences would be beyond the scope of this work. They are, however,

242-244 \Within these reviews a more

summarized in the literature in the form of various review articles
detailed discussion of the properties discussed above, as well as the influence of various ternary

alloying elements is also given.

Due to its high thermal stability as well as its excellent corrosion and oxidation resistance, even at
increased temperatures, NiAl is widely employed as a coating material***=2*° in high temperature

245

applications such as turbines, engines?®, or tools**°. An application as a structural material also seems

217255 including the field of astronautics®*®. Moreover, its mechanical and chemical

to be possible
properties might be useful within the field of electronics, for example for the construction of electric
circuits®®”?*8, Raney-Nickel, which is a common catalyst applied within the field of organic chemistry

259,260

for the reduction of multiple bonds , is also consisting of a mixture of various Ni aluminides?! and

is activated by Al leaching with NaOH.

1.4.2.3 Preparation methods
Over the years, various methods have been applied throughout the literature for the preparation of
NiAl. For instance, a wet chemical synthesis of NiAl and NisAl was reported by Haber et al.’8, They

reacted NiCl, with LiAlH,4 in refluxing mesitylene and nanocrystalline aluminide powders were obtained
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after vacuum sintering the resulting products at a temperature of 650 — 750 °C. Upon conducting the
reaction in ethereal solutions, an oxygen abstraction from the solvent was observed, resulting in the
formation of aluminum oxides. Moreover, the synthesis is possible by reacting Ni(COD), and AlEts
under 5 bar hydrogen pressure at room temperature followed by sintering in an Ar atmosphere at a
temperature of 300 °C!. The crystallite size of the resulting powders was about 4 nm. A similar
approach is starting from Ni(COD), and Al(Cp*)s, which can be converted to NiAl nanoparticles at
150 °C under 3 bar hydrogen pressure without any additional sintering being necessary'®. The

crystallite size of the resulting powder was determined to be about 2 nm

However, similar to RuAl, the synthesis of NiAl is commonly starting from elemental and commercially
available Ni and Al powders. For example, NiAl can be prepared via mechanochemical approaches

262,263 in which the crystallite sizes of the resulting powders can be

applying high energy ball milling
controlled via a variation of the milling time?®3. Moreover, ball milling is a facile method for the
preparation of Ni aluminides containing ternary additions and, for instance, Mo containing Ni

aluminides were prepared by milling Ni and Al powder in the presence of Mo powder?®,

A synthesis applying the reactive infiltration method, in which a heated, porous solid Ni mold is
infiltrated by liquid Al applying a high pressure has also been reported in the literature!®®. However,
following the infiltration step, a homogenization step at temperatures of 1000 — 1200 °C is necessary

to ultimately obtain Ni aluminides®®®.

Besides the self-explaining syntheses via melt metallurgy approaches such as arc-melting, various
sintering and combustion synthesis methods are the most common approaches for the preparation of
NiAl reported in the literature. Within these approaches, powder mixtures as well as multilayer
systems can be employed. However, no general reaction mechanism for these reactions can be
postulated, since it was found to be dependent on the applied reaction conditions and parameters and
various mechanisms have been proposed throughout the literature. Some examples of possible
reaction mechanisms are summarized within the following sections, including single step reactions as
well as reactions proceeding via the formation of several intermediate products such as NiAl; and

NizAls.

Multilayer

The Ni/Al-multilayers applied for the synthesis of Ni aluminides are typically prepared via magnetron
sputtering techniques>2, Similar as described for the Ru-Al systems, a decreasing bilayer thickness
of these multilayers results in a decrease of the hot plate ignition temperatures. A Ni/Al multilayer

with a 30 nm bilayer thickness was reported to ignite at a temperature of 232 °C, while a multilayer
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with a bilayer thickness of 139 nm exhibited an ignition temperature of 297 °C?%,

Applying fast heating rates, i.e. during a locally initiated SHS reaction, the reaction was shown to

proceed via a single-step mechanism according to the following reaction scheme?67-26%;

Ni(s) + Alls) —— Ni(s) + Al(m) — Ni(s) + AINi,(m) — NiAI(s)

Scheme 7: Formation of NiAl from Ni/Al multilayers applying fast heating rates?67.

After reaching the Al melting point, solid Ni dissolves in the Al melt until reaching its saturation
concentration resulting in a NiAl crystallization from this melt without the formation of any
intermediate products. The formation of additional intermetallic phases, which was sometimes
observed within this kind of samples, can thus likely be attributed to heat loss effects, leading to a

rapid cooling of non-homogenously mixed solutions.

Zhu et. al?’® employed Ni/Al multilayers for the synthesis of NiAl via a thermal explosion reaction
applying a heating rate of 40 K/min. They also found NiAl to form by crystallization from a melt,
however, the formation of the intermediate phases NiAl; and Ni,Al; was observed during the sample
heat up and Ni dissolution at the interfacial area. Upon further heating, the intermediate products
decomposed in a peritectic reaction ultimately forming a melt, from which NiAl ultimately crystallized.
Applying slow heating rates, the formation of several, partially meta stable intermediate products was
also observed applying XRD techniques?®®?’%272 (Scheme 8). In contrast to the synthesis via the SHS
technique, the reactions are typically initiated in the solid-state at temperatures of about 200 — 300 °C
well below the melting point of the Ni-Al-eutectic. Accordingly, they are initiated without the presence
of any liquid phase?”*?’2, Besides, the phase sequence was found to be dependent on the bilayer
thickness and upon applying small bilayer periods < 12.5 nm AlsNi was observed to be the first phase

being formed, while at bilayer periods > 12.5 nm metastable AlgNi, was being formed first?’2,

Ni+Al — Ni+Al+Ni,Alg —> Ni+ANi —> AN, —> AN

Scheme 8: Formation of NiAl from Ni/Al multilayers applying slow heating rates (42 K/min)?%°.

Nowadays, such Ni/Al multilayer are readily commercially available, marketed by the Indium

Corporation® as Nanofoil®?3,
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Powder

The synthesis of Ni aluminides is possible employing Ni and Al powder mixtures, which can be reacted
in the form of loose powders as well as compacted samples with and without the application of an

external pressure.

SHS reaction

Employing compacted pellets, early studies applying time-resolved XRD studies, proposed the
formation of several intermediate products, which could however, not be fully identified?’*. Tingaud

127> as well as Biswas et al.?’® |ater identified Ni;Al; and NiAl; as intermediate products and

et a
following reaction mechanism was proposed: i) melting of Al, ii) dissolution of Ni in the Al melt and
formation of Ni;Al; and NiAl; at the interfacial area, iii) further growth of these phases via diffusion
processes, iv) melting of Ni>Als and NiAls v) crystallization of NiAl from the melt?’”>. However, recent
studies could not confirm these results and proposed a single step reaction mechanism, similar as

reported for the multilayer systems. For example, Curfs et al.?””

studied locally initiated SHS reactions
within compacted powder pellet samples via in-situ XRD techniques and observed a single-step
reaction mechanism with NiAl crystallizing from the melt. Similarly, as described above, the formation
of several additional compounds such as NisAl, Ni;Als and NisAls was observed, which were however
shown to form only during the slow cooling of the sample. The formation of any additional phases
during the cooling was also proposed by Fan et al.?’?, who also observed the formation of NisAl and

NiAl; as side-products, and ascribed them to an incomplete intermixing due the large sized reactant

powders resulting in long diffusion paths.

Combustion synthesis and reactive sintering

The formation of NiAl starting from Ni and Al powders with sizes ranging from 5 — 40 um via thermal
explosion reactions was studied by Mukasyan et al.’%. Applying a heating rate of 50 K/min, NiAl was
found to crystallize from a melt without the formation of any intermediate products during the course
of the reactions in time-resolved XRD studies. The lowest onset temperature was equal to the eutectic
temperature of the Ni-Al system of 640 °C. Although, depending on the experimental conditions, solid-
solid reactions were reported to occur below the eutectic temperature of 640 °C in these systems?2792,
as was stated by Thiers®!, a sharp increase in the heat release and thus in the reaction rate can be
often observed as soon as a liquid phase is formed, which results in an improved interfacial contact

between Ni and Al. In general, such pre-combustion or pre-ignition reactions can preferably be
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observed applying slow heating rates. For example, Plazanet et al.?®2 employed compacted Ni-Al
powder mixtures, which were heated at heating rates ranging from 1 — 30 K/min. Within these studies,
a single exothermic signal was observed upon applying heating rates > 5 K/min, with the exact onset
temperatures being dependent on the heating rate as well as the green density of the pellet. Upon
increasing the heating rate from 5 K/min to 30 K/min (70 % green density) the onset temperature
decreased from 570 °C to 535 °C, while an increase of the green density from 62 % to 95 % (20 K/min)
resulting in a decrease of the onset temperature from 560 °C to 510 °C. When slow heating rates
<5 K/min were applied, two exothermic signals were observed during STA scans. During the first
exothermic reaction, NiAls and Ni,Alz are formed at the interfacial area via solid-state reactions, while
the formation of NiAl was observed in a second exothermic reaction starting at the eutectic

temperature of 640 °C.

Another very important parameter within this reaction system is the interelemental Ni-Al contact. An
improved interfacial contact between Al and Ni, can be realized by treating the Ni and Al powders in a
ball mill before the reaction, which results in the formation of “fresh” surfaces due to a breakup of the
surface oxide layers. Accordingly, Muskayan et al.}”* observed a decrease of the onset temperature by
300 °C upon such a ball mill treatment and ascribed them to facilitated solid-state reactions. Similar
observations were reported by White et al.'’®, who also reported a 3 fold lower activation energy for
the reaction upon employing ball mill treated powder mixtures (84 kcal/mol and 28 kcal/mol).
Accordingly, the application of such mechanically activated powder mixtures is often preferred over

their non-activated counterparts throughout the literature.

The synthesis of NiAl starting from ball-milled Ni and Al powder mixtures was studied by Mukasyan et
al.’!via time-resolved XRD techniques applying a heating rate of 50 K/min. In contrast, to the non-ball
milled mixtures, no formation of a liquid phase was detected. Accordingly, the onset temperatures
were well below the eutectic temperature of 640 °C. Instead, solid Ni, Al and NiAl were coexisting for
a short period, before NiAl was the only phase being observed. During the course of the reaction, no
other intermediate intermetallic phases were detected within these studies. However, particularly
upon applying slower heating rates, the formation of various intermediate products is possible and has
been observed numerous times. For example, Miura et al?® studied the effect of the heating rates and
sample green densities in such ball-milled Ni-Al powder mixtures, applying compaction pressures of
100 — 300 MPa as well as heating rates ranging from 1-10 K/min. Within their studies, an increase of
the heating rate from 1to 10 K/min resulted in an increase of the onset temperatures from about
470 °Cto about 500 °C, while the onset temperature increased from about 500 °Cto about 520 °C upon

decreasing the compaction pressure from 300 to 100 MPa. Moreover, in contrast to the reports above,
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the intermediate products NiAl; und Ni,Al; were detected under the synthesis parameters applied

within these studies.

The formation of such intermediate phases has been reported numerous times throughout the
literature and many reaction sequences have been proposed. For example, Dong et al.®* applied ball
milled Ni-Al powder mixtures compacted at a pressure of 200 MPa, which were heated at rates
<5 K/min, and proposed Ni,Al; to be the first phase being formed at a temperature of 540 °C.
Particularly, no formation of NiAls was proposed, while at lower temperatures of 540 — 640 °C the 5

1276, who also employed

phases Ni, NizAl, NiAl, Ni,Al; and Al were coexisting. In contrast, Biswas et a
compacted and ball milled Ni and Al powder mixtures as well as heating rates ranging from 5 to
60 K/min proposed the following reaction mechanism: i) formation of NiAls, ii) formation of a melt with
a eutectic composition, iii) formation of Ni,Al; at the Ni particle surface, iv) diffusion of Ni and Al

through this layer, and v) formation of NiAl by crystallization from the melt.

Reactive hot pressing

In order to obtain more dense reaction products, the synthesis is often carried out applying an external
pressure during the reaction. However, similar to the Ru-Al system, the formation of multiphase
products due to incomplete reactions was often observed. Again, these observations were attributed

285-287

to heat loss effects due to heat transfer effects from the sample to the pressure dye , preventing

the combustion reactions to run to completeness.

For example, Zhu et al.?” employed ball-milled, compacted Ni-Al particle mixtures, which were heated
applying heating rates of 10 K/min and 50 K/min under a pressure of 50 MPa. Upon heating an isolated
sample with a heating rate of 50 K/ min the formation of single-phase NiAl was observed, while upon
employing a non-isolated sample a multiphase product was obtained, which was ascribed to heat loss
effects as described above. For this heating rate, only a single exothermic signal was observed during
a STA scan. However, upon applying a heating rate of 10 K/min a multistep, diffusion-controlled

reaction was observed and following reaction mechanism was proposed:

Ni+3A— 3 NiAl; — N g NipAl, —FNE o 3 NiAl
400-450 °C 450-500 °C 500-550 °C
+2 Ni
550-850 °C
+ NiAl (Al rich + NizAl +2 NipAl;
NiAl AL (ATTiCh) Al (Nirich) <————— 7 NiAl -———2—2 NizAl
850 °C 750-850 °C 550-750 °C

Scheme 9: Formation of NiAl from ball-milled and compacted Ni-Al powder mixtures applying a heating rate of 10 K/min and
an external pressure of 50 MPa 287,
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Similar multi-step reactions where described by Bhaumik et al. and by Farber et al.. Bhaumik et al.2®
employed ball milled Ni and Al powders, which were reacted applying a heating rate of 40 K/min and
a pressure of 3 GPa. A multi-step reaction mechanism was proposed, including the formation of NiAl;
and Ni,Al; as intermediate products, which ultimately resulted in the formation of multiphase reaction

.28 prepared NiAl starting

products, which was again ascribed to heat loss effects. Similarly, Farber et a
from ball milled Ni and Al powders, which were compacted at a pressure of 3 GPa, and reacted applying
heating rates ranging from 1 - 50 K/min under a pressure of 50 MPa. They proposed the formation of
NiAl; at the interfacial area, which then reacts with excess Ni to form Ni,Al; and NiAl upon further

heating.

As can be seen, no general reaction mechanism for the formation of NiAl can be established, since it
was found to be dependent on various reaction parameters including sample pre-treatment, heating
rate as well as applied pressure. However, particularly upon applying an external pressure as well as
slow heating rates, the formation of various intermediate products such as NiAl; and Ni;Al; has been

reported many times.

Influence of impurity phases

If the reaction is conducted in the presence of impurity phases or atoms, these impurities might have
an influence on the reaction. Considering reactive, non-inert compounds, an undesired reaction with
at least one of the reactants might occur, leading to the formation of additional impurity phases that
will be included within the final product. For example, within this work, the formation of iron aluminum
carbides was often observed upon reacting iron and aluminum in the presence of organic and thus
carbon containing compounds. If the impurity phase shows no reactivity towards the reactants and
does not decompose and evaporate during the heat-up, it will however still be included within the final
product. Although the presence of such additional compounds is undesired in many cases, it might be
exploited to alter the physical, mechanical as well as chemical properties of the resulting products.
Typical examples are including alloying with an ternary element (Chapter 1.4.2.2) or the addition of
stainless steel fibers?°, If organic compounds are present, the porosity of the reaction mixture can be
expected to increase upon decomposition or evaporation of these molecules. Accordingly, products

with increased porosities can be expected to form.

Moreover, inert impurities might influence the thermodynamic and thus the mechanistic
characteristics of these reactions. Since the presence of an additional, inert phase can be understood
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as a dilution of the reaction system, the heat of the reaction effectively decreases*” also decreasing

the maximum reaction temperatures as well as the reaction front propagation velocities of the self-
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21 Naiborodenko et al.?? proposed an influence of the maximum reaction

sustaining reactions
temperature on the reaction mechanism of the NiAl formation and distinguished 3 different cases

upon reacting compacted Ni and Al particle mixtures applying a SHS reaction:

i) The melting point of NiAl is higher than the maximum reaction temperature, which is higher than
the melting points of Ni, Al, and any intermediate product (Ni,Als and NiAls). This case was reported to
be occur for a dilution < 15 % and NiAl was proposed to crystallize from a saturated melt. The dilution

was realized by the addition of NiAl to the reaction mixture.

ii) The melting points of NiAl and Ni are higher than the maximum reaction temperature, which is
higher than the melting points of Al and any intermediate product. In this case, solid Ni was proposed

to dissolve in the melt and NiAl then forms via crystallization from a saturated melt.

iii) The maximum reaction temperature is lower than the melting points of NiAl, Ni and at least one
intermediate product. In this case Ni,Al; forms on the Ni surface and Ni and Ni,Al; then dissolve in the
melt, from which NiAl ultimately crystallizes. This case was reported to occur for a dilution > 25 % and

resulted in the formation of multiphase products containing NiAl, Ni,Als, Ni.

Ultimately, such a dilution might lead to a loss of the self-sustaining properties of such a reaction
system?®, The dilution, which is necessary for such a loss of the self-sustaining properties can be
calculated theoretically and the results can be plotted in the form of so-called SHS diagrams (Figure
16). For example, Zhu et al.?* studied the ignition of Ni (4.5 um) and Al (15 um) powders in the
presence of 3 —15 % Al,05; (1 um) via inductive heating and observed a failure of the mixture to ignite
in samples containing more than 12 % Al,Os. In addition, an increase of the Al,Os; content was
associated with a decrease of the combustion velocity and a decrease of the sample heating rate. The
hardness of the prepared NiAl was reported to increase with increasing Al,O3; content before reaching
a maximum at about 10 % Al,O3; due to increased porosities and the formation of brittle Ni,Als.
Similarly, incomplete reactions during the synthesis of NisAl starting from Ni and Al powders have also

been reported by Lebrat et al.?®* to occur in samples containing about 10 % Al,Os.
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Figure 16: SHS diagram. Reprinted by permission from Springer Nature Customer Service Centre GmbH: Springer Nature,
Metallurgical transaction A Physical metallurgy and materials science, Reaction synthesis processes: mechanisms and
characteristics, Munir Z. A., 23, 7-13 (1992), Copyright (1992) (http.//link.springer.com/journal/11661)?%,

Influence of particle sizes

The influence of the Al particle sizes within the combustion synthesis of NiAl was examined by Li et
al.?®®, They employed Ni powders with sizes ranging from 3 to 27 um and Al powders with sizes from 5
to 150 um, which were compacted and ignited using a propane torch. Upon applying Ni particles with
a size of 8 um and Al particles with varying sizes, only the sample containing Al particles with a size of
5 um could be ignited, while no ignition was observed in samples containing Al with a size > 5 um. This
behavior was attributed to a longer time necessary to melt the larger Al particles, thus leading to higher
heat losses and ultimately preventing an ignition. In contrast, a further decrease of the particle size
down to the submicron range had no influence on the reaction as well as the formed products. Similar
results, with the observation of an upper limit regarding the Al particle size, were reported for the
synthesis of NisAl via reactive sintering?®2’. Upon applying large Al particles, no continuous phase,
which is capable of completely enclosing the Ni particles, could form, thus resulting in porous products

as well as incomplete reactions.

Similarly, the influence of the Ni particles size has been studied several times within the literature. Li
et al.?> reported a decrease of the combustion temperature as well as the reaction front velocity to
occur upon increasing the Ni particle size from 3 to 27 um upon igniting their reaction mixtures
applying a propane torch. Within their studies, these observations were attributed to kinetic factors
as well as a change in the thermal conductivities. Similar observations were reported by Biswas et al*%,
They prepared NiAl via thermal explosion reactions applying Al powder with a size of 42 um and Ni

powder with a size ranging from 11 to 130 um. The samples were homogenized in a ball mill,
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compacted applying a pressure of 75— 150 MPa and heated at heating rates of 5—60 K/min. The

results of these studies are summarized in Table 11.

Table 11: Combustion and reaction characteristics of ball milled and compacted NI-Al powder mixtures applying Ni powders
with various sizes and various heating rates. The Al particle size was 42 um in all samples. Reprinted from Acta Materialia,
50,Biswas A.; Roy S. K.; Gurumurthy K. R.; Prabhu N.; Banerjee S., A study of self-propagating high-temperature synthesis of
NiAl in thermal explosion mode, 757-773, Copyright (2002), with permission from Elsevier?38,

Effect on combustion and the product phase microstructure
Multiple phase Multiple phase porous Single phase
porous product, poor product with Ni(Al)- dense NiAl; Cast
~ conversion, large NisAl eutectic, better microstructure,
— | Q No combustion amount of unreacted conversion, less coarse
g_ A nickel and AlzNi, Low amount of unreacted dendrites; High
%’ Tig, Te<m.pt. of NiAl nickel, no Alz;Ni, High Tig, Te>m.pt. of
f.__‘, Tig, Te<m.pt. of NiAl NiAl
£ Multiple phase Multiple phase porous Single phase
° porous product, poor product with Ni(Al)- | dense NiAl; Cast
% o conversion, large NisAl eutectic, better microstructure,
g 9; No combustion amount of unreacted conversion, less coarse
E A nickel and AlzNi, Low amount of unreacted dendrites; High
S Tig, Te<m.pt. of NiAl nickel, no AlzNi, High Tig, Te>m.pt. of
E Tig, Te<m.pt. of NiAl NiAl
§§_ Single phase NiAl; Cast microstructure, fine slngle pha.se '_\“A.l' Cast rmcrostructure,
Q9 | dendrites; Low Ti, high T, T>m.pt. of NiAl fine dendrites; High Tig' high Te, Te>m.pt.
of NiAl
5-10 15-25 30-35 >35
Rate of Heating (°C/min)

Tig: ignition temperature; m.pt.: melting point; Tc: maximum reaction temperature

Hence, the use of smaller Ni particles resulted in more complete reactions, lower ignition temperatures
as well as higher maximum reaction temperatures. Moreover, at a given composition, increasing
heating rates resulted in increased reaction temperatures as well as increased maximum reaction
temperatures. Within their work, the increase in the combustion temperature upon decreasing the Ni
particle size was explained by an increase of the Ni-Al interfacial area. The increase in the onset
temperature with increasing heating rates was explained by the formation of smaller amounts of AlsNi
via solid-state reactions prior to the combustion, which is leading to shorter residence times at the
eutectic melting point and thus higher onset temperatures. The increased amount of AlsNi formed
prior to the combustion at low heating rates was also discussed to lead to lower combustion
temperatures, which are not allowing enough time for a complete homogenization and are thus

leading to the formation of multiphase products.

A decrease of the minimum heating rate necessary for a successful SHS reaction upon decreasing the

particle sizes was also reported by Dumez et al.?*%, who also plotted the results in form of a SHS diagram
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(Figure 17). Within Figure 17a, the arrows indicate the shift of the phase boundaries when the grain
sizes are decreased and | is referring to a diffusion-controlled reaction, Il to an unstable SHS reaction

and Il to a stable SHS reaction.
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Figure 17: Effect of a a) particle size and b) porosity decrease on the mode of a combustion synthesis. Reprinted from Journal
of Alloys and Compounds, 268, Dumez M.C.; Marin-Ayral R. M.; Tédenac J. C., The role of experimental parameters in
combustion synthesis of NiAl under high gas pressure, 141-151, Copyright (1998), with permission from Elsevier®®®,

Besides the particle sizes, the reaction mechanism as well as the composition of the resulting product

299 178

is determined by many other parameters including for example porosity*””, sample preparation*’® or

299

the applied pressure>”, which shall however not be discussed in more detail within this manuscript.

Although a reduction of the particle sizes has been found to be advantageous towards the synthesis of
NiAl via thermal combustion approaches, only a few studies are known in the literature applying
nanoparticulate reactants. One reason for this is, that upon applying oxide passivated Al nanoparticles,
the particle size reduction is linked to an increase of the Al,O3; content of the sample. Nonetheless, the
synthesis starting from Ni particles with a size of 1 um and Al particles with sizes ranging from 25 nm to

20 um was conducted by Hunt et al®

. Within these studies, compacted Ni-Al powder mixtures were
ignited by a 50 W CO; laser and the influence of the Al particle size was studied. The time upon an
ignition was observed reduced from 4 s to 0.2 s upon reducing the particle size from 20 um to 25 nm,

which was explained by the Al melting point depression of these nanoparticles. Due to the reduced
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heating periods, the ignition temperature also decreased from 631 °Cto 377 °C. Moreover, the ignition
temperature was found to be dependent on many other parameters such as the green density and the
heating rate3®. Moreover, the use of nanoparticles led to a reduction of the burn rate from 62 to
8 mm/s%, which was attributed to increased Al,O3 contents acting as a heat sink?*3%, In addition, Hunt
et al.3%% found the activation energy of the reaction system to decrease upon decreasing the Al and Ni
particle sizes and reported the activation energy in samples prepared from micrometer sized powders
(107 - 163 ki/mol) to be significantly higher than those prepared from nanoparticulate reactants
(17 - 104 kJ/mol), which was ascribed to a different reaction mechanism with the initiation occurring

via solid-state reactions rather than solid-liquid reactions.

1.5 Methods

1.5.1 Calculation of Al contents from TG measurements

The Al° content of Al nanoparticles can be calculated from TGA measurements in an oxidizing
atmosphere according to equation 1. This calculation is based on the total mass increase from the mass
minimum to the mass maximum due to the Al oxidation (Chapter 1.3.2), which is measured in the TG
analysis. A complete oxidation of the Al is assumed, which can be confirmed by an X-ray analysis of the
residue remaining after a TG measurement. Moreover, potential impurity phases can be detected in

the XRD measurements, which might then be considered in these calculations, if necessary.

Am-2 My
3 Mo

w(Al®) = (1)

w(AP): Mass content of Al°
Am: Total mass increase observed in the TGA trace
Mai, Mo: Molar masses Al (26.98 g/mol) and O (15.99 g/mol)

Due to the assumption of a complete oxidation of the particles, an ignition of the Al particles has to be
avoided during the measurements, since it might lead to the formation of aluminum nitrides and
oxynitrides apart from aluminum oxide3%. An ignition of the particles does particularly occur applying
high sample masses, high heating rates or high oxygen contents?¥’. It can often be easily recognized in
the TGA traces by the formation of rectangular angles as well as a slight temperature increase (Figure

18a).
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Figure 18: a) TGA traces of Al nanoparticles with and without ignition (N,: O, 32:8; 10 K/min) and b) TGA traces of Al particles
with various sizes (N;: O, 32:8; 10 K/min).

If the calculations are based on the as measured TG traces, the calculated Al° content refers to the AI°
content in the as prepared samples including organic passivation layers as well as residual solvents. By
normalizing the TGA traces to their mass minimum, the calculated AI° contents are an indication of the
Al°/Aliota ratio, assuming no mass loss overlapping the mass gain is occurring after reaching the
minimum and that only AI° as well as Al,Os are being present at the mass minimum. An estimation of
the mass loss occurring after reaching the mass minimum can be given by comparing the TG mass

losses and the organic contents determined from CHN analyses.

Moreover, since the observed TG trace is dependent on the Al particle sizes as well as morphologies
(Figure 18b), several models for the calculation of the particle sizes from the TG traces have been
proposed within the literature utilizing a simulation of the TGA traces. However, they require the
knowledge of the exact particle size distribution®®* or are assuming monodisperse and spherical

130

particles’” and where thus not suitable for the particles studied within this work and shall thus not be

discussed in more detail.

53



Introduction Methods

1.5.2 Kissinger analysis
According to Kissinger®®, the kinetics of the most solid-state reactions can be described by the

following equation:

dx

_Ea
= A(l—x)"e rr (2)

dx/dt: Reaction rate
A: Constant
x: Turnover
n: Empirical order of reaction
T: Temperature
Ea: Activation energy
R: Ideal gas constant 8.3145 J/(mol K)

Applying a given heating rate B, the reaction rate will increase with increasing temperature until

reaching its maximum value due to an increased turnover. The maximum rate of reaction will be

observed at a temperature Tn, which can be determined by calculating the maximum of equation (2):
EB E

_—A
ﬁ = An(l - X)%_l e RTm (3)

Tm: Temperature at which the highest reaction rate occurs
B: Heating rate
Starting from equations 2 and 3, Kissinger derived following correlation, independently of the reaction
order:
B
d(lnﬁ) _ Ey

= -4 4
) R “@

According to equation 4, the activation energy of a solid-state reaction can be determined from the

slope of a plot of 1/Ty, against In(B/Tm?).

1.5.3 Synthesis of aluminides on a hot plate

The experimental set-up consisted of an isolated stainless-steel plate, in which three 650 W heating
cartridges were embedded (Figure 19). The temperature of the steel block could be controlled from
25 °C to 650 °C via a PID temperature controller, whose temperature sensor was embedded about
0.5 mm beneath the surface of the steel plate. To determine the ignition temperature of an Al-metal
powder mixture, the plate was heated to a set temperature, equilibrated until a constant temperature
was reached and a small amount of the compacted sample (1 —3 mg) was dropped onto the plate
using a tweezer. An ignition and thus a reaction of the powder mixture was recognized with the naked

eye by the formation of sparks (Figure 19). If no reaction was observed, the temperature of the plate
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was raised, and the procedure was repeated. The ignition temperature was then determined as the
median of the lowest temperature at which an ignition was observed and the highest temperature at
which no ignition was observed. These reactions were carried out in an atmosphere of ambient air. In
these measurements a constant temperature distribution in the reaction spot (@ 2 cm) was assumed
and the temperature of the temperature controller was assumed to be the surface temperature. By
applying this technique high heating rates can be realized, which is important in these systems. In the
case of metallic reactive systems, the application of slow heating rates is not appropriate because of

sub-critical diffusion processes dissipating heat and delaying or suppressing the ignition.

no ignition ignition

Figure 19: Experimental set-up of the hot-plate applied within this work and examples of a negative and a positive ignition
event.

1.5.4 XRD measurements

Due to the small sample amounts available as well as the high number of samples, the XRD
measurements were conducted on glass sample holders. Due to the application of these glass sample
holders, a very broad signal was observed in all samples at 20 angles <40 °, which is why the
measurements were typically fitted and plotted starting from a 26 angle of 30 ° or 35 °. A measurement

of an empty sample holder is shown in Figure 20.
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Figure 20: XRD measurement of an empty glass sample holder.
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2. Goals of this work

The goal of this work was the synthesis of aluminides starting from wet chemically prepared

nanoparticulate reactants (Figure 21). For this purpose, the work was divided into two parts:

- The goal of the first part of the work was the wet chemical synthesis of metal nanoparticles, which
were then reacted in the second part to yield the respective aluminides. Since the synthesis of many
metal nanoparticles such as Ag, Au, Ni, Ru and many more has already been studied in detail in the
literature and the synthesis of particles with various sizes as well as morphologies is possible, this work
mainly focused on the preparation of Al nanoparticles. Due to their high reactivity, reports on the wet
chemical synthesis of Al nanoparticles are limited and a study of the influence of the reaction
parameters on the size and morphology of the resulting Al nanoparticles is often lacking. Nonetheless,
different synthesis approaches have been reported throughout the literature. Accordingly, the goal of
this part of the work was the synthesis of Al nanoparticles suitable for the preparation of various
aluminides. The Al particles prepared via different synthesis approaches should be compared, and the
influence of various reaction parameters on the size and morphology of the resulting particles should
be examined in order to allow a preparation of the particles with a controlled size and morphology.
Moreover, the reaction conditions should be optimized towards short reaction times in homogeneous
solutions, which might allow the preparation of Al nanoparticles via a large scale, continuous synthesis

approach in the future.

- The goal of the second part of the work was the synthesis of various aluminides starting from the wet
chemically prepared metal nanoparticles, focusing on the synthesis of Ni and Ru aluminides. The
suitability of the Al particles prepared applying different synthesis methods should be evaluated and
the influence of various reaction parameters such as particles sizes, reaction conditions, contents of

oxide and organics on the aluminide formation should be examined.

Part 1 Part 2

Al nanopowder

e

Q

isolation

wet chemical & mixing O compaction Q@ heat treatment
—] synthesis 2 characterization QOO Q —_— oo —_— O ——» characterization
Q
== = reaction
® product
— > | metal NP —_—
P

nanopowder

Figure 21: Procedure for the synthesis of aluminides applied within this work.
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3. Results and discussion

3.1 Synthesis of Al particles

Within this work, Al particles were synthesized applying various wet chemical methods introduced in
Chapter 1.3.1. In the following chapters a characterization of these particles is given and their

suitability for the preparation of Ni and Ru aluminides is evaluated.

3.1.1 Synthesis via metal reduction

Although the reduction of AICIs with alkali metals is known to yield finely dispersed Al° (see Chapter
1.3.1.3), the resulting powder is commonly not isolated and characterized but is applied in situ for
further reactions. Thus, within this work, the method adapted from Pyo et al.¥’, in which AICls is
reduced by Li in refluxing THF solutions, was applied for the preparation of Al° powder, which was then
isolated, characterized and employed for the preparation of aluminides (Scheme 10). After the
synthesis the powder was slowly air passivated and the characterizations were carried out applying

this air passivated powder.

THF, reflux, 3 h

3 Li + AICI3 » Al + 3 LiCl

Scheme 10: Synthesis of Al starting from AICl; and Li.

The formation of Al° was confirmed by XRD measurements (Figure 22a), in which the reflections of fcc-
Al are clearly visible. The AI° crystallite size was determined to be 12(5) nm via Rietveld refinements.
Although no other phases were detected, this does not exclude the presence of a passivating oxide
layer, which is known to consist of amorphous Al,O3 at room temperature. Accordingly, the formation
of AI° as well as Al,0; was observed applying 2’Al-SPE/MAS NMR techniques (Figure 22b), in which the
signal at 1642 ppm can be assigned to Al°, while the signal at 5 ppm can be assigned to the amorphous
surface Al,03 mentioned above. The Al° was found to form large agglomerated and sintered structures,
detected by DLS measurements as well as TEM images (Figure 22c and d). In the DLS measurements
(Figure 22c), a hydrodynamic radius of 118 £ 5 nm as well as larger agglomerates with radii of up to
1000 nm were observed, while the TEM images revealed severely agglomerated and sintered
structures. Due to this sintering, no reasonable particle size distribution could be determined from

these TEM images.

The small crystallite sizes observed in the Rietveld refinements are also evident in the TG

measurements (Figure 23a), in which only a small, single mass increase step of 15.4 % was observed
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starting at a temperature of about 400 °C. The presence of only a single mass increase step can be
understood as a consequence of the small Al crystallites, as was discussed in Chapter 1.3.2. After
normalization to the mass minimum, the AI° content was calculated from the mass increase and found
to be as low as 17.3 %. This small value is in agreement with the small crystallite sizes determined in
the XRD analysis, which can be expected to have a large amount of surface Al,Os in the form of an
amorphous oxide layer due to their small size. The mass loss of 15.3 % observed up to a temperature

of 400 °C can be ascribed to the presence of residual solvents and organics.
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Figure 22: a) XRD measurement and Rietveld refinement, b) 2’Al-SPE/MAS NMR (104 MHz), c) DLS measurement in MeOH,
and d) TEM image of AP nanopowder prepared via reduction of AlCl5 with Li.

A capping of the resulting Al° powder was easily possible by adding oleic acid in a second, optional
synthesis step prior to the particle isolation. The oleic acid coordination on the surface was confirmed
by FTIR measurements, in which the signals belonging to the symmetric and asymmetric stretching
modes of the carboxylate group (1560 cm™ and 1452 cm™) were observed as well as in the TG
measurements, in which an increased mass loss of 28.5 % was evident (Figure 23a and b). The high

intensity signal in the FT-IR spectra at wavelengths < 1000 cm™ can be assigned to the presence of
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surface oxides. The TEM image (Figure 23c) again confirmed the formation of severely agglomerated
and sintered particles. Accordingly, although the oleic acid was found to coordinate to the particle
surface, it could not prevent the particle sintering. This can be explained the fact, that the oleic acid
was added only in a second synthesis step, after the reduction was already complete. Accordingly, it
was added to an already agglomerated and sintered particle mixture, as was shown above. However,
due to the chemical incompatibility of Li, AlCls, and oleic acid, an addition at the start of the reaction

was not suitable.
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Figure 23: a) TG measurements (10 K/min: N»:0, 32:8) of bare and oleic acid capped Al nanopowder, b) ATR-FTIR spectrum,
and c¢) TEM image of oleic acid capped Al nanopowder prepared via reduction of AlCI; with Li. The signal marked with a grey
box in part b) can be assigned to the symmetric and asymmetric carboxylate stretching modes.

In an attempt to prevent the particle agglomeration and sintering, the reaction was carried out in the
presence of TOP as well as in coordinating and stabilizing tetraglyme and trioctylamine solutions.
However, in all cases, a much slower reaction was observed and after 4 h only minor amounts of Al
were isolated, which can likely be attributed to the altered electrochemical and sterical properties of

formed AlI** complexes.

Due to the drawbacks of this synthesis approach, particularly the heterogeneous reaction mixtures,

the long reaction times of several hours, as well as the poor results observed upon applying these
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particles for the formation of aluminides (see Chapter 3.2.2), no additional attempts regarding a
reaction optimization, particle size variation or minimization of the particle agglomeration/ sintering
were made. Of course, several methods are known to conduct the reduction in homogenous reactions
mixtures, such as the application of Li naphtalenide or Li in liquid NHs;. However, they have been

86,88

reported in the literature to lead to incomplete reductions®®*® and were thus also not further examined

within the present work.

3.1.2 Synthesis via hydride reduction

Within this synthesis approach, AICls is reduced by LiAlH4 in refluxing mesitylene (Scheme 11). The
reaction proceeds via an intermediate formation of AlHs%, which is then thermally decomposed at
165 °C to yield Al°. The synthesis was carried out according the methods reported by Cui et al.*° in the
presence of PPhs as a stabilizer. This approach was chosen, since PPhs does not contain oxygen and
does not, in contrast to the commonly applied carboxylic acid, lead to the formation of an oxide layer
due to the presence of organically bound oxygen®. After the synthesis the powder was slowly air

passivated and the characterizations were carried out applying this air passivated powder.

PPh;

165 °C, 2 h
3 LiAlH4 + AICl; ——— 4 A+ 3 LiCI+6 H,
mesitylene

Scheme 11: Synthesis of PPhs capped Al particles starting from LiAlH4 and AICls.

Again, the formation of AI° was clearly confirmed by XRD measurements and ?’Al-SPE/MAS NMR
techniques (Figure 24a and c). The reflections of fcc-Al are again clearly visible with no other crystalline
phases being present. The signal at 1639 ppm in the solid-state NMR can be ascribed to Al°, while the
low intensity signal at around 0 ppm is due to the presence of amorphous surface Al,Os. In agreement
with the literature®, the size the resulting Al nanoparticles could be controlled by changing the
Al : PPh; ratio, as was evidenced by DLS as well as XRD measurements (Figure 24b). Rietveld
refinements revealed that the crystallite size was reduced from 118(2) nm when 2.3 eq of PPhs were
used down to 65(1) nm when 5.8 eq of PPh; were applied, with the same trend being visible in the DLS
measurements as well. The DLS measurements were carried out in methanol, since PPh; was largely
removed upon washing (Chapter 3.1.3.1) resulting in a very poor dispersibility in nonpolar solvents.
The hydrodynamic radius decreased from 50 £ 8 nm and 51 + 14 nm when 2.3 eq and 3.5 eq of PPh;
were used down to 253 nm and 398 nm when 4.7 eq and 5.8 eq of PPh; were applied. The
differences between the values observed in XRD and DLS measurements can be explained by the

different measurement methods used in these studies. The DLS measurement determines the number
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weighted mean hydrodynamic radii of the particles dispersed in a solvent. This value is not necessarily
equal to the actual particle size, since for example agglomerates will also be detected, while large
sedimented particles will not be detected. In contrast, XRD analysis provides volume weighted mean
values of the crystalline components only. The use of even higher amounts of PPh; was not possible
since the solubility limit of PPhs in mesitylene was reached. Similarly, the use of less than 2.3 eq PPhs
was problematic since an Al film formation on the surface of the reaction vessel started to occur.
However, these results are in good agreement with the results reported by Cui et al.*® who observed
a size reduction from ~ 110 nm down to ~ 50 nm upon increasing the amount of PPh;from 1.25 eq up
to 5 eq. A representative TEM image, in which strongly sintered and agglomerated particles were

observed, as well as a TG measurement of these particles will be discussed in the following chapter.
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Figure 24: a) XRD measurement and Rietveld refinement of Al nanoparticles synthesized via a hydride reduction approach, b)
hydrodynamic radii in methanol and crystallite sizes of Al nanoparticles synthesized via a hydride reduction approach in the
presence of varying amounts of PPhs, and c) 2’Al-SPE/MAS NMR (104 MHz) of Al nanoparticles synthesized via a hydride
reduction approach.

The use of other phosphines or phosphine oxides as stabilizers was also possible, as was evidenced by
successful syntheses conducted in the presence of P("Bus), TOP, TOPO and PPhs;O (Figure 25). As
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expected, a lower amount of 1.1 eq of the stronger coordinating TOP was sufficient to stabilize the
resulting Al nanoparticles, which exhibited a crystallite size of 95(6) nm and hydrodynamic radius of
47 £ 9 nm. The formation of particles with large hydrodynamic radii of 95 + 27 nm was observed upon
applying P("Bus) as a stabilizer, even when the synthesis was carried out directly in a P("Bus) solution
(30 eq). In general, trialkyl phosphines are exhibiting increased Lewis basicities compared to PPhs; and
are thus also commonly applied as nanoparticle stabilizers. A typical example is trioctylphosphine,
which was also applied within this work for the preparation of Al particles (Chapter 3.1.3.2).
Accordingly, the poor stabilizing properties observed for P("Bus) are likely due to sterical reasons,

particularly due to its small size.
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Figure 25: Crystallite sizes determined from Rietveld refinements and hydrodynamic radii in methanol of Al particles prepared
via LiAlH4 reduction of AlCl; in the presence of different phosphine stabilizers.

3.1.3 Synthesis via catalytic decomposition

3.1.3.1 Comparison to the hydride reduction

Since the hydride reduction and the catalytic decomposition are both proceeding via a decomposition
of HsAl compounds, both approaches were compared regarding the size and morphology of the
resulting particles. Therefore, Al particles were prepared via both methods under similar experimental
conditions, particularly using the same stabilizer and reactant concentrations. Accordingly, the
catalytic decomposition was carried out by decomposing HsAINEt; applying Ti(O'Pr)s as a

decomposition catalyst in toluene solutions and in the presence of a PPh; stabilizer (Scheme 12). After
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the synthesis the powder was slowly air passivated and the characterizations were done applying this

air passivated powder.

PPh,
cat. Ti(O'Pr),

HiAINEt, 22 -C: 19 M NEt, + 3/,H,

toluene

Scheme 12: Synthesis of PPhs capped Al particles via catalytic decomposition of H;AINEt;.

Again, the formation of fcc-Al was confirmed by XRD measurements as well as ’Al-SPE/MAS NMR
techniques (Figure 26a and b) and, similar as reported above, no other crystalline phases were
detected in the diffraction patterns. The amorphous alumina from the surface passivation layer was
again observed in the 2Al SPE/MAS NMR spectrum by the signal at around 0 ppm. However, in contrast
to the observations made for the hydride reduction approach, only a small and inconsistent
dependence of the crystallite size from the concentration of PPh; was observed (Figure 26c). The
largest crystallite size of 66(2) nm was observed for the particles synthesized in the presence of 4.7 eq
of PPh; and the smallest crystallites with sizes of 51(1) nm were observed for the particles synthesized
in the presence of 3.5eq of PPh;. Similarly, only a minor influence was observed in the DLS
measurements, where the largest particles with a hydrodynamic radius of 105 + 6 nm were observed
when 2.3 eq of PPh; were used. The large radii observed for the particles synthesized in the presence
of 4.7 eq PPh; are due to the presence of some large agglomerates and a broad particle size
distribution. The distribution maximum was however at a similar size compared to the sample
synthesized in the presence of 3.5 eq of PPhs with a size of 72 +2 nm. The less pronounced and
inconsistent influence of the amount of PPhs in these decompositions can likely be explained by the
release of 1 eq of NEt; from the triethylamine alane used as a precursor during the reaction, which can
also act as capping agent itself. Moreover, it is exhibiting a higher basicity and a smaller size compared

to PPh; and is thus negatively affecting the stabilizing effect of PPhs; due to competitive interactions.
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Figure 26: a) XRD measurement and Rietveld refinement of Al nanoparticles synthesized via a chemical reduction approach,
b) 27AI-SPE/MAS NMR (104 MHz) of Al nanoparticles synthesized via a chemical reduction approach, and c) hydrodynamic
radii as well as crystallite sizes of Al nanoparticles synthesized via a chemical reduction approach in the presence of varying
amounts of PPhj.

Comparing the DLS measurements of the particles formed in the presence of 4.7 eq PPh; (Figure 27a),
smaller particles as well as narrower particle size distribution were observed when the hydride
reduction approach was applied compared to the catalytic decomposition approach. However, as can
be seen in the TEM images (Figure 27b and c), the particles synthesized via a hydride reduction
approach are severely agglomerated and aggregated, with the single particles being hardly visible. For
the particles synthesized via the catalytical decomposition approach, an agglomeration of the particles
is also visible, the single particles are however clearly visible. For these particles, the size determined
from the TEM measurements was 78 + 26 nm (Figure 27d) and is in good agreement with the
crystallite size of 66(2) nm, however smaller than the hydrodynamic radius of 92 + 15 nm, which can
be attributed to agglomeration effects. A reason for the stronger agglomeration in case of the hydride
reduction might be the slower reaction from a heterogenous reaction mixture. Due to their severe

aggregation, no particle size distribution could be obtained for these particles from the TEM images.
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Accordingly, the much smaller hydrodynamic radii observed for these particles in the DLS
measurements is likely due to the deposition of these large agglomerates during the equilibration step,

only leaving a small amount of non-agglomerated particles in solution.

TGA measurements (Figure 27e) were carried out in an atmosphere of synthetic air (N,:0, 32:8;
40 ml/min) in order to obtain a controlled oxidation of the Al nanoparticles. The oxidation of the
particles is evident at temperatures > 500 °C in both samples, where the typical twostep oxidation
pattern can be observed. The steep mass increase at a temperature of 900 °C is due to an isothermal
segment of 15 min at this temperature, which was applied to allow a complete oxidation of the
particles. The lower total mass gain observed for the particles synthesized via the catalytical
decomposition approach is indicating a lower total Al° content and AI° contents of 56 % and 77 % were
calculated for the particles prepared via the catalytic decomposition and the hydride reduction
respectively. The lower AI° contents can be explained by the lower degree of agglomeration and

sintering observed above, assuming a similar oxide shell thickness in both cases.

Moreover, an increased mass loss of 21.7 % up to a temperature of 400 ° C was observed for the
particles prepared via the catalytic decomposition approach, compared to 9.4 % for the particles
synthesized via the hydride reduction approach. This higher organic content is likely also caused by the
larger surface area due to the lower degree of agglomeration and sintering as well as by the presence
of coordinating NEts. This was further evidenced by CHN analyses: 10.56 % CHN content (7.47 % C,
2.40 % H, 0.69 % N) for the particles synthesized via catalytic decomposition compared to 2.34 % CHN
content (0.89 % C, 1.33 % H and 0.12 % N) for the particles synthesized via hydride reduction. For the
CHN analyses, the particles were dried in vacuo at 80 °C for 7 days and the presence of nitrogen was
still observed in the particles synthesized via the catalytic decomposition approach. This supports the
hypothesis that the NEt; released upon the decomposition of the alane precursor acts as an additional
capping agent. Moreover, the presence of phosphorous was confirmed by applying solid-state NMR
techniques for the particles prepared via the catalytic decomposition approach, while no residual
phosphorus was observed for the particles prepared via the hydride reduction approach. This further
confirms the lower organic contents of the particles prepared via the hydride reduction approach. For
the particles prepared via the catalytic decomposition approach signals in the range from 20 — 50 ppm
were observed within the 3P NMR spectra (Figure 27f), which lies in a typical range reported for PPhs
capped metal nanoparticles3°%3%7, confirming the PPhs capping of the formed Al particles (cf. free PPhs

-8 ppm306).

65



Results and discussion Synthesis of Al particles

Q

)

1.0- —— hydride reduction
— catalytic decomposition

0.8+

0.6+

0.4+

relative intensity (a.u.)

0.2+

0.0

0 20 40 60 80 100 120 140 160 180 200
hydrodynamic radius (nm)

d) 20+ e) 180 —— catalytical decomposition
,v'\\\ = 160 — hydride reduction
[ X 4|— temperature
| \w\ S p
15 § §§ @
g 10 §§§§§§ -E ]
S §§§§§ % 1201
54 §§§§§ S
\%%\\ ‘ S 100+
N\ -
0+ §§§§§§§\%§§&\\\ 80 ; : . . . . : T T
0 20 40 60 80 100 120 140 160 180 200 100 200 300 400 500 600 700 800 900
diameter (nm) temperature (°C)

f) hydride reduction

I A A Y Yoy Yooyt

- O
o ™
o o
™
1 1

catalytic decomposition

200 100 0 -100 -200
chemical shift (ppm)

Figure 27: a) DLS measurements of Al particles synthesized via hydride reduction and catalytic decomposition in the presence
of 4.7 eq of PPhs in methanol, b) TEM image of Al particles synthesized via catalytic decomposition in the presence of 4.7 eq
of PPhs, ¢) TEM images of Al particles synthesized via hydride reduction in the presence of 2.3 eq of PPhs, d) particles size
distribution for the particles prepared via catalytic decomposition in the presence of 4.7 eq of PPhs obtained from the TEM
image by counting 95 particles, e) TGA measurements of Al nanoparticles synthesized via hydride reduction and catalytic
decomposition approaches in the presence of 4.7 eq PPhs (10 K/min; N,:0, 32:8), and f) 3P CP/ MAS solid-state NMR
(162 MHz) of the Al particles prepared via hydride reduction and catalytic decomposition approaches in the presence of 4.7 eq
Of PPhs.

Although the hydride reduction and the catalytic decomposition both are proceeding via a HsAl
decomposition, the hydride reduction approach has several disadvantages, including for example the

heterogenous reaction mixtures, the long reaction times as well as the high reaction temperatures of
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165 °C. Moreover, the particles were more severely sintered and thus, no more efforts were made to
further study or optimize this synthesis approach. The catalytic decomposition was found to be a more
promising approach for the preparation of non-agglomerated Al particles from homogenous solutions.
Accordingly, this synthesis approach was studied in more detail and the reaction parameters were

systematically varied as will be described in the following chapter.

3.1.3.2 Systematic variation of the reaction parameters

As summarized in Chapter 1.3.1.5, the catalytic decomposition was applied many times for the
preparation of Al nanoparticles throughout the literature. Although numerous reaction conditions
have been applied and particles with sizes from 5 up to several hundred nanometers were prepared,
a systematic study of the influence of the reaction parameters on the size and morphology of the
resulting particles was hardly carried out. In many of these studies similar reactants, particularly
HsAINMe,Et as a precursor and Ti(O'Pr), as a catalyst, were applied and the reaction systems were
mainly differing in the applied stabilizer. Moreover, the studies can often not be compared directly,
due to varying reactant concentrations, slightly different synthesis protocols or different experimental

set-ups.

Thus, to study the influence of the reaction parameters on the size and morphology of the resulting Al
particles, a systematic variation of the reaction parameters in the catalytic decomposition system was
carried out. Various precursors, including a phosphine alane, a carbene alane, a H3;AI-THF adduct, and
amine alanes containing various amines were applied. The decompositions were carried out in varying
polar and non-polar solvents, such as THF, diethylene ether, hexane, cyclohexane, and toluene.
Moreover, the reaction temperature was varied from 25 °C to 100 °C and several transition metal
catalysts, also containing different alkoxy ligands were studied. Also, different amine and phosphine

stabilizers, such as PPhs;, TOP and N(Oct)s; were applied.

The resulting Al particles were characterized applying XRD, DLS, and TEM techniques and the reaction
conditions were optimized towards homogenous reaction mixtures, short reaction times as well as
particle sizes < 50 nm. Regarding these requirements, the best results were obtained applying H3AINEt;
or HsAI(THF) as a precursor, Ti(O'Pr)s as a catalyst, N(Oct)s or PPhs as stabilizers, and toluene as a

solvent.

The results have been published as a paper in Dalton Transactions from The Royal Society of Chemistry.
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Al nanoparticles represent one of the most challenging classes of metal nanoparticles in synthesis and
handling due to their high chemical reactivity and their affinity to oxidation. A promising wet chemical
preparation route is the catalytic decomposition of alane adducts. In the current systematic study, we
investigated the influence of various reaction parameters, such as precursors, catalysts, solvents, reaction
temperatures, capping agents, and concentrations of the reactants on the size and morphology of the
resulting Al nanoparticles. One major goal was the optimization of the reaction parameters towards short
reaction times. Our studies revealed that Ti alkoxides, such as Ti(O'Pr)s, are much more efficient
decomposition catalysts compared to other related metal catalysts. Optimized conditions for full conver-
sion times smaller than 15 min are temperatures between 90-100 °C and non-polar solvents such as
toluene. Amine alanes containing short alkyl chains, for example HzAINMe,Et or HzAINEts, were the most
suitable precursors, leading to the formation of the smallest nanoparticles. The use of weakly coordinating
capping agents like amines and phosphines should be preferred over the commonly employed carboxylic
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acids because they do not accelerate the formation of an amorphous oxide shell upon binding to the par-
ticle surface. In conclusion, the best reaction parameters for a fast synthesis of Al nanoparticles via a cata-
lytic decomposition approach are the combination of sterically less hindered amine alanes applying a Ti

rsc.li/dalton catalyst in toluene solutions in the presence of amine or phosphine stabilizers at elevated temperatures.

Buhro."" Within this approach, alane adducts (typically amine

Introduction :
alanes) are decomposed applying Ti(O'Pr), as a catalyst. In the

Al nanoparticles are exhibiting a very high reactivity and can
thus be employed in various applications, such as nanother-
mites," explosives,” environmentally friendly propellants,’® as
well as self-propagating reaction syntheses.” Most commonly
Al nanoparticles are synthesized via physical methods includ-
ing gas evaporation methods,” plasma synthesis,® laser
ablation”® and exploding wire techniques.”’® The most fre-
quently applied wet chemical synthesis approach is the cata-
lytic decomposition approach, introduced by Haber and

Saarland University, Inorganic Solid State Chemistry, Campus C4.1, 66123
Saarbriicken, Germany. E-mail: guido.kickelbick@uni-saarland.de

tElectronic supplementary information (ESI) available: Crystallite sizes, hydro-
dynamic radii and reaction conditions for Al particles prepared from additional
transition metal catalysts; DLS measurements of the particles prepared in
various solvents; TEM images of the particles prepared from various precursors;
XRD and DLS measurements of the particles prepared in the presence of various
amounts of PPh;; CHN analyses of the particles prepared in the presence of
various stabilizers; DLS measurements of the particles prepared applying
various catalyst concentrations; syntheses and characterizations (NMR and IR
measurements) of the alane precursors. See DOI: 10.1039/d0dt01820a
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original report,"" H;AINMe,Et was decomposed in mesitylene
using Ti(O'Pr), as a catalyst resulting in the formation of rela-
tively large Al grain sizes >100 nm, since no stabilizer was
present in the reaction mixture. The clean-up of the resulting
nanoparticles is very convenient, since typically only gaseous
and/or volatile side products are formed. The decomposition
mechanism was clarified very recently by Clark et al.'* applying
EPR and NMR techniques. Their studies revealed Ti(O'Pr); to
be the catalytically active species, which is produced from the
initially formed AIH,-Ti(O'Pr), complex by reductive elimin-
ation of H, and abstraction of one isopropoxy ligand by Al
Subsequently, Ti(O'Pr); catalyzes the decomposition of 2 AlH;
to 2 Al° via a 4 step decomposition mechanism containing
several reductive elimination steps of H,.

Typical capping agents used in this approach are carboxylic
acids,”*™ epoxides,’*>* and the coating with transition
metals.>® The size of the resulting Al particles can be con-
trolled by changing the amount of the stabilizer'® or changing
the solvent composition.'>*® Bulkier amine alanes, such as
H3;AINMePyr and H3;AIN[(C4Hg)(CH;)], have been reported to

This journal is © The Royal Society of Chemistry 2020
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decompose more slowly compared to H3;AINMe; and
H;AINMe,Et."”*° Similarly, the decompositions have been
reported to be faster and more efficient upon increasing the
reaction temperature."’

Although, the catalytic decomposition of amine alanes is
the most frequently applied method for the wet chemical
preparation for Al nanoparticles, to the best of our knowl-
edge, a systematic variation of the reaction conditions has
not been carried out until yet. For example, Ti(O'Pr); has
been applied almost exclusively as a decomposition catalyst,
while H;AINMe,Et or H;AINMe; are typically applied as alane
precursors and only a few studies are known applying alterna-
tive precursors. Although a broader variety of solvents and
stabilizers has been reported, these studies can often not be
directly compared to each other, due to various reasons such
as varying synthetic protocols, changing experimental set-
ups, or altering reactant concentrations. Accordingly, a judge-
ment of the influence of the reaction conditions in the cata-
lytic decomposition of molecular precursors for the for-
mation of Al particles is difficult. This was our motivation to
systematically study the influence of reaction parameters,
such as precursors, catalysts, catalyst ratio, solvents, reaction
temperatures, capping agent composition, and concentration
on the decomposition reaction. Particularly, besides the com-
monly applied amine alanes, other classes of alanes, such as
phosphine or carbene alanes are known, which have not been
applied within this reaction system yet and which might rep-
resent an additional option to control the particle size and
morphology. A similar possibility represents the application
of Ti catalysts with varying alkoxy ligands, which also has not
been reported before. Moreover, our goal was also the optim-
ization of the reaction parameters towards short reaction
times, homogeneous reaction mixtures, and a one-pot pro-
cedure, regarding a possible future continuous wet-chemical
synthesis of these Al particles.

Experimental
Materials

Tributylamine (NBuz, >98%) was purchased from TCI Japan
(Tokyo, Japan) and trioctylamine (N(Oct); < 92.5%) as well as
Ti(OBu), (>98%) were obtained from Merck (Darmstadt,
Germany). Triphenylphosphine (PPh;, 99%) and Ti(O"Bu),
(97%) were purchased from Sigma-Aldrich (St. Louis, USA).
Trioctylphosphine (TOP, 97%), Ti(O'Pr), (97%), titanium(iv)
2-ethylhexoide (97%), and tributylphosphine (P(Bu);, 93%)
were supplied by aber (Karlsruhe, Germany). Triphenylamine
(98%) and 1,2-epoxyhexane (96%) were obtained from Alfa
Aesar (Ward Hill, USA). Tricyclohexylphosphine (>97%) was
delivered from Carbosynth (Berkshire, United Kingdom).
Toluene, THF, hexane, acetonitrile, and diethyl ether were pur-
ified in a MBraun solvent purification system. All chemicals
were used as received unless stated otherwise. The reactions
were carried out under an Ar atmosphere using either a glove
box or Schlenk line techniques.

This journal is © The Royal Society of Chemistry 2020
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Synthesis

The synthesis of the different alane precursors was carried out
according to known procedures and is reported in the litera-
ture. H;AINEt;,%° H;AINMe,Et,>*® H;AINBus,>® H,AINOct; 2°
and H;AINMe; >’ were chosen as amine based alanes, while
[H,AI(PMDTA)|'[AIH]" *® and H;AI'DABCO were chosen as
amine based ionic and polymeric alanes, respectively.
H3;AI'DABCO®® was obtained as a mixture of polymeric
H;AI'DABCO and H;AINEt;. H;AI'THF,>° H3AlI-PCy;*' and
H;Al-IMes?**?? were synthesized representing O, P and C based
alanes. N,N,N',N'-Tetraoctylethylendiamine (TOEDA)** was also
synthesized following literature procedures. Precautions must
be taken, as explosions may occur if the syntheses are not
carried out properly. Moreover, the prepared amine alanes
themselves are revealing explosion hazards.

Al nanoparticles via catalytic decomposition. In an atmo-
sphere of Ar, 2.5 ml (16 mmol) of H3AINEt; and 21 g
(81 mmol) of PPh; were dissolved in 100 ml of toluene. To this
solution 16 ul of Ti(O'Pr), in 20 ml of toluene were added. The
resulting mixture heated to 90 °C and stirred at this tempera-
ture for 15 min. The formed grey solid was collected by cen-
trifugation (10000 rpm; 10 min), washed three times with
20 ml of toluene and dried in vacuo at room temperature.
During the work-up steps, the Al particles dispersions were
carefully exposed to the ambient air, to allow a passivation of
the particles by the formation of a passivating oxide layer.
After drying at reduced pressure, the air passivated particles
were found to be not spontaneously combustible in all
samples. For reproducibility reasons, every decomposition was
carried out within the same reaction flask as well as heating
equipment.

Characterization

Transmission electron microscope (TEM) measurements were
carried on a JEOL JEM-2010. TEM samples were prepared by
drop coating nanoparticle dispersions in methanol on the
carbon coated copper grids (Plano S160-3). The particle size
distributions were obtained from the TEM or SEM images by
measuring 100 particles using the software Image].>

Powder X-ray diffraction (PXRD) patterns were measured on
a Bruker D8-A25-Advance diffractometer in a Bragg-Brentano
geometry using Cu K, radiation. A 26-range from 7 to 120° was
recorded using a step size of 0.013° and a total measurement
time of 1 h. The samples were prepared by drop coating the
dispersed and homogenized nanoparticles in hexane onto
glass sample holders. Sample compositions and crystallite
sizes were determined from Rietveld refinements using TOPAS
5.1.°® The background was fitted applying a Chebychev
polynom (15™ degree) and a fundamental parameter
approach®” was used to calculate the instrumental line broad-
ening. Crystal structures obtained from the crystallographic
open database (COD)*® were used to carry out the Rietveld
refinements. For pure Al the entry COD ID 2300250 and for
v-Al,O; the entry COD ID 2107301 were used in the
refinements.

Dalton Trans., 2020, 49, 9820-9834 | 9821
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The elemental analyses were conducted on an Elementar
Vario Micro cube. Thermogravimetric analyses (TGA) were
carried out on a Netzsch TG F1 Iris using a heating rate of
10 K min™' in an atmosphere of synthetic air (N,/O, 32:8,
40 ml min™"). The samples were heated up to 900 °C in open
alumina crucibles and hold at this temperature for 15 min.

Dynamic light scattering (DLS) measurements were carried
out at 25 °C using an ALV Compact Goniometer. A scattering
angle of 90° was used and the samples were prepared by dis-
persing the particles in methanol. The dispersions were ultra-
sonicated for 10 min, filtered through 0.45 um PTFE filters
and equilibrated for 5 minutes before the measurements.

The onset temperatures given within this manuscript are
referring to the temperatures at which a first gas evolution and
a formation of a grey dispersion was visible by the naked eye
upon heating the reaction mixture to a temperature of 100 °C.

Results and discussion

Within our studies Al nanoparticles were produced via catalytic
decomposition of alane precursors (Scheme 1). The advantages
of this approach are the facile synthetic parameters including:
(i) homogenous solutions, (ii) short reaction times, (iii) moder-
ate reaction conditions, and (iv) straightforward workup due to
the formation of volatile side-products. Accordingly, we system-
atically varied and optimized the reaction parameters aiming
at small particle sizes as well as short reaction times. Since
increased reaction temperatures were found to be advan-
tageous regarding short reaction times, the decompositions
were generally carried out at temperatures between 90 °C and
100 °C within this work.

Influence of the decomposition catalyst

Ti(O'Pr), has been applied almost exclusively as a catalyst for
the synthesis of Al nanoparticles starting from alane precur-
sors. Ti compounds are known to catalyse the decomposition
of alanes in the solid state’ as well as in solution.*®*!
However, the reason for the superior activity of Ti-based cata-
lysts in these decompositions has not yet been fully under-
stood.*® The decomposition mechanism of amine alanes in
coordinating solvents was suggested recently identifying
Ti*'(O'Pr); to be the catalytically active species.'” As reported
in the literature,">*"*> Ti is known to show a superior catalytic
activity compared to other transition metals. Accordingly, we
focused in our study on the application of various Ti alkoxides.
Besides Ti(O'Pr), only very few other Ti compounds have been

stabilizer
catalyst
90 °C, 15 min
H3AINEt; ——— Al + NEt; + 3/,H,
toluene

Scheme 1 Synthesis of Al nanoparticles via a catalytic decomposition
approach.
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applied as a catalyst. For example, TiCl, was reported to result
in a faster decomposition but similar particle size compared to
Ti(O'Pr)s."? To study the influence of the alkoxy ligand we
applied various Ti alkoxides, which particularly differed in the
bulkiness of the ligands. Additionally Sn compounds have
been applied, which are often considered as alternatives to Ti
Lewis acid catalysts.

During these studies, H;AINEt; was used as a precursor
together with 5 eq. of PPh; as stabilizer and toluene as the
solvent. H3AINEt and PPh; as well as the reactant concen-
trations have been selected based on the observations
described further below. Fig. 1 summarizes the reaction con-
ditions as well as the hydrodynamic radii and the crystallite
sizes of the resulting particles. Without applying a catalyst, no
decomposition of H;AINEt; could be observed after heating to
reflux for 2 h, which agrees with its reported decomposition
temperature of about 165 °C."' A decomposition reaction
started at considerably lower temperatures upon adding Ti**
compounds to the reaction mixture. Applying Ti(O'Pr), and Ti
(O™Bu), a visible gas evolution started to occur at around 50 °C
that stopped after about 5 min. In contrast, the bulky Ti com-
pounds Ti(O'Bu), and Ti(OCgH;5), showed a lower reactivity
and no gas evolution was evident until reaching a temperature
of 60 °C. The hydrodynamic radii as well as the crystallite sizes
of the resulting particles increased with increasing bulkiness
of the Ti catalyst (Fig. 2d) and particles with a hydrodynamic
radius of 44 + 1 nm were observed for Ti(O"Bu),, while a
radius of 105 + 4 nm was determined applying Ti(OCgH;7),-
The same trend can be observed if the crystallite sizes were
compared, which increased from 68(4) nm and 62(3) nm when
Ti(O'Pr); and Ti(O"Bu), were used up to 85(5) nm applying Ti
(OC8H17)4-
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Fig. 1 Crystallite sizes and reaction conditions observed for decompo-
sition of HzAINEtz applying different transition metal catalysts. The con-
centrations used were as follows: 35 mM HzAINEts;, Al: PPhz 5:1 and
cat.: Al 2 ppm. The crystallite sizes were determined from Rietveld
refinements of the dried powders. The bars are representing the
observed onset temperatures of the decompositions.
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Fig. 2 TEM image of Al particles obtained by applying (a) Ti(O'Pr),, (b) Ti(O"Bu),, and (c) Ti(OCgHs-), as a catalyst; (d) DLS measurements of Al nano-
particles synthesized applying different decomposition catalysts in methanol; (e) particle size distributions of the particles shown in (a)—(c).

We assume that with increasing bulkiness of the Ti catalyst
the decomposition reactions become slower due to steric
reasons. Thus, less nuclei are formed during the initial stages
of the decomposition and therefore larger particles are
observed.

In all samples the crystallite sizes are smaller than the
hydrodynamic radii (note, that in Fig. 1 the hydrodynamic
radii are given, while the crystallite size is referring to a dia-
meter). The sizes determined from the DLS measurements are
number weighted mean values of the hydrodynamic radii of
the particles in solution. The values determined from the
Rietveld refinements are volume weighted mean values of the
crystalline contents only, whereas the TEM sizes are the
number weighted mean values of the particles including the
crystalline and amorphous contents. Accordingly, the large
values determined for the hydrodynamic radii in some
samples within Fig. 1 can likely be ascribed to the formation
of agglomerates.

The size increase upon applying bulkier alkoxides at the
metal centre, as well as the broadening of the particle size dis-
tribution is further confirmed from TEM images (50.1 =+
13.9 nm for Ti(O'Pr),), 63.1 + 16.3 for Ti(O"Bu), and 144.3 +
36.1 for Ti(OCgH;5), (Fig. 2)). These sizes are in good agree-
ment to the crystallite sizes determined from Rietveld refine-
ments indicating the Al particles being single crystallites.

This journal is © The Royal Society of Chemistry 2020

Other metal compounds showed a very poor catalytic effect
within these decompositions, resulting in long reaction times
as well as incomplete reactions (Fig. S11).'>*“** Sn com-
pounds, which are often considered as alternatives to Ti Lewis
acid catalysts, also showed very poor catalytic properties
(Fig. 1).

In summary, if short reaction times, small particle sizes
and mild reaction conditions are required, preferably Ti cata-
lysts with small ligands are clearly preferred. Hence, all other
studies were carried out using Ti(O'Pr), as a decomposition
catalyst.

Influence of the type of solvent

Within the literature, the decomposition of amine alanes is
mostly carried out in nonpolar solvents, particularly toluene,
as well as polar, coordinating solvents such as THF and diethyl
ether. To compare the performance of these solvents we have
thus carried out the decomposition in toluene, THF, and
diethyl ether solutions under comparable conditions. Besides,
tetraglyme was selected as a highly coordinating example, to
further study the influence of the coordinating properties of
the solvent on the particle formation. Moreover, cyclohexane
and hexane were chosen as nonaromatic analogues to toluene,
which are particularly differing in their boiling points.
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The presence of large amounts of stabilizer, such as 5 eq.
TOP or N(Oct);, might influence the decomposition of the
alane precursor. Thus, these reactions were carried out in the
presence of a small amount of 1,2-epoxyhexane
(Al: epoxyhexane 4 : 1), which has been shown in the literature
to be an effective capping agent.”® Fig. 3 summarizes the reac-
tion conditions as well as the crystallite sizes found for the Al
nanoparticles obtained in various solvents.

The decomposition in polar, coordinating solvents was
examined using diethyl ether, tetraglyme and THF as
examples. In general, these solvents were found to be not suit-
able for the preparation of Al particles under the conditions
applied within our work. Although, the use of THF was
reported in previous publications to result in faster reaction
rates compared to 1,4-dioxanes,'* which was attributed to an
increased stability of the intermediately formed Ti-H-Al clus-
ters upon applying the bidentate 1,4-dioxane.'® The structure
of these intermediately formed species as well as the influence
of coordinating molecules on these species has already been
extensively studied and confirmed in the literature'* and shall
thus not be discussed in more detail within this study. Based
on the enhanced stabilization of the intermediately formed Ti-
H-Al clusters, the application of these coordinating solvents
resulted in slow and thus incomplete reactions and low yields.
The use of the highly coordinating tetraglyme thus resulted in
a very high onset temperature of 180 °C and very small crystal-
lite sizes, which can be attributed to an incomplete reaction.
Although a lower onset temperature of 65 °C could be observed
applying THF, the reactions were still found to be incomplete
and very low yields of Al nanoparticles with larger diameters
were isolated. In diethyl ether, no formation of Al particles
could be observed at reflux temperature upon heating for 3 h.
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Fig. 3 Crystallite sizes, hydrodynamic radii, TEM sizes and reaction
conditions observed for decomposition of HzAINEts in different solvents.
The concentrations used were as follows: 35 mM HzAINEts,
Al:epoxyhexane 4:1 and cat.: Al 2 ppm. The crystallite sizes were
determined from Rietveld refinements of the dried powders. The bars
are representing the observed onset temperatures of the
decompositions.
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However, when diethyl ether was removed in vacuo, the con-
centration of the catalyst increased, finally leading to a
decomposition of the alanes, resulting in the formation of Al
powder with large crystallite sizes. This result is in good agree-
ment with reports in the literature, where the reaction mix-
tures in diethyl ether were typically stirred overnight. Tertiary
amines or phosphines like N(Oct); or TOP were also found to
lead to slow decomposition rates and low yields upon examin-
ing various stabilizers (see below) and were thus not further
studied at this point. Moreover, the much larger hydrodynamic
radii compared to the crystallite size observed for THF and
diethyl ether is indicating a high degree of agglomeration.
Again, the large hydrodynamic radii observed in some samples
in Fig. 3 can be ascribed to the formation of agglomerates,
which were in some samples also visible with the naked eye.

In a next step, non-coordinating, nonpolar solvents have
been applied since they are not capable of stabilizing the inter-
mediately formed Ti-H-Al clusters by coordination and can
thus be expected to lead to increased decomposition rates.
Hexane, cyclohexane, and toluene have been chosen as
examples. Applying these solvents increased reaction rates and
thus more complete reactions as well as lower onset tempera-
tures were observed compared to the coordinating solvents
reported above. The most promising results were observed
applying cyclohexane and toluene. In both cases, the onset
temperature of the decomposition was 50 °C and no more gas
evolution was evident after heating for about 5 minutes. The
crystallite sizes were determined to be 32(2) nm in the case of
cyclohexane and 47(2) nm when toluene was used as a solvent.
However, due to its lower boiling point, slower decomposition
reactions and thus longer reaction times and larger Al crystal-
lites were observed when hexane was used as a solvent. We
assume, that the slower decomposition might lead to the for-
mation of less nuclei during the initial stages of the decompo-
sition and therefore lead to the formation of the observed
larger particles.

DLS measurements (Fig. S2t) confirmed these results and
for the particles synthesized in hexane large hydrodynamic
radii as well as the formation of large agglomerates were
clearly visible. Similar hydrodynamic radii were observed for
the particles synthesized in toluene and cyclohexane, for
which hydrodynamic radii of 37 + 1 nm and 51 + 11 nm could
be determined. However, much broader particles size distri-
butions were observed when cyclohexane was used as a
solvent, which can likely be attributed to the more pronounced
agglomeration of the particles visible in the TEM images, com-
pared to the sample prepared in toluene.

Since the most promising results were obtained when cyclo-
hexane and toluene were used as solvents the resulting par-
ticles were further characterized applying TEM. Nanoparticles
obtained in cyclohexane formed large spherical agglomerates
(Fig. 4) and the particle size was determined to be 41.2 +
11.6 nm, which is in good agreement with the crystallite size
determined from the Rietveld refinements. The particle dia-
meter of the particles obtained from toluene was 67.12 =+
15.6 nm, which is also in good agreement with the value
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Fig. 4 TEM images of Al nanoparticles synthesized from HzAINEtz in different solvents. The concentrations used were as follows: 35 mM HzAINEts,
Al: epoxyhexane 4 : 1 and cat. : Al 2 ppm. (a) Toluene, (b) cyclohexane, (c) particle size distributions of the Al particles shown in (a) and (b).

obtained from the Rietveld refinements. Although an agglom-
eration is also visible, it is clearly much less pronounced com-
pared to the particles synthesized in cyclohexane.

As indicated by the results summarized above, the use of
non-polar, non-coordinating solvents should be clearly pre-
ferred if short reaction times are the goal. This does particu-
larly not exclude the general applicability of polar solvents as
was also demonstrated several times throughout the
217 The shortest reaction times together with the
highest yields could be observed for the reactions carried out
in toluene and cyclohexane. Due to a much lower degree of
agglomeration further studies were carried out in toluene
solutions.

literature.

Influence of the type of precursor

The most common Al precursors for the synthesis of Al nano-
particles are amine alanes, particularly the commercially avail-
able H3;AINMe,Et. Many more alane adducts, containing
varying amines as well as other ligands such as phosphines or
carbenes alanes are known. However, these compounds have,
to the best of our knowledge, not been applied for the prepa-
ration of Al nanoparticles. Studies from the literature indicate,
that the applied Al precursor might have a significant influ-
ence on the size and morphology of the formed Al
particles.'”'® We thus applied various molecular AlH; adducts
to examine their general suitability for the synthesis of Al
nanoparticles and to study the effect of the alane ligand on the
decomposition as well as on size and morphology of the result-
ing Al particles.

H3;AINMe;, H3;AINMe,Et, H3AINEt;, H3;AINBu;, and
H3;AINOct; were chosen as model systems for the amine alane
precursors containing amines with different alkyl chain
lengths. H;AI'DABCO was selected as a precursor exhibiting a
polymeric structure,*® while [H,Al(PMDTA)]'TAIH]~ was chosen
as an ionic precursor. H;Al'THF and PCy; were chosen as
model systems of oxygen- and phosphorous-based donor mole-
cules. As a representing carbon-based precursor, we used
Hz;Al'IMes. In the case of the phosphine and carbene alanes

This journal is © The Royal Society of Chemistry 2020

the presence of bulky ligands is mandatory due to stability
reasons.

The different Al containing precursors were employed in
the synthesis of Al nanoparticles in toluene using Ti(OiPr)4 as
a decomposition catalyst and 0.25 eq. N(Oct); as a stabilizer.
As was evidenced by PXRD measurements of the resulting
powders, all precursors could be decomposed to fec Al°. Fig. 5
summarizes the onset temperatures of the decompositions as
well as the crystallite sizes and hydrodynamic radii of the
resulting particles.

A decrease of the decomposition rate of AIH; derivates can
be correlated to an increase of the strength of the donor-
acceptor interactions within the AlH; derivates.*' Accordingly,
the phosphine alane, bearing the weakest donor-acceptor
interactions, decomposes at the lowest temperature of 45 °C,
while decomposition of the carbene alane was found to be
much slower, due to its strong donor-acceptor interactions.
When H;Al-IMes was used as a precursor, no abrupt gas evol-
ution could be observed. Instead, a slow formation of a grey
dispersion was occurring upon heating to reflux for 15 min,
thus resulting in increased reaction times of 30 min. The
decomposition of the amine alanes as well as of the THF
adduct occurred at similar temperatures starting at 50 °C and
in all cases, the gas evolution ceased after a few minutes indi-
cating the decomposition being complete within 5 min. [H,Al
(PMDTA)]'[AIH]” as well as the polymeric precursor
H3;AI'DABCO both decomposed to Al° with crystallite sizes of
74(3) nm and 46(4) nm under the conditions described above.
However, both compounds exhibited a poor solubility resulting
in inhomogeneous reaction mixtures containing large agglom-
erates and were thus not further examined.

The particle sizes of the resulting Al nanoparticles
increased with increasing size of the substituents at the
amine. H;AINMe,Et and H;AINEt; resulted in crystallite sizes
of 22(1) nm and 34(3) nm, respectively, while sizes of 66(2) nm
and 60(2) nm were determined when H3;AINBu; and
H;AINOct; were employed as precursors. The TEM images
reveal highly agglomerated particles (Fig. S31) with mean par-
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Fig. 5 Crystallite sizes, TEM sizes, hydrodynamic radii and reaction conditions as well as Al° contents observed for the synthesis of Al nanoparticles
using various Al containing precursors in toluene. The concentrations used were as follows: 35 mM HzAINEts, Al: N(Oct)s 4:1 and cat.: Al 2 ppm.
The crystallite sizes were determined from Rietveld refinements of the dried powders. The Al° contents have been calculated from the TG mass
gains without normalizing to the mass minimum. The bars are representing the observed onset temperatures of the decompositions.

ticles sizes of 24.4 + 6.3 nm for H;AINMe,Et, 55.9 + 12.6 nm
for H3;AINBus, and 219.6 + 54.2 nm for H3AINOct;. This size
increase might be explained by the stability of intermediately
formed Ti-H-Al species, which can be expected to exhibit a
lower stability upon applying bulky amines like NOct; due to
steric reasons. These observations would thus be in agreement
with literature,'> where less stable intermediate species were
found to form in THF solutions compared to dioxane solutions
resulting in the formation of larger particles in THF.

In the case of H;AINMe; very large crystallites (151(15) nm)
as well as an increased deposition on the walls of the reaction
vessel could be observed. Since the stabilizing influence of the
amine coordinated to the alane and its effect on particle for-
mation has already been discussed in the literature,'” the large
crystallites observed when H3;AINMe; was used can likely be
ascribed to its poor stabilizing abilities and its volatility com-
pared to the other bulkier ligands. Thus, due to the increased
reaction temperatures, H;AINMe; is assumed to quickly evap-
orate from the reaction mixture and is thus not capable of sta-
bilizing the growing Al particles, resulting in the formation of
the observed large crystallite sizes.

Applying H3Al-PCy;, H3;AI'THF Hz;Al-IMes as precursors
resulted in the formation of particles with crystallite sizes of
52(7) nm, 34(2) nm, and 70(10) nm and TEM sizes of 318.5 +
53.3 nm, 60.7 + 22.3 nm, and 32.1 + 17.0 nm, respectively. The
nanoparticles resulting from the decomposition of H;Al-IMes
formed agglomerates with diameters larger than 1 pm. Within
these agglomerates single particles with sizes of about 32 +
17 nm are visible. Non-particular structures could be observed
when H;Al-PCy; was used a precursor (see Fig. S3b and S3f%).
These structures consisted of large, porous and network like

9826 | Dalton Trans., 2020, 49, 9820-9834

structures with sizes of up to a few micrometres. PCy; can be
expected a poor nanoparticle stabilizing agent, thus resulting
in the formation of these large, poorly defined nanostructures.
The formation of similar complex product mixtures was also
reported by Meziani'® using the precursor H;AIN[(C,Hg)(CH;)].
The formation of these non-particular nanostructures could be
also observed applying the bulkier amines N(Oct); and N(Bu)s.
Due to these structures, the TEM size of the particles prepared
from H3;Al'PCy; is much larger than the crystallite size deter-
mined from Rietveld refinements and the TEM sizes for
H3;AINOct; and H3Al'PCy; can thus not be compared to the
crystallite sizes determined from the Rietveld refinements as
well as to the DLS measurements.

Fig. 6 shows the DLS measurements of the Al particles syn-
thesized starting from various precursors in methanol. Upon
increasing the amine chain length, an increase in the hydro-
dynamic radii could be observed, confirming the results from
the XRD, TEM and TG analyses. In the reactions starting from
the carbene alane no particles were found in solution, likely
due to a complete precipitation caused by the large agglomer-
ates visible in the TEM images.

TGA experiments can be used to examine the oxidation of
the Al nanoparticles under controlled experimental conditions.
To obtain a controlled oxidation without ignition, the experi-
ments were carried out applying a heating rate of 10 K min™"
in an atmosphere of synthetic air (N,:0O, 32:8). The TGA
curves for the nanoparticles synthesized from different precur-
sors reveal in all cases a mass loss upon heating, which is com-
plete at temperatures of 400-450 °C (Fig. 6a). This mass loss
results from the decomposition of the stabilizer as well as the
evaporation of residual solvent and moisture. Starting at

This journal is © The Royal Society of Chemistry 2020
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Fig. 6 (a) TGA measurements of Al nanoparticles synthesized using various precursors (10 K min~% N,:O, 8:32), (b) XRD measurement and
Rietveld refinement of Al nanoparticles after the TG measurement in an atmosphere of N, : O, 8:: 32, (c) DLS measurements of Al nanoparticles syn-
thesized using various precursors; agglomerates with sizes >200 nm are not shown.

around 500 °C a mass increase due to the Al oxidation in a
well-known two step pattern can be observed.**

Neglecting any oxidation of the particles before reaching
the mass minimum, the content of the organics can be esti-
mated from the TGA measurements. Fig. 7 summarizes the
mass losses observed in the TG measurements as well as the
CHN analyses of the synthesized Al particles. The organic con-
tents are ranging from 39.6% when H;Al-DABCO is used as a
precursor down to 3.8% when H3;AIN"Oct; is the precursor.
The very high organic content in case of polymeric precursors
is due to the very poor solubility in toluene as described above,
resulting in a high residual content of DABCO in the final par-
ticles. Moreover, very high organic contents of 34.2% could be
observed when the carbene alane was used as a precursor,
with mass losses occurring up to temperatures of 800 °C,
which likely can be ascribed to small amounts of LiCl being
present in the sample and explaining the discrepancy between
TG and CHN analyses. When the amine alanes were applied in
the syntheses, organic contents <10% could be determined in
all samples and a good agreement between the values of the
organic contents determined via TG and CHN analyses could

This journal is © The Royal Society of Chemistry 2020

be observed. No nitrogen could be detected in these particles
indicating a complete removal of the formed amine and the
trioctylamine stabilizer during the work-up.

The total Al content of the synthesized powders can be esti-
mated based on the mass gains during the TG measurements
in an atmosphere of synthetic air (N,:0, 32:8) (eqn (1)),
assuming a complete oxidation of the Al powders. The com-
plete oxidation of the Al nanopowders after conducting the
TGA analyses was confirmed by PXRD measurements, in
which a formation of 8-Al,05; was detected (Fig. 6b). The calcu-
lated Al° contents are summarized in Fig. 5.

w(Al) = Mgain - 2 - Mal (1)
Mo -3
wy: content of Al in mass percent, Mgain: Mass increase in
percent from the mass minimum to the maximum in the TG
traces, My, Mo: molar mass of Al and O respectively.

For the particles synthesized from H3;AINMe,Et, for which
the smallest crystallite sizes were observed, very low Al° contents
were calculated, due to the expected larger content of surface
Al,O3. For the particles synthesized from the additional amine
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Fig. 7 CHN analyses and TG mass losses of Al nanoparticles synthesized using various precursors as well as Al contents calculated from the TG

measurements.

precursors, the THF as well as the PCy; precursor, the calculated
Al° contents were in the range between 50 to 80%. For the par-
ticles synthesized starting from H;Al'IMes and H3;AI-'DABCO
very low Al° contents of 10% and 30% respectively could be cal-
culated due to their high organic contents. The mass loss at
temperatures >600 °C within the H;Al-IMes sample can likely be
attributed to a sublimation of small amounts of residual LiCl
present in the sample. However, due to several reasons, no
dependency of the Al° content and the crystallite size could be
observed: (i) overlapping of mass losses and mass gains, (ii)
possible additional mass losses at higher temperatures >500 °C,
(iii) varying initial Al,O; contents due to inconsistent particle
shapes and morphologies (¢f. presence of non-particular struc-
tures), (iv) agglomeration and sintering of the particles (v)
varying organic contents.

The polymeric H3;AI'DABCO as well as the ionic
[H,AI-PMDTA]" [AlH4]~ were both found not to be suitable pre-
cursors for the preparation of Al particles. The AlH;-carbene
adduct exhibited the slowest decomposition and yielded
severely sintered and agglomerated particles. For the amine
alanes the best results regarding particle sizes and mor-
phologies could be observed when adducts contain small
amines were applied. An exception is H;AINMe;, which yielded
very large crystallites, likely due to its poor stabilizing pro-
perties. When amines with higher carbon content were used,
the formation of larger particles as well as the formation of
non-particular structures could be observed. Similar obser-
vations were made when H;Al-PCy; was used as a precursor.

Influence of the stabilizer

The most common capping agents used for the synthesis of Al
nanoparticles are based on carboxylic acids, which are known
to lead to an oxidation of the surface of the particles.'® They
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are commonly added to the reaction mixture a certain time
after the addition of the decomposition catalyst. Contrary, we
were optimizing the reaction parameters towards short reac-
tion times and one-pot procedures and thus only examined
stabilizers, which did not affect the precursor alanes and there-
fore could already be added to the reaction mixture before the
decomposition process. Accordingly, we focused on the appli-
cation of amines and phosphines, which have been reported
to be suitable stabilizers for AI*>*® and which could be added
to the reaction mixture directly at the start of the reaction.
Moreover, it is not possible to introduce any additional oxygen
via these stabilizers.

Based on the results of Cui et al,*” who successfully pre-
pared Al nanoparticles via reduction of AICl; with LiALH, in
the presence of PPh;, 5 eq. of PPh; were chosen as a reference
system. Besides, TOP has been chosen as an alternative phos-
phine stabilizer since it is a commonly applied and well-
known nanoparticle stabilizer. To compare the performance of
phosphine and amine stabilizers, the decompositions have
moreover been carried out in the presence of N(Oct); in a next
step. In addition, several structurally related amines and phos-
phines have been tested.

Based on the results described above, the reactions were
carried out in toluene using H3;AINEt; as a precursor and Ti
(OiPr), as a decomposition catalyst (Fig. 8).

Without any stabilizer, the formation of large agglomerates
as well as an Al film formation on the surface of the reaction
vessel could be observed. The resulting powder consisted of
large Al crystallites with sizes of 103(12) nm and the formation
of large agglomerates was visible in DLS measurements. By
applying a precursor containing a bulkier amine, e.g
H3AINOct;, the formation of an Al film on the surface of the
reaction vessel could be avoided. However, the formation of

This journal is © The Royal Society of Chemistry 2020
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Fig. 8

(a) Crystallite sizes and hydrodynamic radii in MeOH observed for Al nanoparticles prepared applying different stabilizers in toluene. The con-

centrations used were as follows: 35 mM HsAINEtz (unless stated otherwise), and cat. : Al 2 ppm. The crystallite sizes were determined from Rietveld
refinements of the dried powders. * HzAINOcts as precursor, (b) DLS measurements of the samples summarized in (a).

agglomerates was still evident, making the use of additional
stabilizers inevitable. The crystallite size of the resulting
powder was found to be 70(1) nm and thus as expected
smaller than in the powder synthesized using H3;AINEt; as
precursor.

Based on the reports of Cui et al.,*> who employed PPh; as
a stabilizer during the synthesis of Al nanoparticles starting
from LiAlH, and AICl;, the decomposition was carried out in
the presence of 5 eq. of PPh; resulting in the formation of par-
ticles with crystallite sizes of 49(2) nm and hydrodynamic radii
of 49 + 1 nm. In the TEM images, a mixture of particular and
non-particular structures could be observed, similar as
described above (Fig. 9a).

Upon replacing PPh; with 5 eq. of more basic stabilizers
such as TOP or N(Oct)s, significantly slower decompositions
and thus decreased yields of Al nanoparticles could be
observed. While, for PPh; 165 mg of Al particles could be iso-
lated, only 10 mg of nanoparticles were obtained for TOP and
no formation of a solid was visible in N(Oct); after 15 min.
These results are consistent with our previous observations

when the decompositions were carried out in coordinating sol-
vents. For TOP, the crystallite sizes and hydrodynamic radii
were comparable to the results for PPh;, however almost no
particular structures could be observed in the TEM images
(Fig. 9b). A decomposition in the presence of TOP and N(Oct)z
could be achieved in the presence of 0.25 eq. of the stabilizers.
An amount of 0.25 eq. was chosen based on the observation
reported above, that an excess of these stabilizers leads to slow
and incomplete decompositions. For the more basic N(Oct),,
particles with crystallite sizes of 34(8) and a hydrodynamic
radius of 42 + 5 nm could be observed, while the particles
formed in the presence of TOP were found to be severely
agglomerated (see Fig. 8b). Applying the smaller amines
N"Bug, N'Bu, and NPh; as well as TOPO the formation of large
agglomerates was observed in all cases (Fig. 8a) due to their
poor stabilizing properties. As a result, large hydrodynamic
radii compared to the crystallite sized could be determined, as
can be seen in Fig. 8.

CHN analyses of the Al particles synthesized in the pres-
ence of various stabilizers proved that the total content of

Fig. 9 TEM images of Al nanoparticles synthesized in the presence of (a) 5 eq. PPhsz, (b) 5 eq. TOP, and (c) 0.25 eq. N(Oct)s.

This journal is © The Royal Society of Chemistry 2020
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organics was well below <10% in all cases (Table S17), indicat-
ing a removal of the stabilizers during the reaction work-up.
This result is in contrast to the typically employed oleic acid,
which is capable of strongly coordinating to the particle
surface thus potentially resulting in very high organic contents
up to 80%."” These low contents of organics might however be
favourable for certain applications like the formation of inter-
metallic compounds from these particles.

We can conclude that the choice of an appropriate stabilizer
is crucial for a successful, fast synthesis of Al nanoparticles.
On one hand, the formation of large agglomerates is easily
possible if a too weak stabilizer is applied and on the other
hand, yields might significantly decrease if a too high amount
of stabilizer is added to the reaction mixture. We thus typically
carried out our syntheses in the presence of 5 eq. PPh; or 0.25
eq. of N(Oct);.

Influence of concentrations

To examine the influence of the concentrations of the different
reactants, the decomposition was carried out applying
different concentrations of the stabilizer, catalyst and precur-
sor. Based on the results described above, the reactions were

Dalton Transactions

carried out in toluene while Ti(OiPr), was used as a catalyst
and H;AINEt; was applied as a precursor (Table 1).

When PPh; was used as a stabilizer only a very small and
somewhat inconsistent influence on the particle sizes could be
observed (Fig. S41), which is in contrast to results reported in
the literature* for the synthesis of Al nanoparticles via a chemi-
cal reduction approach. The used amine alane precursors are
containing 1 eq. of amines, which are present in every
decomposition and which are obviously capable of influencing
the particle sizes resulting in said inconsistent influence of the
PPh; concentration. However, the presence of an additional
stabilizer is still mandatory, as was discussed above.

Upon decreasing the concentration of the alane precursor
from 140 mM down to 35 mM, a decrease in the crystallite size
from 66(1) to 49(2) nm could be observed. In the TEM images,
a decrease in the particle size from 78.4 + 26.3 nm down to
50.1 + 13.9 nm could be observed as well as much more nar-
rower particle size distribution (Fig. 10).

Increasing the concentration of the decomposition catalyst
leads to the formation of smaller nanoparticles with signifi-
cantly narrower particle size distributions. As could be deter-
mined from the TEM images, the particle size reduced from

Table 1 Reaction conditions, crystallite sizes and hydrodynamic radii in methanol observed for Al nanoparticles synthesized in toluene applying
different concentrations of the reactants. The crystallite sizes were determined from Rietveld refinements of the dried powders

Capping agent Concentration H;AINEt; [mM] Ti(OiPr), : Al [ppm] Hydrodynamic radius [nm] Crystallite size [nm]
2.3 eq. PPh, 140 2 105 + 6 53(1)
3.5 eq. PPh, 140 2 72+2 51(1)
4.7 eq. PPh, 140 2 92 +15 66(1)
5.0 eq. PPh, 35 2 49 +1 49(2)
5.0 eq. PPh, 35 34 30+1 24(1)

N Ny >
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60 80 100
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Fig. 10 TEM images and particles size distributions of Al nanoparticles synthesized in the presence of 5 eq. PPhs applying different concentrations
of the precursor and catalyst (a) + (e) 140 mM HzAINEts and 2 ppm Ti(O'Pr),, (b) + (f) 35 mM HzAINEts and 2 ppm Ti(O'Pr),, (c) + (g) 35 mM H3zAINEts

and 34 ppm Ti(O'Pr),, and (d) + (h) 35 mM HzAL-THF and 24 ppm Ti(O'Pr),.
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Fig. 11 XRD measurements and Rietveld refinements of reacted mixtures prepared from Al particles with (a) Ni particles and with (b) Ru particles as
precursors. The reactions have been carried out by heating to 800 °C under an _Ar atmosphere applying a heating rate of 60 K min~*. The Al particles
were prepared from a decomposition of 140 mM HzAINEts applying 2 ppm Ti(O'Pr)4 as a catalyst in toluene solutions in the presence of 5 eq. PPhs.

50.1 + 13.9 nm down to 34.3 + 8.3 nm (Fig. 10). Moreover, the
formation of non-particular structures could be completely
avoided by increasing the catalyst concentration, due to the
much faster and thus kinetically controlled decompositions.
Furthermore, the agglomeration of the particles was found to
be much less upon increasing its concentration. The crystallite
size decreased from 49(2) nm to 24(1) nm, which is in good
agreement with the results observed by TEM analysis. The
decrease of the particle sizes could also be observed in the
DLS measurements, where a decrease of the hydrodynamic
radius from 49 + 1 nm to 29 + 1 nm as well as a decrease in
the amount of agglomerates could be observed (Fig. S57).

A possible application of the prepared Al nanoparticles is
the formation of Al intermetallic compounds, the so-called
aluminides. They are commonly prepared starting form
micron powders, but the results reported in the literature indi-
cate, that the application of nanoparticular reactants has
several advantages such as lowered ignition temperatures and
decreased activation energies.”””*® Since the wet chemical
approaches have several advantages such as short reaction
times, simple experimental set-ups and facile scale-ups, the
suitability of the Al particles for the preparation of Ni and Ru
aluminides was tested.

For this purpose, the Al particles prepared from a decompo-
sition of 140 mM H,AINEt; applying 2 ppm Ti(O'Pr), as a cata-
lyst in toluene solutions in the presence of 5 eq. PPh; as a
stabilizer have been exemplary selected. These particles have
been thoroughly mixed in a 1:1 molar ratio with Ni or Ru par-
ticles in an agate mortar. About 15 mg of the resulting mixture
was compacted in a hydraulic press (350 MPa; @ 6 mm) and
the prepared pellet was then heated to 800 °C under an atmo-
sphere of Ar applying a heating rate of 60 K min~". The Ni and
Ru particles have been prepared following literature
procedures”®>® and a characterization of these particles can be
found elsewhere.” In Fig. 11 the formation of several Ni and
Ru containing intermetallic phases can be clearly detected in

This journal is © The Royal Society of Chemistry 2020

the PXRD patterns. Thus, the Al particles synthesized via the
catalytic decomposition approach are suitable precursors for
the preparation of aluminides.’>>* Further studies on the for-
mation of these intermetallic compounds would however be
well beyond the scope of this manuscript and will be examined
in more detail in a future work.

Conclusions

The synthesis of Al nanoparticles was carried out applying a
wet chemical catalytic decomposition approach while systema-
tically varying the reaction parameters and optimizing them
towards short reaction times, regarding a possible future con-
tinuous synthesis of these Al nanoparticles.

Ti catalysts are necessary in the decomposition reaction
since the use of other Lewis acid catalysts results in increased
reaction times. Best results were obtained using Ti(O'Pr), and
Ti(O"Bu),, while more bulky Ti catalysts like Ti(O'Bu), were
found to be slightly less efficient.

Temperatures of at least 90 °C lead to short reaction times
and complete decomposition typically within less than
5 minutes. The shortest reaction times, lowest reaction temp-
eratures, and the smallest particle sizes with the most defined
morphologies were obtained in toluene solutions. When polar,
coordinating solvents were applied, the yield of the resulting
Al nanoparticles was found to significantly decrease resulting
in incomplete decompositions after a reaction time of 15 min.

The use of amine alanes with short alkyl chains or the
alane THF adduct resulted in the best results smallest particle
sizes as well as nearly spherical morphologies. When longer
alkyl chain containing amines and a phosphine alane were
used an increased formation of complex, non-particular struc-
tures could be observed. The decomposition of a carbene
alane resulted in the formation of strongly agglomerated par-
ticles. Alanes with a polymeric or an ionic structure can also

Dalton Trans., 2020, 49, 9820-9834 | 9831
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be decomposed under the selected conditions, but these pre-
cursors show a very poor solubility in toluene.

A stabilizer is necessary in all cases to prevent the for-
mation of large agglomerates and the formation of an Al film
on the surface of the reaction vessel. Applying amine- or phos-
phine-based stabilizers resulted in the formation of particles
with low organic contents (<10%) making the use of these par-
ticles for the formation of intermetallic compounds possible.
However, applying a too high amount of stabilizer might result
in significantly decreased yields.

Upon reducing the precursor concentration, a decrease in
the particles size as well as a narrower particle size distribution
could be observed. Increasing the concentration of the
decomposition catalyst was also found to result in smaller par-
ticles with narrower particles size distribution. Moreover, the
formation of complex non-particular structures could be pre-
vented and significantly less agglomeration was observed.
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TOP Trioctylphosphine

N(Oct); Trioctylamine
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PMDTA N,N,N',N",N"-Pentamethyldiethylenetriamine
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Results and discussion Synthesis of Al particles

In conclusion, from these studies it can be learned that the synthesis of Al nanoparticles is possible
applying a large variety of reaction conditions via the catalytic decomposition approach. By varying the
parameters, such as the nature and concentration of the precursor, of the catalyst, and of the stabilizer
as well as the reaction temperature and the solvent, the size of the resulting nanoparticles can be
tuned from 20 nm up to >100 nm. Similarly, the morphology of the particles can be varied from

spherical particles to non-particulate, network-like morphologies.

Although the optimized reaction conditions determined for the preparation of Al particles with sizes
< 50 nm within short reaction times from homogeneous solutions were found to be similar to the
reaction conditions commonly applied in the literature, the paper fills the knowledge gap regarding

the systematic variation of the reaction parameters.

Moreover, this synthesis approach has various advantages compared to the syntheses via hydride or
metal reductions, including the very short reaction times of a few minutes, the mild reaction conditions
as well as the possibility to add the stabilizer directly at the start of the reaction and not only after a
certain reaction time. Although a reaction time of 15 min was generally applied within this manuscript,
a visible gas evolution ceased in less than 5 min. Accordingly, the synthesis might be possible applying
even shorter reaction times, particularly if a hot-injection method would be introduced. Thus, the
synthesis of Al particles with various sizes in a large-scale might be possible applying this approach in

a future work.

3.1.4 Synthesis via thermal decomposition

As was discussed in Chapter 1.3.1.2, the thermal decomposition is an attractive synthesis approach for
the preparation of nanoparticles, and has already been applied for the synthesis of many, also reactive,
metal nanoparticles. However, for the preparation of Al particles, this method has been hardly applied
and only a few reports are known in the literature. Thus, due to the numerous advantages of this
method, such as the formation of gaseous or volatile side-products and short reaction times, further
studies regarding the applicability of a thermal decomposition approach for the synthesis of Al particles

were conducted within this work and a new synthesis protocol was introduced.

Within this method, triisobutylaluminum was thermally decomposed in refluxing diphenylether in the
presence of metallic nanoparticulate seeds (Ni, Ru or Ag). The metallic nanoparticles were likely acting
as nucleation seeds and their addition was necessary to prevent an Al film formation on the surface of
the reaction vessel. The resulting particles were characterized applying XRD, DLS, TG, FTIR as well as
TEM techniques. This approach resulted in the formation of submicron Al particles with sizes of about

150 nm and a content of the seed metal of <5 %, as was determined from Rietveld refinements. In
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addition, since no addition of an organic stabilizer was necessary, the total organic content was
determined to be well below < 10 %. However, if desired, a functionalization of the resulting particles
with oleic acid was readily possible in a second, optional reaction step, resulting in the formation of
oleic acid capped Al particles. Moreover, by the addition of PPh; during the decomposition reaction,

the size of the resulting particles could be decreased to about 80 nm as was evidenced by TEM images.

The suitability of these particles for the preparation of Ru alumindes was shown by reacting them with
Ru nanopowder, which was mechanochemically synthesized from RuCl; and NaBH4. Al and Ru powders
were thoroughly mixed in an agate mortar, compacted in a hydraulic press, and then reacted by
heating the resulting pellet in an atmosphere of Ar up to 800 °C applying a heating rate of 60 K/min.
The reaction products were characterized applying XRD, STA and FIB techniques. Although the XRD
measurements revealed RuAl to be the only crystalline phase being present, the FIB measurements
clearly showed the presence of a second, amorphous and oxide rich phase due the application of oxide

passivated submicron Al particles.
The results of these studies were published as a paper in Nanotechnology from IOP Publishing:

Klein, T.; Kickelbick, G. Synthesis of Submicron Aluminum Particles via Thermal Decomposition of Alkyl
Aluminum Precursors in the Presence of Metal Seeds and Their Application in the Formation of

Ruthenium Aluminides. Nanotechnology 2020, 31, 265605 (https://doi.org/10.1088/1361-

6528/ab7ef5)3%, © IOP Publishing. Reproduced with permission. All rights reserved.

Author contributions:

T. Klein had the original idea, carried out all the synthetic work, characterized the particles, and
interpreted the results. He carried out the DLS, FTIR, TG, STA and TEM measurements and prepared

the initial draft of the manuscript.

G. Kickelbick gave scientific input, supervised the work, and discussed the results. He proof-read and

edited the final manuscript.

85


https://doi.org/10.1088/1361-6528/ab7ef5
https://doi.org/10.1088/1361-6528/ab7ef5

Nanotechnology

ACCEPTED MANUSCRIPT

Synthesis of submicron aluminum particles via thermal decomposition of
alkyl aluminum precursors in the presence of metal seeds and their
application in the formation of ruthenium aluminides

To cite this article before publication: Thomas Klein et al 2020 Nanotechnology in press https://doi.org/10.1088/1361-6528/ab7ef5

Manuscript version: Accepted Manuscript
Accepted Manuscript is “the version of the article accepted for publication including all changes made as a result of the peer review process,
and which may also include the addition to the article by IOP Publishing of a header, an article ID, a cover sheet and/or an ‘Accepted

Manuscript’ watermark, but excluding any other editing, typesetting or other changes made by IOP Publishing and/or its licensors”

This Accepted Manuscript is © 2020 IOP Publishing Ltd.

During the embargo period (the 12 month period from the publication of the Version of Record of this article), the Accepted Manuscript is fully
protected by copyright and cannot be reused or reposted elsewhere.

As the Version of Record of this article is going to be / has been published on a subscription basis, this Accepted Manuscript is available for reuse
under a CC BY-NC-ND 3.0 licence after the 12 month embargo period.

After the embargo period, everyone is permitted to use copy and redistribute this article for non-commercial purposes only, provided that they
adhere to all the terms of the licence https://creativecommons.org/licences/by-nc-nd/3.0

Although reasonable endeavours have been taken to obtain all necessary permissions from third parties to include their copyrighted content
within this article, their full citation and copyright line may not be present in this Accepted Manuscript version. Before using any content from this
article, please refer to the Version of Record on I0Pscience once published for full citation and copyright details, as permissions will likely be
required. All third party content is fully copyright protected, unless specifically stated otherwise in the figure caption in the Version of Record.

View the article online for updates and enhancements.



https://doi.org/10.1088/1361-6528/ab7ef5
https://creativecommons.org/licences/by-nc-nd/3.0
https://doi.org/10.1088/1361-6528/ab7ef5

Page 1 of 14

IOP Publishing

AUTHOR SUBMITTED MANUSCRIPT - NANO-123660.R1

Journal Title

Journal XX (XXXX) XXXXXX

https://doi.org/XXXX/XXXX

Synthesis of submicron aluminum particles via
thermal decomposition of alkyl aluminum
precursors in the presence of metal seeds,and
their application in the formation of ruthenium

aluminides.

Thomas Klein, Guido Kickelbick?

Inorganic Solid State Chemistry, Saarland University, Campus C4.1, 66123 Saarbriicken, Germany

E-mail: guido.kickelbick@uni-saarland.de
Received xxxxxx

Accepted for publication Xxxxxx
Published xxxxxx

Abstract

Submicron Al particles can be used in energy materials, as reducing agents, or for the
formation of aluminides. Their low highly positive standard potential and their reactivity
towards oxygen makes their synthesis a challenging task. Herewe present a thermal
decomposition approach starting from triisobutylaluminium,(TIBAL) as a precursor. This
compound can be decomposed in refluxing diphenylether asa high-boiling solvent and in the
presence of metallic nanoparticles of Ni, Ru or Ag.acting as seeds. The resulting particles
revealed sizes of around 100 nm. Passivation©f the resulting submicron Al particles is
possible in an optional second step after the synthesis by adding oleic acid resulting in the
formation of oleic acid capped Al particles:The suitability of these submicron particles for
the synthesis of aluminides was studied by reacting the synthesized particles with Ru

powders, resulting in the formation of the respective aluminide.

Keywords: nanoparticles, thermal decomposition, intermetallics

1. Introduction

Submicron Al particles exhibita high reactivity and energy
density and are thus widely used in energetic materials.
Examples include environmentally friendly propellants
(ALICE)[1],explosives[2], nanothermites[3], and self-
propagating reaction systems.[4] Commonly, Al submicron
and nanoparticles are synthesized using physical synthesis
methods, ‘like. pulsed laser ablation[5][6] (20-60 nm),
electrical exploding wire[7][8] (70 — 500 nm), gas
evaporation[9](50 ->500 nm), or plasma synthesis[10]
(around50 nm). In contrast, wet chemical synthesis methods

XXXX-XXXX/ XX/ XXXXXX

are rarely used even though simple synthesis procedures are
known and no special equipment is needed for this preparation
method.

The wet chemical synthesis of Al submicron and
nanoparticles is typically carried out via chemical reduction or
catalytic decomposition approaches, both first described by
Haber and Buhro in 1998.[11] In the chemical reduction
approach, an Al salt is reduced to metallic Al° using strong
reducing agents. In this approach, the most common Al-
precursor used is AICI5[11][12]. Additionally coordination
compounds, such as Al(acac)s, have also been reported as
precursors in the literature.[13] Typically LiAIH4 is used as a

© xxxx |OP Publishing Ltd
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reducing agent[11][12][13], since it is capable of playing dual
roles of a strong reducing agent and an additional Al source
thus resulting in increased yields. The use of other reducing
agents, e.g. Na/K[14] or K-naphthalenide[15], is however also
possible. The sizes of these particles are ranging from 20 to
400 nm.[12] The largest drawback of these methods is the
formation of side-products (typically LiCl when AIClz and
LiAIH, are used), making the clean-up and purification of the
resulting Al particles rather difficult.

The second synthetic approach is the catalytic
decomposition of alanes. Within this approach amine alanes
such as HsAINMeyEt[11][16][17][18], HsAINMe;[19],
H3AINEt3[20], HsAIN(CsHsg)(CH3)[17] or HsAINMePyr[21]
are decomposed using Ti(OiPr),[11][16][17][19] or TiCl4[21]
as a catalyst. The ether adducts of AlHj3; are known to
decompose under similar conditions[22], their use in the wet
chemical synthesis of Al nanoparticles is however much more
uncommon compared to their amine counterparts. The
decomposition reactions are performed at moderate
temperatures ranging from 25°C up to 70 °C or under
ultrasonication[23][24] resulting in volatile and easy to
remove side-products (Hz and the corresponding amine). The
particle sizes of the resulting Al particles are ranging from
around 5 up to 200 nm and possible applications of such
particles can be found in the field of energetic materials.[21]
However, reaction times are long and the formed amine is
capable of coordinating to the particle surface competing with
other added stabilizers.

Moreover, a few reports are known in the literature which
are discussing the synthesis of Al nanoparticles using
alternative reaction pathways, e.g. a reductive elimination
starting from HAICp* or HAICP*;[25] as well as a
photochemical reduction approach using NbLiOsz as 'a
photocatalyst.[26]

Due to their very high reactivity an amorphous Al.Os
passivating layer with a thickness of 0.2 -°6:.9.nm[27] is
formed at the particle surface immediately upon air contact.
With increasing oxide layer thickness and decreasing particle
size the Al%content of the particles.  is. decreasing.
Uncontrolled oxidation can be avoided apﬁying various
passivating agents such as oleic acid[18][23][28], perfluorated
carboxylic acids[19][21][29], phosphines[12], amines[30], or
thin transition metal coatings.[20] Also, polymers like
PVP[31], PMMAJ16], and polyepoxides[32][33] can be used
to protect the surface.

Although, the Al particles synthesized via the methods
described above are often referred to be pure Al, one has to
keep in mind that a large amount of organic stabilizer is still
coordinated to the surfaces of the, resulting particles.
Evaporation or decompaesition of these capping molecules
during heating can produce gaseous species, which might
introduce porosity into the samples. This can lead to changes
of the green density. of the pellets, which has been reported to
have an influence onthe self-propagating reaction. For
example, | Dong et al[34] observed increasing onset
temperatures, with decreasing green densities during the
formation of 'NiAl. Moreover, the stabilizer has to be

considered as a source of additional impurities such as carbon
and/ or oxygen in the final product, which is why we were
particularly interested in an alternative, stabilizer free
synthesis approach.

Generally, metal nanoparticles can also be preduced by
thermal decomposition of suitable precursors-in.the presence
of a stabilizer. This method represents a facile synthesis for
the preparation of many metal nanoparticles, ‘such as
Ni[35][36], Fe[37], or Ru[38]. The main advantages of this
approach are short reaction times and'the formation of mainly
gaseous side-products resulting inshigh purity products. This
makes them an attractive synthesis route, especially for non-
noble metal nanoparticles.

However, to our knowledge, little is_known in literature
about the synthesis of Al particles via athermal decomposition
pathway. The only reports using a.thermal decomposition
approach for the synthesis of submicron Al structures were
published very recently, wherein Al-nanorods were
synthesized by thermal decompasition of triisobutylaluminum
in trioctylamine[39] or wherein relatively large nanoparticles
were synthesized in diphenylether in the presence of
perfluoroundecanoic.acid/as a capping agent.[40]

In our study, weinvestigated a thermal decomposition route
to the synthesis of ‘metallic, submicron Al particles. Within
this approach, triisobutylaluminum was used as an Al source
and‘metallic. nanoparticles of Ag, Ni and Ru were applied as
nanoparticular seeds. Although no additional capping agent is
required, the particles can be passivated by simply adding
oleic acidito the reaction mixture resulting in the formation of
passivated Al core-shell particles. Using the resulting Al
particles, the formation of Ru intermetallics was possible in
good yields by heating compacted and thoroughly mixed Ru-
Al powder mixtures to 800 °C under an atmosphere of flowing
Ar.

2. Experimental

2.1 Materials

Triisobutylaluminium (solution; 1M in Hexane) and
trioctylphosphine (90 %) were purchased from Sigma-Aldrich
(St. Louis, USA). Diphenylether (99 %), oleic acid (90 %) and
nickel(Il)acetylacetonate (95 %) were obtained from Alfa-
Aesar (Kandel, Germany). Triphenylphosphine (99 %),
RuCls-xH20 (39-42 % Ru; 99.9 % Ru), Al powder (99.7 %;
325 mesh) and Ru powder (99.8 %; 60 um) were purchased
from ABCR (Karlsruhe, Germany). Sodium borohydride
(>98 %) was purchased from applichem (Darmstadt,
Germany). All chemicals were used as received without
further purification unless stated otherwise. Diphenylether and
oleic acid were dried at 100 °C in vacuo for 2 h, stored over
molecular sieves (3 A) and filtered through 0.45 pm syringe
filters prior to use. Triphenylphosphine was dried in vacuo at
80 °C. AIll reactions were carried out under an argon
atmosphere applying Schlenk techniques.

2.2 Syntheses
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Ag Nanoparticles

Ag nanoparticles were synthesized following the method of
Park et. al.[41] 1.7 g (10 mmol) AgNO; were added to a
mixture of 0.5 ml oleylamine and 4.5 ml of oleic acid. The
mixture was degassed at 70 °C for 1 h and then heated to
180 °C using an Al heating mantle. A temperature of 180 °C
was maintained for 2 min. The black solid formed was
dispersed in 5 ml of toluene and the particles were precipitated
by adding 40 ml ethanol. The Ag nanoparticles were
centrifuged (8000 rpm, 10 min) and washed by three
additional cycles of redispersing in 5 ml toluene, precipitating
with 40 ml of ethanol and centrifuging (8000 rpm, 10 min).
The obtained black solid was dried in vacuo at 80 °C. XRD,
TG and TEM measurements of the resulting Ag nanoparticles
are shown in the supporting information (Figure S10).

Ru Nanopowder

Ru nanopowder were synthesized using a mechanochemical
synthesis route.[42] Briefly, 1 g RuCls-xH2O (39-42 % Ru)
(5 mmol) and 2 g (53 mmol) of NaBH4 were milled for 30 min
in an agate mortar. 40 ml of ethanol were added and the
mixture was centrifuged (8000 rpm, 10 min). The resulting
black powder was washed one more time with 40 ml of
ethanol and afterwards two times with 40 ml of water
(8000 rpm, 10 min). The product was dried in vacuo at 80 °C.
Precautions must be taken since the dried Ru nanopowder tend
to react explosively when exposed to air. XRD, TG and TEM
measurements of the resulting Ru nanopowder are shownsin
the supporting information (Figure S12).

Ni Nanoparticles

Ni nanoparticles were synthesized following the method of
Carenco et. al.[35] 2 g of Ni(acac), (8 mmol) were dissolved
in 21 g of oleylamine and 2.3 g (6 mmol) of . TOP and were
degassed at 100 °C for 1 h. The temperature was raised to
220 °C and the mixture was maintained at«220°Cxfor 2 h
resulting in the formation of a black solid. After cooling to
room temperature 40 ml of acetone were added and the
mixture was centrifuged (8000 rpm; 10 min).\The particles
were washed by three cycles of redispersing.in’5 mlof hexane,
adding 40 ml of acetone and centrifuging (8000 rpm; 10 min).
The obtained black solid was dried.in vacuo'at 80 °C. XRD,
TG and TEM measurements of the resulting Ni nanoparticles
are shown in the supporting information (Figure S11).

Submicron Al particles

60 ml of diphenylether were degassed at 100 °C for 30 min.
After cooling to 40 °C 2 ml of Triisobutylaluminium (1 M in
hexane) (2 mmol).and-a small amount of seed nanoparticles of
Ag, Ru or Ni was added (M: Al 1: 80). When Ru or Ni were
used, 50 mg (0.2 mmol) of PPh; were added to increase their
dispersibilityznThe hexane was removed in vacuo and the
mixture was homogenized using an ultrasonication bath for
15 min. The mixture was refluxed for 15 min resulting in the
formation of 'a. black/ grey solid. After cooling to room

temperature 0.3 ml (1 mmol) of oleic acid were added and the
mixture was stirred for an additional 30 min. The grey solid
was centrifuged (8000 rpm; 10 min), washed three times with
15 ml of diethylether (8000 rpm; 10 min) and.dried in vacuo
at room temperature.

Synthesis of Aluminides

The samples for the preparation of aluminides were
prepared by thoroughly mixing both components in an
ultrasonication bath using hexane as a,dispergent. In case
compacted pellets were used for ithe synthesis, the resulting
powder mixtures were compacted in a hydraulic press
(@6 mm; 1t; 15 min; 190 MPa). The, pellets or the loose
powders were heated in a‘tube furnace to 800 °C using a
heating rate of 200 °C/ hiunder a flowing Ar atmosphere
(100 ml/min) in open aluminacrucibles. A temperature of
800 °C was maintained for"2h before cooling to room
temperature using a cooling rate of 200 °C/h. High heating
rates of 1 °C/ s were realized by heating the compacted pellets
or loose powders up t0:800 °C in a TGA/ DSC thermal
analyzer under an atmosphere of flowing Ar (40 ml/min) in
open aluminascrucibles. /After reaching 800 °C the samples
were immediately,cooled down to room temperature with a
coolingerate of 20 °C/-min without any additional isothermal
segment. “After cooling down to room temperature, the
samples were “homogenized and their composition was
determined from'Rietveld refinements.

2.3:Methods

Dynamic light scattering (DLS) measurements were carried
out.at room temperature using an ALV Compact Goniometer
at a scattering angle of 90 °. The samples were prepared by
dispersing the particles in hexane applying an ultrasonication
bath for 20 min. Before the measurement, the samples were
equilibrated for 5 minutes. Infrared spectra of the dried
powders were recorded using a Bruker Vertex 70 ATR-FTIR
spectrometer. The elemental analyses were performed on an
Elementar Vario Micro cube. Thermogravimetric analyses
(TGA) were conducted on a Netzsch TG F1 Iris under a
constant flow of N»/O; 32:8 (40 ml/min) using a heating rate
of 10 K/ min. The samples were heated up to 900 °C and hold
at this temperature for 15 min. The measurements were carried
out in open alumina crucibles. Powder X-ray diffraction
(PXRD) measurements were carried out on a Bruker D8-A25-
Advance diffractometer in a Bragg-Brentano geometry using
Cu Ka-radiation. Diffraction patterns were recorded from 7 to
120° (26) with a step size of 0,013° and a total measurement
time of 1 h. The specimens were prepared by drop coating the
dispersed and homogenized samples directly onto glass
sample holders. Sample composition and crystallographic
structure were determined via Rietveld refinements using
TOPAS 5.1.[43] A Chebychev polynom (15" degree) was
used for background fitting and instrumental line broadening
was taken into account by a fundamental parameter
approach.[44] The crystal data was compared with published
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crystal structures from the crystallographic open database
(COD)[45] and the inorganic crystal structure database
(ICSD). Entries with the following ID’s were used for the
Rietveld refinements: Al: 2300250 (COD), Ni: 2100640
(COD), Ru 1539052 (COD), Ag2Al 1509011(COD), y-Al,O3
2107301(COD), RuAl 1527371(COD), RuAl, 58156(I1CSD),
RusAlyz 58158(ICSD). Simultaneous thermal analyses (STA)
were measured on a Mettler-Toledo STAre system under a
constant flow of Ar (40 ml/min). The samples were heated up
to 800 °C using a heating rate of 1 °C/s. Immediately after
reaching 800 °C the samples were cooled down to room
temperature using a cooling rate of 20 °C/ min. For the STA
measurements, open alumina crucibles were used. Solid-state
27Al SPE-MAS NMR measurements were carried out on a
Bruker AV400WB spectrometer in ZrO; rotors using solid a-
Al,O3 as an external standard. Transmission electron
microscope (TEM) images were recorded on a JEOL JEM-
2010. TEM samples were prepared by drop coating a particle
dispersion in hexane directly on the carbon coated copper
grids (Plano S160-3). Scanning electron microscope (SEM)
measurements were done on a JEOL JSM-7000F microscope.
The powders were measured directly without any additional
pretreatment. Focused ion beam (FIB) measurements were
done on a Helios NanoLab660 from FEI using a gallium ion
beam. The samples were coated with conductive carbon prior
to the measurements.

3. Results and Discussion

Metallic submicron Al particles have been successfully
prepared by thermally decomposing triisobutylaluminum
(TIBAI) in the presence of Ag, Ni or Ru nanoparticles,(for
characterization of the Ag, Ni and Ru nanoparticles, see
supporting information figures S10, S11 and S12). By using
these metallic seeds, the synthesis of aluminides starting from
the resulting Al particles is possible without introducing any
additional impurities. TIBAI is a well-known precursorfor the
synthesis of Al films via chemical vapor deposition (CVD)
processes and was chosen as a precursor.for Qe synthesis of
these submicron particles because of its, relatively low
decomposition temperature (~250 °C). compared to other
organoaluminum compounds. The decompaosition'is known to
be a two-step process, with the first f-hydride elimination
occurring at about 120 °C. In a.second.step.at temperatures
>200 °C, the resulting diisobutylaluminumhydride (DIBAIH)
then completely decomposgs yielding elemental Al, hydrogen
and isobutylene (Scheme 1)[46].

120-150 °C

Al(Bu); L A

HAI(Bu), + 'C4Hg Al +31C,4Hg + %, Hy

Scheme 1. General decomposition pathway of TIBAI.

Only gaseous »side products, namely hydrogen and
isobutylene; are formed-during this reaction, which allows a
very simple work-up‘and the synthesis of high purity products.
It also has'te be noted that the reason why diphenylether was
chosen as a solventwas its high boiling point and its inertness

towards TIBAL. The use of other high boiling solvents is also
possible as was evidenced by successful syntheses conducted
in tetraglyme, paraffin oil as well as hexadecane. However,
when non-polar, non-coordinating solvents likesparaffin oil
and hexadecane were used an increased Al film formation at
the walls of the reaction vessel could be observed compared
to the syntheses carried out in polar, weakly coerdinating
solvents. No decomposition at all could be observed when 1-
hexadecene or benzylether were used as a solvent. This might
be explained by the formation of thermally more“stable Al-
adducts, which might form after,a deprotonationef these
solvents by triisobutylaluminum. These species are not
capable of undergoing beta-hydride-eliminations resulting in
higher decomposition temperatures.

() @e2" ¥
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Figure 1. TEM images and particles size distributions (obtained from
measuring 100 particles) of the metal nanoparticles used as seeds for
the synthesis of submicron Al particles via a thermal decomposition
approach a) Ni b) Ag c) Ru.

When the decomposition was carried out without any
additional metallic nanoparticles present in the reaction
mixture, no formation of Al particles could be observed.
Instead, the formation of a metallic Al film on the heated
surface of the reaction vessel was taking place. The addition
of typical nanoparticle stabilizers (stabilizer: Al 1:10) prior to
the decomposition and the use of stabilizing solvents
(tetraglyme) could also not prevent this film formation. The
examined stabilizers were oleylamine, trioctylphosphineoxide
(TOPO) and PPhs. When oleic acid was used, as a stabilizer
the film formation was not evident, however the resulting
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hydrophobic oleic acid capped particles were strongly
agglomerated due to the polarity of the diphenylether.

The coating of the reaction vessel could however be
prevented by the addition of metallic nanoparticles (Figure 1)
prior to the TIBAI decomposition. We believe that the Al is
still formed at the surfaces, but due to the extremely large
surface area of the metallic seed nanoparticles, the formation
of submicron and nanostructures is favored over the film
formation (Figure S1). The decomposition and the formation
of submicron Al particles could be observed using different
metallic nanoparticles (Ag, Ru and Ni) acting as seeds but is
likely not restricted to these few examples as was indicated by
a successful synthesis in the presence of SiO, nanoparticular
seeds. One criticism can be that due to the presence of the seed
metal in the final sample, the resulting particles might
technically not be considered to be “pure” Al. However, the
seed metal content in the samples was found to be lower than
4 wt.% (Table 1). Moreover, if a further chemical reaction of
the particles, like the formation of aluminides, is targeted an
additional metal has to be used nonetheless. Since the
formation of the Al particles was found to be successful in the
presence of various metal seeds, one can simply apply seeds
of the targeted metal aluminide thus ultimately introducing no
impurities.

(a) (b)
measurement 250
rietveld refinement
difference

—— measurement
rietveld refinement

3 difference
& 100- 99.5 % Al M 150 95.2 % Al
2 s0- 0.5 % AgzAl z 4.8 % Ni
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Figure 2. PXRD-measurements and.Rietveld-refinements of a) Al
from Ni seeds b) Al from Ru seeds ¢) Alfrom Ag seeds, synthesized
via thermal decomposition of TIBALin Ph20 using different metal
nanoparticles as seeds.

After the synthesis, the® Al particles were passivated by
adding oleic acid. Since synthesis:and.passivation were carried
out in two separate/ steps, synthesis of ,unpassivated®,
submicron Al particles is possible by skipping the passivation
step.

The presence’ of the seed metal in the resulting particles
could be observed in PXRD measurements, however no
formation of‘a core-shell‘morphology was visible neither in
TEM (Figure S2) nor in FIB measurements (Figure 7b).
Instead, agglomerates of small particles present besides the
large Al particles,were visible in the TEM image, indicating

the formation metal-Al particle mixtures rather than the
formation of core-shell morphologies. EDX analysis of a
single particle (Figure S3) revealed the formation of pure Al
particles, further confirming that no formation of core-shell
morphologies or a dissolution of the seed metal in the Al is
occurring.

The formation of fcc-Al could be confirmed by PXRD
measurements. No signals referring to aluminum oxide could
be identified (Figure 2). This does however not exclude the
existence of a passivating oxide layerywhich is consisting of
amorphous alumina at room temperature and can thus,not be
detected in PXRD measurements. The composition of the
samples, as well as the crystallite size, were both determined
via Rietveld refinements and are summarized in Table 1.
Despite the much higher molecular weight of the seed metals,
the Al contents of the_submicron particles are very high
(>96 wt. %) and only small ameunts'of the seed metals can be
found. The crystallite sizes of Al are 88 nm for Al from Ni
seeds, 171 nm for Al from Ru seeds and 102 nm for Al from
Ag seeds. The different crystallite sizes observed when
different metallic seeds are used are likely caused by different
degrees of agglomeration of these seeds in diphenylether.
Accordingly, the “Ru nanoparticle seeds, which were
synthesized using a_mechanochemical approach with no
stabilizer added, formed large agglomerates resulting in a
decreased. surface area and are thus leading to larger Al
particles: Forallssamples, these values show good agreement
with the particle sizes determined via TEM measurements (see
below).. The determined lattice  parameters  of
4,049 —4.050 A show good agreement with values reported
in‘the literature (4.03 - 4.05[47,48]). The presence of Ag,Al
after the synthesis indicates that the formation of Al is indeed
occurring at the surface of the seed metal nanoparticles. As
expected, when Ni or Ru were used as seeds no intermetallics
could be detected, since the onset of the formation reactions
require much higher temperatures. In addition, as can be seen
by examining the Rietveld refinement particularly in the 20
range including the (111) and (002) reflections, no peak
shifting out of their ideal positions can be observed and only
a very small broadening of the (002) reflection compared to
the (111) reflection is evident. Both is indicating towards a
very small amount of stacking faults being present in the
synthesized metal particles, as can be expected based on the
high reaction temperature of 260 °C as well as on the high
stacking fault energy of aluminum.[49]

Table 1. Sample compositions and crystallite sizes of submicron
Al particles synthesized via thermal decomposition of TIBAL in
Ph,O using different metal nanoparticle seeds. Values were
determined via Rietveld-refinements of the respective PXRD-
measurements.

sample Al [wt. %] M [wt. %] crystallite lattice
size [nm]  parameter
Al [A]
AI(Ni) 96.46 3.54 (Ni) Al: 87(3)  4.049
Ni: 6(1)
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Al(Ru) 96.94 3.06 (Ru) Al 4.050
171(17)
Ru: 3(1)
Al(Ag) 99.54 0.52 Al: 4.050
(Ag2Al) 102(3)
Ru: 45(1)

The TEM image of oleic acid capped submicron Al particles
synthesized using Ni seeds reveals particles with a mean
diameter of 125+36 nm (Figure 3a). The particles show a
broad particle size distribution and a quasi-spherical shape.
They are agglomerated, while the single particles are clearly
visible. No sintering was detected. The sizes determined via
TEM measurements are about 37 nm larger than the sizes
determined via Rietveld analysis. It is well known from
literature [7],[23] that the use of oleic acid as a capping agent
will lead to the formation of an oxidic passivation layer, due
to the presence of organic provided oxygen even under inert
conditions. Due to the formation of this amorphous oxide layer
and the organic passivation layer, the particle sizes determined
via TEM measurements are expected to be larger than those
determined via Rietveld analyses. The Al particles
synthesized using Ag seeds show triangular or hexagonal
shapes (Figure 3c) with a mean radius of 122+21 nm. As can
be seen in the inset they also show a rather broad size
distribution while no sintering of the particles is visible. The
size of the Al particles from Ag seeds was determined as the
height of the triangular or hexagonal particles and is thus
larger than the value determined via Rietveld analysis. As
described above, the Ru seed particles showed agglomeration
and thus exhibited a poor dispersability. The surface provided
by the Ru nanoparticles can be expected to besmaller
compared to that provided by the Ni seeds. The particles
obtained from Ag seeds exhibited a triangular or hexagonal
morphology induced by the morphology ofithe Ag seeds.
Hence, the various seed particles have a specific influence on
the resulting Al particle growth mechanisms,

A S
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Figure 3. TEM images and particles size distributions (obtained from
measuring 100 particles) of the metal nanoparticles used as seeds for
the synthesis of submicron Al particles via a thermal decomposition
approach a) Ni b) Ag c) Ru.

Ag seeds seem to support the formation of triangular or
hexagonal shaped platelets (Figure S4). This is most likely
based on the development of stacking faults within the
originally formed very small Al seeds, which is a known
phenomenon and has been observed upon deposition of Al on
Ag surfaces.[50][51][52] It is also known that in case of fcc
metals the nanoparticle grow from nuclei containing stacking
faults will lead to the formation of triangular or hexagonal
shaped platelets[53][54].

The TEM image of the Al particles from Ru seeds (Figure
3b) shows quasi-spherical particles with a broad size
distribution, while no sintering of the particles is visible. Due
to their very poor dispersibility, very few particles were found
on the copper grid and no particle size distribution could be
determined for the Al particles from Ru seeds. Instead, the
mean radius was determined from SEM measurements and is
90+19 nm. As can be seen a broad size distribution could be
observed, with no visible sintering of the Al particles.

EDX analysis (Figure S3) revealed the presence of Al and
oxygen, which indicates the presence of an oxygen containing
passivating layer. However, the exact nature of the passivating
layer is unclear since it is not possible to distinguish between
the carbon contained within the sample and the carbon copper
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grid. No signals belonging to Ag could be detected,
confirming the very low silver content determined via
Rietveld analysis as well as the formation of Al and seed metal
particle mixtures rather than core-shell morphologies. The Cu
signals are originating from the carbon coated copper grids
used for the measurement, while the Si signal stems from the
Si-Li detector.

The hydrodynamic radii  determined via DLS-
measurements were 85(3) nm for the Al particles from Ni
seeds, 86(3) nm for the Al particle from Ru seeds and
111(8) nm for the Al particles from Ag seeds (Figure S5). For
the Al particles from Ni seeds, the hydrodynamic radius prior
to the addition of oleic acid was 70(2) nm. The formation of
larger agglomerates in these samples is clearly visible. The
larger hydrodynamic radii compared to the particle sizes
observed in XRD and TEM measurements are indicating the
formation of agglomerates, which also could be seen in the
TEM measurements.
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1 AlRu)
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Figure 4. ATR-FTIR spectra of neat oleic acid and,of oleic acid
capped submicron Al particles synthesized via,. thermal
decomposition of TIBAL in Ph20 using different metal nanoparticles
as seeds.

The presence of an organic passivation Iayehvas confirmed
by FTIR-analysis of the dried submicron particles. Figure 4
shows the FTIR-spectra of neat oleic acid and of oleic acid
capped Al particles. The most prominent signals in the FTIR-
spectrum of the neat oleic acid are the.carbonyl stretching at
~1700 cm™ and the C-H stretchingsmodes'in the region of
2700-3000 cm™. In the spectra of the oleic acid capped Al
particles the C-H modes at 2700-3000.¢cm remained largely
unchanged, indicating «that the ‘alkyl chain is still intact.
However, the carbonyl stretching.at 1700 cm is no longer
visible and two new peaks'at ~1460 cm**'and 1580 cm™ have
appeared which belong to the symmetric and the asymmetric
carboxylate stretching modes, respectively. Deacon et. al.[55]
assigned frequency differences of these two peaks of
~200 cm™ to"a bridging/bonding geometry, differences of
<80 cm to a bidentate bonding geometry and differences of
~300 cm to a monodentate bonding geometry. The observed
frequency difference of ~120 cm is thus pointing towards a

bidentate or maybe a bridging bonding geometry. A bridging
bonding geometry was also reported by Jouet et al.[19].
However, it has to be noted, that other binding geometries are
also being discussed in the literature[16][27], which would
however result in the presence of an OH, signal at
wavenumbers > 3000 cm™, clearly not observable.in our
measurements.

3.1 Thermal analysis of the formed.Al particles

Oxidation of the submicron Al particles, was examined
under controlled experimental \parameters using TG
measurements making it possible'to calculate the Al contents
of the particles from the resulting ‘mass changes. TG
measurements were conducted in an atmosphere of N2:0O, 32:8
using a heating rate «0f 10°C/min’ in order to obtain a
controlled oxidation of the Al pﬁticles without ignition.

mass (%)
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(=]
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30 {—Al(Ag)
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Figure 5. TG analyses of oleic acid capped submicron Al particles
synthesized via thermal decomposition of TIBAL in Ph20 using
different metal nanoparticles as seeds (10 K/ min; 40 ml/ min
synthetic air unless stated otherwise). Samples were hold at 900 °C
for an additional 15 min to ensure complete oxidation (not shown).
Synthesis were carried out using a metal: Al ratio of 1:80 and an oleic
acid: Al ratio of 1:2.

In the TGA curves of submicron Al particles synthesized
using different metal nanoparticular seeds almost no mass loss
can be observed up to ~150 °C (Figure 5). Around 150 °C the
mass loss starts in all samples and is finished at around 500 °C.
At temperatures > 500 °C the mass is increasing in a well-
known two step pattern due to oxidation of Al.[56]

In the temperature range between 500 and 600 °C, a slow
mass increase is observed due to the diffusion of oxygen
through the oxide layer. At around 600 °C, the amorphous
alumina transforms into denser y-alumina leading to an
exposure of the Al° core to the atmosphere resulting in a sharp
mass increase, followed by the formation of a plateau. With
increasing temperatures, oxygen diffusion is increasing again
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leading to faster mass gains until the Al is completely

From these TGA curves, the total organics content can be
estimated from the mass loss if any oxidation of the Al
particles occurring before the mass minimum is neglected.
The Al content can be estimated from the observed mass
increases (Scheme 2), assuming that only alumina was present
at the end of reaction. XRD measurements of the particles
after the TGA analyses indeed showed almost exclusively the
presence of 8-Al,O3 (Figure S6). The values determined from
the mass increases (Eg. 1) can be understood as minimum AI°
contents since only Al oxidized after the mass minimum is
taken into account and any oxidation occurring at lower
temperatures is neglected. The determined organic and Al
contents are summarized in Table 2.

Mgain2-Ma|

w(Al)= (Eq. 1)
Scheme 2. General equation for the calculations of the Al
contents from the TGA measurements using the mass gain

(Eq. 2).

The mass losses are ranging from 36.73 % for the Al
particles from Ni seeds and 58.47 % for the Al particles from
Ru seeds up to 73.84 % for the Al particles from Ag seeds. It
has to be noted that the organic contents determined via TGA
measurements are representing minimum values, since on one
hand the end of the mass loss step cannot be clearly identified
due to the starting mass increase and on the other hand/Al
oxidation is to be expected not only to occur at temperatures
>600 °C. For comparison, elemental analyses of the particles
are summarized in Table 3. The organic contents determined
via CHN analyses (taken as sum of carbon and hydrogen
content) ranged from 39.8 % for the Al particles from Ni seeds
and 60.5 % for the Al particles from Ru seeds up to 71.8 % for
the Al particle from Ag seeds. When thé oxygen content
expected for oleic acid is calculated based on.thesmeasured
carbon content good agreement between the/@rganic contents
determined via both methods can be observed. Moreover, the
determined ratios of carbon and hydrogen-aresshowing good
agreement with the values expected for olei¢’acid.and oleate
respectively.

A minimum AI° content was calculated from the mass gains,
only considering Al oxidized at temperatures > 600 °C. As it
is rather difficult to determine the exact onset of the mass gain,
it was defined at the temperature of the. mass minimum. The
minimum Al-contents calculated were 37.7 % for Al from Ni
seeds, 19.1 % for Al from'Ru seeds.and 11.4 % for Al from
Ag seeds.

Moreover, we ascribe /he significantly different organic
contents to the very different-dispersibilities of the various
metal nanoparticle seeds, of Ni, Ru and Ag. The Ni
nanoparticles showed a poor dispersibility in diphenylether
and agglomerated very< quickly due to their magnetism
resulting in their deposition on the stirring bar. Similarly, the
Ru nanoparticles were synthesized using a mechanochemical
approach without< applying any stabilizer resulting the

formation of large agglomerates. The Ag nanoparticles
showed a good dispersibility and the resulting yellow/ orange
dispersions were stable until the end of the reaction. The good
dispersibility of the Ag seeds is based on the presence of oleic
acid and oleylamine on their surface. The organic content
determined from TG measurements was found to be about
25 %. Due to these differences the submicron Al particles,
synthesized using Ag nanoparticle seeds showed the: largest
surface and thus the highest contents of organics.

The Al,O3 content of the Al particles'ean be estimated as the
balance of the Al and organic contents determined from the
TG measurements as well as. the seed metal content
determined from the Rietveld refinements. In this estimation
any oxidation of the seed metals as well as any mass loss
occurring after reaching the mass minimum is neglected. The
calculated Al,O3 contentS are rangingfrom 20.74 % for Al(Ni)
to 14.25 % for Al(Ag) and are thus, as to be expected,
increasing as the particlesize decrease.

Table 2. TGA of oleic acid capped submicron Al particles
synthesized.via,thermal decomposition of TIBAL in Ph20 using
different metal nanoparticles as seeds. Synthesis were carried out
using a,metal: Al ratio'of 1:80 and an oleic acid: Al ratio of 1:2.

Sample. »Massiloss ~ Residual  Al-content!® Al20s-
[%) mass [%] [%] content [%]

AI(Ni) 36.73 96.81 37.73 20.74

Al(Ru) 58.03 58.47 19.05 19.86

Al(Ag) 73.84 36.28 11.39 14.25

[ calculated from mass gain.

Table 3. CHN analyses of oleic acid capped submicron Al
particles synthesized via thermal decomposition of TIBAL in
Ph,0 using different metal nanoparticles as seeds. Synthesis were
carried out using a metal: Al ratio of 1:80 and an oleic acid: Al
ratio of 1:2.

Sample C[%] HI[%] N[%] O >[%] CH
[%]

AI(Ni) 3037 4.92 4.49 39.78 6.17
Al(Ru) 46.67 6.97 6.90 60.54 6.69
Al(Ag) 5553 8.05 8.22 7180 6.89
oleic 76.60 1206 --- 6.35
acid

oleate 76.87 1174  --- 6.55

[ expected value for oleic acid calculated from the measured C
content.

3.2 Variation of particle size

As a model system for systematic studies of size control, we
applied the particles prepared with Ag nanoparticular seeds.
While keeping all other parameters constant the Ag:Al ratio
was changed in the synthetic procedures. A higher Ag:Al ratio
should, in theory, lead to a size decrease of the resulting Al

Page 8 of 14
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particles, since, assuming the concentration of Al stays
constant, an increased Ag concentration would lead to an
increased surface area, allowing more simultaneous
nucleation and would thus result in smaller Al particles.
However, almost no change in the crystallite size of the
particles could be observed when the Ag:Al ratio was altered.
As was evidenced by DLS measurements the Ag nanoparticles
formed agglomerates even after being ultrasonicated in
diphenylether for 20 min (Figure S8a), which is resulting in a
decreased surface area. To overcome this problem a weakly
coordinating ligand, PPhs, was added to the reaction mixture
in order to improve the dispersibility of the Ag nanoparticles.
The addition of this molecule resulted in the formation of
fewer agglomerates which can be observed in DLS as well as
UV/VIS-measurements, where red shifted and less broad
LSPR peaks are detected (Figure S8b). By adding PPhs and
increasing the amount of Ag in the thermal decomposition
reaction, the crystallite size of the Al particles could be
reduced to 61 nm which was confirmed by Rietveld analysis
as well as TEM measurements (Table 4). The particle size
obtained from TEM images (Figure 6a and 6b) was
80.5£15.7 nm. A narrower particle size distribution was
reached and the shape was quasi-spherical contrary to the
trigonal and hexagonal shapes obtained in the syntheses
without any additional stabilizer (Figure 3c). Thus, since the
morphology of the Al particles is also changed upon adding
PPh; to the synthesis, it is not only increasing the dispersibility
of the seed nanoparticles but is also affecting the particle
growth.

Table 4. Sample compositions and crystallite sizes of submicron
Al particles synthesized via thermal decomposition of TIBAL
Ph,0 using different Ag:Al ratios in the presence of PPhs. Values
were determined via Rietveld-refinements of thed respective
XRD-measurements.

Sample Ag:Al PPhs:Ag Al M Crystallite

[%] [wt %] [wt %] size[nm]

Al(Ag) 2:100 50:1 99.15  0.85 Al: 61(3)
(AgAl)

Al(Ag) 1:100 50:1 99.70 080\ AlL.85(2)
(Ag2Al)

Al(Ag) 180 - 99.54  '0:52 Al: 102(3)
(Ag2Al)

;l |
0 20 40 60 80 100 120 140
diameter (nm)

Figure 6. a) TEM images of submicron Al particles synthesized
using Ag seeds in the presence of PPhs b) particle size distribution
obtained from TEM images by measuring 104 particles.

3.3 Particle preparation without capping agent

Since the oleic acid was added in an additionakstep afterthe
synthesis, it is easily possible to synthesize submicron Al
particles with very low organic contents by simply omit using
a capping agent after the decompasition reaction. Instead, the
resulting powders were centrifugedsand dried. in vacuo
yielding surfactant free submicronyAl powders. It"has to be
noted that these particles werepassivated upon air contact
through the formation of a thin oxide layer. Especially the low
organic contents of the resulting particles are making them
interesting precursors for the formation of aluminides, since
no major introduction of.carbon and/ or oxygen impurities is
possible in the final product.centrary to when for example
oleic acid capped particlesare used (Figure S7).

(@) "*°— AiRy)
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Figure 7. a) TGA analyses of uncapped submicron Al particles
synthesized via thermal decomposition of TIBAL in Ph20 using
different metal nanoparticles as seeds (10 K/ min; synthetic air).
Samples were hold at 900 °C for an additional 15 min to ensure
complete oxidation (not shown). Syntheses were carried out using a
metal:Al ratio of 1:80 b) FIB measurement of synthesized submicron
Al particles from Ru seeds in a Ru environment.

The content of organics was determined using CHN- and
TG- analysis. As can be seen in Figure 7a and Table 5 the
organic content of the samples was well below 5 % in all cases
and is probably due to moisture and residual solvent. Again,
the typical two-step oxidation pattern is clearly visible for all
the samples. The Al particles from Ag seeds with a crystallite
size of 61 nm shown in the TG measurement below were
synthesized in the presence of PPh; in order to reduce their
particle size. Despite the use of PPhs in the synthesis only a
small amount of organics could be detected in TGA as well as
CHN analyses, indicating the weakly coordinating nature of
the surfactant which is basically completely washed away
during the work-up procedure. Because of their still very low
organics contents these particles are good candidates for the
use in the synthesis of different intermetallic compounds.

The Al,O3 contents estimated from the TG measurements are
ranging from 11.96 % for AI(Ni) to 18.26 % for Al(Ag). These
values are lower than the values determined for the oleic acid
capped particles, since i) no additional oxygen was introduced
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by addition of the oleic acid and ii) no or just minimal overlap
of mass loss and gain during the TG measurements.

The smaller size of the Al particles from Ag seeds is also
indicated by a higher mass increase in the first oxidation step
(Figure 7a), where only Al close to the surface is oxidized.
Accordingly, the larger Al particles from Ag seeds with sizes
of 100 nm showed a smaller mass increase in this first
oxidation step. Due to the oxidation of Al to Al,O3 the
observed residual masses are greater than 100 %. For pure Al
a residual mass of 189 % can be expected. The observed lower
values are due to the oxide layers present on the particle
surfaces at the start of the measurements, causing the samples
not to be pure Al. As can be expected based on the low organic
content no signals could be detected in the FTIR
measurements (Figure S9b). The increase in absorption at
wavelengths below 1000 cm can be attributed to Al,Os at the
particle surfaces.

Figure S9a shows the ?’Al-SPE-MAS-NMR of surfactant
free Al particles from Ru seeds. The signal at 1632 ppm can
be assigned to Al°, while the low intensity signal at around 0
ppm can be assigned to Al,Oz present at the particle surface.
Since electron microscopic measurements only revealed the
particle surfaces, we further examined the cross-sections of
the synthesized Al particles using FIB techniques. FIB
measurements revealed the core-shell structure of the
uncapped submicron Al particles (Figure 7b): A continuous
shell, which we ascribe to the presence of amorphous alumina,
surrounds the Al particles. The thickness of this shell is in the
range of 5—7 nm, which is in the same range of typical values
for the thickness of the oxide shell reported in the
literature.[57]

Table 5. TGA and CHN analyses of uncapped submicron Al
particles synthesized via thermal decomposition of TIBAL in
Ph,0 using different metal nanoparticles as seeds. Syntheses were
carried out using a metal:Al ratio of 1:80“innopen alumina
crucibles. No nitrogen was detected in the CHN analyses.

sample  Mass  Residual Al- Al2Os- S(C+H)
loss mass contentd content.  [%]
[%] [%] [%] [%]
AI(Ni) 2.8 169.8 81.7 11.96 1.03
Al(Ru) 3.2 158.2[b] 817 12.04 1.88
Al(Ag) 3.1 166.3 781 18.26 0.92
61 nm
Al(Ag) 3.6 166.8 79.2 16.66
102 nm

[e] calculated from mass gaind® calculated using the limit value of
an asymptotic fit to the measurement data.

3.4 Formation ‘of Aluminides

Aluminides are intermetallic compounds of Al with at least
one (more electropositive) additional element, which are
attractive materials for the wuse in high temperature

10

applications, due to their high-temperature strength[58], as
well as chemical[59], and oxidation resistance[60].
Aluminides can be synthesized via highly exothermic self-
propagating high-temperature syntheses starting from the
elemental powders. Very short reaction times and,high purity
products are characteristic for these types of reactionsaThe use
of the synthesized Al particles for the formation, of metal
aluminides was examined by reacting the ‘“uncapped”
submicron particles with Ru powders.. To exclude the
influence of impurities, the formation of Ru-aluminides was
carried out using Al particles synthesized with Ru seeds. In
order to investigate the influence, of the Al'particle size on the
formation of the respective aluminides, the observed results
were compared to the results obtained when larger commercial
Al powders with a particles size of around 14 pm were used
(for the characterization_of ithe Al powder see supporting
information figure S14). -

Six different intermetallic compounds are known in the Ru-
Al system[61]: RUAle, RU4A|13, RU2A|5, RUA|2, RU2A|3 and
RuAl. Due to RuAl exhibiting'a good chemical and oxidation
resistance as well as a good high-temperature strength and
being the only. phase not representing a stoichiometric
compound; it tis thewmost important phase for possible
technical l@pplications.
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Figure 8. Sample compositions of Al and Ru powder mixtures in a
1:1 stoichiometry after heating up to 800 °C under an atmosphere of
Ar determined via Rietveld refinements at a heating rate of a)
3.3K/min and b) 60 K/min. Ru and Al are referring to the
commercial Ru and Al; Al(Ru) is referring to the synthesized Al
powders. Compositions noted in brackets describe the total sample
composition estimated from Rietveld refinements assuming the
formation of ideally stoichiometric phases c) PXRD measurement
and Rietveld-refinement of the Al(Ru) and Runano Sample shown in
b) d) STA measurements of compacted Ru — Al powder mixtures
using a heating rate of 60 K/min under an atmosphere of flowing Ar.

The synthesis of the target compound RuAl was
investigated using the synthesized Al particles as well as
commercial Al powder. The Al particles and Ru were mixed
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in a stoichiometric ratio of 1:1 assuming an Al° content of the
synthesized Al particles of 70 % as determined from TGA
measurements, while the presence of an oxide shell was
neglected for the commercial Al powder. The exothermic
reaction in a loose powder sample of micrometer sized Ru and
Al was reported to occur at 755 °C [59]. Thus, the samples
were heated up to a maximum temperature of 800 °C in order
to be capable to detect every exothermic or endothermic
reactions during the STA scans that might possibly occur
during the heat up. The yield of RuAl was similar, but low in
every sample upon heating up to 800 °C using a slow heating
rate of 200 °C/h (Figure 8a). When commercial Al powder
was used only 35 % of RuAl was formed in the case of loose
powder while 47 % of RuAl was formed using the pellets.
Applying the synthesized Al particles, the yields were a bit
higher, 61 %/ of RuAl for the loose powders and 50 % of RUuAl
for the pellets. The same is true for the amount of unreacted
Ru, which was present in contents ranging from 25 % up to
32 %. However, no formation of the Al rich phase RusAlss
could be observed in the samples in which the synthesized
particles were used, while it was present up to 15 % when the
commercial Al-powder was used. Similar observations were
made by Mohamed et al.[62] who observed the formation of
RuAl; containing multiphase products in compacted Ru-Al
powder mixtures (Ru: 6 um; Al: 20 um) applying slow
heating rates of 0.08 K/min. According to the literature[62] in
case of commercial Ru and Al powders RuAl was formed
almost exclusively when a high heating rate of 60 K/min was
used. However, for the Al(Ru) and Ru particle mixtures only
multiphase products could be observed (Figure 8a and 8b)
using both slow and fast heating rates, particularly showing a
very high amount of 45 % of unreacted Ru. When the large
commercial Ru powder (60 um) was substituted with smaller,
nanocrystalline Ru powder (crystallite size 2-3 nm)»more
complete reactions and higher contents of RuAl (up to 88 %)
could be determined after heating up to 800 °C\(Figure 8b and
8c). Thus, as reported earlier by Wolff[59] the Al/Ru particle
size ratio as well as the Ru particle size are playing important
roles in the synthesis of RuAl starting from these submicron
particles. ~N
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Figure 9. a) FIB images of-as prepared compacted Runano and Al(Ru)
particle mixtures b) FIB images-of.compacted Runano and Al(Ru)
particle mixtures after heating up to 800 °C using a heating rate of
60 K/min understoichiometric in Al ¢) FIB images of compacted
Runano and Al(Ru) particlesmixtures after heating up to 800 °C using
a heating rate .of 60 K/minnwith Ru:Al ratio of 1:1 d) EDX
measurements of the compacted and reacted Ru-Al powder mixtures
of the RuAl phase and'e) the oxide rich phase.

STA scans of the,commercial Al — Ru powder mixtures
reveal atemperature onset of the exothermic reaction 656 °C,
right-after.the beginning of the eutectic melting of the Al-Ru
mixture @t 649€C (Figure 8d). The AI(Ru)-Runao powder
mixtures shows a temperature onset at 634 °C well before the
melting, of / the eutectic composition. Again, the onset
temperatures are higher than the values reported in the
literature for multilayer systems (408-608 °C)[63] due to the
presence of an amorphous passivating layer. Good agreement
to.values reported in the literature for powder mixtures can
however be found[64] (625-640 °C). Also, the reported strong
dependence of the onset temperature from the Ru particles
size[64],[59] can be clearly observed.

In the unreacted Runao and Al(Ru) compacted powder
pellets (Figure 9a) a statistical distribution of Al and Ru was
observed, while no formation of any intermetallic phases was
visible. Moreover, only a very few pores could be detected,
resulting in a large contact area between Al and Ru. In a Ru
rich sample, after the heat treatment at 800 °C the porosity of
the sample was enhanced, caused by the increased density of
the reaction product (prua 7.76-8.01 g/cm® [61]; par
2.70 g/cm?® [65]; pru: 12.1 g/cm® [65]; pru-ai: 7.4 g/lcm?®). The
Al particles (dark particles in the left image) are no longer
visible confirming a complete conversion of the Al, which was
no longer detectable using XRD measurements. As can be
clearly seen in Figure 9b multiple phases were formed, also
indicated by the sample composition determined via XRD
measurements: RuzpAls (58.3 % Ru, 32.3 % RuAl and 9.46 %
RuAl,). Figure 9c shows a reacted, stoichiometric Ru-Al
pellet. The formation of two different phases as well as of
pores, again due to the increased density of the reaction
product is clearly visible. PXRD measurements indicated the
formation of nearly single-phase RuAl, which can be assigned
to the darker colored phase via EDX measurements (Figure
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9d). EDX analysis also revealed the second amorphous phase,
to be oxygen rich, which is thus likely to originate from the
oxide layer on the particle surface (Figure 9e).

4. Conclusions

Submicron Al particles have been successfully synthesized
using a thermal decomposition approach.
Triisobutylaluminum was decomposed in  refluxing
diphenylether in the presence of metallic nanoparticles of Ni,
Ru or Ag acting as seeds yielding metallic submicron Al
particles with sizes of about 100-150 nm. The presence of the
metallic nanoparticle seeds was necessary to prevent the
formation of an Al film on the surface of the reaction flask.
No additional stabilizer was necessary for the formation of
these particles, making the synthesis of Al particles with
organic contents < 5 % easily possible. The resulting particles
were passivated by an amorphous oxide layer with a thickness
of roughly 5 nm upon air contact resulting in Al° contents of
about 70-80 %. However, if desired, passivation of these
particles was easily possible in an additional, second step after
the synthesis by adding oleic acid resulting in the formation of
oleic acid@Al core-shell particles. The size of the particles
can be controlled by adding weakly coordinating
triphenylphosphine during the thermal decomposition,
resulting in the formation of Al particles with sizes of about
70 nm. Due to the weakly coordinating nature of PPhsz low
contents of organics (< 5 %) could still be observed in the
resulting Al particles after simple washing with toluene.

The low organic contents are making the obtained particl
to promising precursors for the synthesis of various
aluminides, we tested their suitability for the formation‘of:\Ru
aluminides. Using Al particles from Ru seeds, “single-phase”
RuAl could be obtained by heating compacted powder mixture
pellets up to 800 °C under an atmosphere of flowing Ar.
However, the use of high heating rates of 60 K/min.and small
Ru crystallites (2-3 nm) was essential, when slower heating
rates (200 °C/ h) and/ or large Ru particles (60.um) were used
the formation of multiphase products was:taking, place. The
onset of the reaction was observed at 628 °C well before the
eutectic of the Ru-Al system. The presence©f the passivating
oxide layer on the Al particlessurface further/lead to the
formation of a second oxide rich phase.
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Results and discussion Synthesis of Al particles

These studies revealed that the thermal decomposition of organoaluminium compounds is a valuable
method for the preparation of nano and submicron Al particles. The advantages of this synthesis
approach include its simple experimental set-up, the very short reaction times of about 15 min as well
as the possibility to conduct the reaction without the presence of an additional stabilizer. The biggest

disadvantage is the high reaction temperatures of 270 °C.

The resulting particles were suitable for the preparation of Ru aluminides and in Chapter 3.2 it will be
shown that the particles resulting from the described approach are more suitable for the preparation
of Ni and Ru aluminides than the particles resulting from the metal reduction, hydride reduction, and
catalytic decomposition approaches. This was attributed to the low organic content of the particles as
well as their submicron size. Particularly their size of 100 — 150 nm seems to represent a good
compromise between small size and thus increased reactivity and an oxide content low enough to

allow a preparation of the aluminides in a reasonable yield of > 90 %.

In the following chapters a few additional aspects of the developed synthesis approach will be briefly

summarized, which have not been included in the published manuscript.

3.1.4.1 Addition to the size control

As stated in the manuscript above, the size of the submicron Al particles could be reduced by adding
PPhs to the reaction mixture. However, the size and morphology of the resulting Al was quiet sensitive
regarding the amount of PPh; added to the reaction mixture. Upon applying a lower amount of PPh;
the formed Al particles were not sufficiently stabilized, resulting in the formation of very large, as well
as highly agglomerated particles (Figure 28a). In contrast, upon applying larger amounts of PPhs, the
formation of more complex, largely non-particulate structures was observed (Figure 28b). Since
without the addition of PPh; particles with a size of about 150 nm were observed, these observations
indicate that the PPhs is strongly influencing the formation of the Al particles via the thermal
decomposition of triisobutylaluminum. However, due to time limitations this influence could not be
studied in more detail within in this work. Nonetheless, it would be an interesting topic of a possible
future work, possibly allowing the formation of Al particles with a wider range size and possibly

additional morphologies.
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Results and discussion Synthesis of Al particles

Figure 28: TEM images of Al particles prepared by decomposing triisobutylaluminum in refluxing diphenylether using reactant
ratios of a) Ag:Al 2:100 and PPhs: Ag 20:1 and b) Ag:Al 1:100 and PPhs: Ag 100:1.

3.1.4.2 Application of Al seeds

The synthesis of Al nanoparticles was successfully carried out in the presence of many metallic as well
as oxidic seeds such as Ni, Ag, Ru, Fe, SiO; and Fe;0s. Thus, the suitability of the resulting particles
themselves as nucleation seeds was examined in a next step, since this would allow the preparation of
Al particles with strongly reduced contents of impurity phases. To test their suitability, Al particles
prepared in the presence of Ru seeds and containing about 3 wt% Ru, as determined by Rietveld
refinements, were employed as seeds in the thermal decomposition approach. The synthesis and the

clean-up of the resulting particles was carried out identically as reported above.
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Figure 29: a) TEM image and b) particle size distribution of submicron Al particles prepared via thermal decomposition of
triisobutylaluminum in refluxing diphenylether applying submicron Al seeds.
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Results and discussion Synthesis of Al particles

The synthesis was successfully carried out in the presence of Al nucleation seeds. The size of the
particles was 213 + 40 nm (Figure 29) which is slightly larger than the sizes of the particles prepared in
the presence of Ni, Ru and Ag nanoparticulate seeds, which typically exhibited sizes of about 150 nm.
However, a much lower Ru content, below the XRD detection limit, was observed in the Al particles
upon applying the Al(Ru) seeds, as was indicated by the absence of any Ru reflections (Figure 30). Of
course, the Ru content could be further decreased by repeatedly applying the Al particles resulting

from this synthesis as nucleation seeds for another Al synthesis batch.
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Figure 30: XRD measurement and Rietveld refinement of Al nanoparticles synthesized in the presence of a) Ru seeds and b) Al
seeds. The broad signals marked in grey are the Ru (0 2 0) and (0 1 1) reflections. The particles shown in a) were applied as
seeds for the preparation of the particles shown in b).

3.1.4.3 Synthesis via hot injection

The synthesis approach reported above was conducted as a conventional heat-up approach, in which
a reaction mixture is heated slowly from room temperature to the reaction temperature. Another
approach, which is also commonly applied for the preparation of metal nanoparticles, is the hot-
injection method, in which the metal precursor is rapidly injected into a preheated reaction mixture.
Consequently, rapid nucleation occurs, resulting in the formation of smaller particles, which also often
exhibit narrower particle size distributions. To apply this method for the preparation of Al particles, a
diphenylether solution containing dispersed Ag seeds, was heated to reflux and triisobutylaluminum

dissolved in diphenylether was then injected into this preheated solution.
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Figure 31: TEM images and particle size distributions of Al particles prepared via thermal decomposition of
triisobutylaluminum in refluxing diphenylether in the presence of Ag seeds applying a a) heat-up approach and b) hot-injection
approach. The concentration of the reactants was identical in both samples.

Applying this hot-injection approach, the synthesis of Al particles was also possible. A reduction of the
particle size from 244 +42 nm to 179 + 22 nm was observed, as well as a narrower particle size
distribution with relative standard deviation of 12 % compared to 17 % when a heat-up approach was
applied (Figure 31). Moreover, a change in the morphology to more irregular formed particles was

observed, due to the more rapid decompositions.

The reduction of the particle size was also detected in normalized TG measurements (Figure 32a),
where a larger mass increase in the first oxidation step was observed, while the total mass increase
was lower compared to the particles prepared via a heat-up approach. Although, the change in the
morphology must be considered, both aspects are another indication of the smaller particle sizes

observed in the TEM images as discussed in Chapter 1.3.2. The organic content of the particles was still
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well below < 10 %. The steep mass increase at a temperature of 900 °C is due to a 15 min isothermal

segment at this temperature, which was applied to allow a complete oxidation of the samples.
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Figure 32: a) TG measurements in an atmosphere of synthetic air (N2:0; 32:8; 10 K/min) and b) DLS measurements in MeOH
of Al particles synthesized via a heat-up and a hot-injection approach.

Moreover, a much smaller degree of agglomeration was observed upon applying the hot-injection
method, which is obvious from the TEM images (Figure 31) as well as DLS measurements (Figure 32b).
Within the DLS measurements, the formation of large agglomerates with sizes ranging from
200 — 1000 nm was observed upon applying a heat-up approach, which were absent when the particles
were prepared via a hot-injection approach. In addition, upon dispersing these particles in hexane, the
lower degree of agglomeration could be observed with the naked eye. Upon dispersing the particles
prepared via the heat-up approach in hexane, the resulting dispersions completely settled after about
2 h, while dispersions prepared from the particles synthesized via the hot-injection approach were

stable for at least 22 d and only a few particles settled at the bottom of the vial (Figure 33).

' -
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Figure 33: Photographs of Al particle dispersions in hexane, prepared from Al particles synthesized via a heat-up and a hot-
injection approaches after various times.
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The most important characteristics of the different synthesis approaches and of the resulting particles

are briefly summarized in Table 12. The most promising results were observed applying the catalytic
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decomposition and the thermal decomposition approaches, due the homogeneous reaction mixtures,
the short reaction times and the formation of non-agglomerated particles. The drawback of the
thermal decomposition approach is the increased reaction temperature of 260 °C. In contrast,
heterogeneous reaction mixtures, long reaction times, and the formation of severely agglomerated
particles were observed upon applying the metal reduction and the hydride reduction approaches. In
a next step, the particles resulting from these methods were tested regarding their suitability for the

preparation of Ni and Ru aluminides, which will be discussed in the following chapters.

Table 12: Selected characteristics of the wet chemical synthesis approaches for the preparation of Al particles applied within
this work.

Metal reduction Hydride Catalytic Thermal
reduction decomposition decomposition
Al precursor AlICl3 AICl3 + LiAlHq4 HsAINEt; Al('Bu);
Solvent THF mesitylene toluene diphenylether
Reaction mixture | heterogeneous heterogeneous homogeneous homogeneous
Reaction time 3h 1h 15 min 15 min
Reaction 70°C 165 °C 90 °C 260 °C
temperature
Resulting agglomerated/ agglomerated/ non- non-
particles sintered sintered agglomerated agglomerated
Crystallite size 12 nm 65-120 nm 50 -100 nm 100 - 200 nm
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3.2 Synthesis of aluminides

3.2.1 General comments for the preparation of Ni and Ru particles

Within this work, the synthesis of the Ni and Ru nanoparticles was carried out following published
literature procedures. Although the wet chemical synthesis of these particles generally is more
common compared to the preparation of the Al particles, the following sections aim to demonstrate
that not all the resulting metal nanoparticles are suitable for the preparation of aluminides.
Accordingly, the synthesis method for these nanoparticles needs to be carefully selected to allow a

successful aluminide synthesis.

Ni nanoparticles

The applied Ni particles play a crucial role in the formation of Ni aluminides since impurities are easily
introduced via these particles into the final product. Within this work, the Ni nanoparticles were
commonly prepared via a thermal decomposition of Ni(acac), in oleylamine in the presence of TOP or
PPhs at a temperature of 220 °C according to published literature procedures®' (for a characterization
of the Ni nanoparticles see Chapter 7.5). However, this method easily resulted in the introduction of
Ni phosphides in the final product (Figure 34a). This was particularly problematic when the Ni particles
were prepared in the presence of PPhs as a stabilizer. In contrast, the Ni phosphide formation was not
evident upon replacing PPhs by TOP, unless higher reaction temperatures > 220 °C were applied during
the synthesis. These nickel phosphides result from the reaction of Ni® with phosphines, which has
already been applied in the literature for the preparation of Ni,P nanoparticles®'!. As result, the Ni
particles prepared in the presence of phosphines are easily obtained as mixture of Ni° and various Ni
phosphides (Figure 34b), particularly if a too high reaction temperature is chosen. In Figure 34b the
reflection of Ni can be clearly recognized after sintering at 500 °C in an atmosphere of Ar. However,
other phases, including NisP as well as at least one additional phase, which could not be further
identified, are clearly visible. Generally, if large amounts of phosphides were present, it was easily
recognized by the fact that the Ni nanoparticles were no longer attracted to a neodymium magnet.
Alternatively, numerous other methods are known in the literature not relying on phosphine

stabilizers, such as for example polyol synthesis approaches3?,
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Figure 34: a) XRD measurements and Rietveld refinements of the reaction products obtained from a mixture of Al
nanoparticles and Ni nanoparticles prepared in the presence of PPhs and TOP upon heating to 1100 °C in an atmosphere of Ar
and b) XRD measurements of Ni nanoparticles prepared in the presence of PPhs before and after sintering at 500 °C in an Ar
atmosphere.

Ru nanoparticles

Within this work, various methods for the wet chemical preparation of Ru nanoparticles were
applied®3-318, However, the particles obtained from these methods typically exhibited a very large
organic content or could not be isolated from the reaction mixture due to their excellent dispersibility.
For example, Ru nanoparticles prepared by the reduction of RuCl; or Ru(acac)s; in oleylamine
solutions31331 exhibited hydrodynamic radii of 40 + 4 nm and 2 + 1 nm as well as organic contents of
62.5 % and 91.1 % respectively (Figure 35). Particularly, these high organic contents are problematic
regarding the preparation of Ru alumindes, since the resulting particles were exhibiting an almost
liquid consistency, making the preparation of pellets impossible. Several methods were tested to
reduce the organic contents, including chemical treatments as well as plasma etching procedures.
However, none of them considerably lowered the organic contents (Figure 36) and the particles still
exhibited a liquid consistency. When the samples were thermally treated at a temperature of 800 °C
in an atmosphere of nitrogen a carbon content of >30 % was still observed in the samples by CHN
analysis. Upon thermally treating the samples at a temperature of 800 °C in an atmosphere of ambient
air, a complete removal of the organics was observed. However, such a treatment might lead to
particle oxidation as well as sintering and was thus not further applied within this work. Since the
application of nanoparticles with high organic contents resulted in incomplete reactions when applied
for the preparation of aluminides (Chapter 3.2.2), and the removal of the organics was non-trivial in
some samples, syntheses leading to the formation of metal nanoparticles with low contents of organics

were preferred throughout this work.
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Figure 35: a) DLS measurements in hexane and b) TG measurements (10 K/min; N> up to 800 °C and N,:0, 32:8 from 800 -
900 °C) of Ru nanoparticles prepared from RuCls and Ru(acac); in oleylamine solutions.
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Figure 36: TG measurements of Ru nanoparticles prepared from Ru(acac)s in oleylamine solutions treated via various methods
to reduce the content of organics (800 °C; 10 K/min; N).

Accordingly, mechanochemical approaches were applied for the preparation Ru nanoparticles®! (for
a characterization of the resulting particles see Chapter 7.4 as well as a thermal decomposition of
Rus(CO)s; in oleylamine solutions. This thermal decomposition results in the formation of Ru particles
with a hydrodynamic radius of 13 £ 4 nm, a TEM size of 6.4 £ 0.8 nm and an organic content of 18.9 %
(Figure 37). These Ru nanoparticles were suitable for the preparation of Ru aluminides. Upon mixing
with Al particles prepared from a thermal decomposition of TIBAI, compacting and heating the
resulting pellet to 800 °Cin an atmosphere of Ar, the formation of Ru aluminides was clearly observed

(Figure 38).
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Figure 37: a) DLS measurements in hexane, b) TG measurements (10 K/min; N>), c) TEM image, and d) particle size distribution
obtained from the TEM image by measuring 200 particles of Ru nanoparticles prepared from Rus(CO)1z in oleylamine solutions.
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Figure 38: Reaction product obtained from a mixture of Al particles prepared via a thermal decomposition approach and Ru
nanoparticles prepared via decomposition of Rus(CO)12 in oleylamine by heating to 800 °C (60 K/min) in an Ar atmosphere.
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3.2.2 Comparison of different Al particles for the preparation of aluminides

Al particles prepared via different synthesis methods (metal reduction, catalytic reduction, and
thermal decomposition) were compared regarding their suitability for the preparation of Ni and Ru
aluminides starting from wet chemically synthesized reactants. The Al particles obtained from the
metal reduction approach were prepared by reducing AlCl; with Li in refluxing THF solutions, exhibited
a crystallite size of 12(5) nm and were severely agglomerated. For the catalytic reduction approach, Al
particles resulting from the decomposition of HsAINEts in toluene solutions applying Ti(O'Pr); as a
decomposition catalyst in the presence of PPhs; as a stabilizer were chosen as an example. They
exhibited a crystallite size of 34(4) nm, a TEM size of 50 + 14 nm and an Al° content of 68 %. The
particles prepared via the thermal decomposition approach were prepared by decomposing
triisobutylaluminum in refluxing diphenylether in the presence of Ni and Ru seeds. They exhibited sizes
of 125 + 36 nm and 180 + 38 nm (determined from TEM or SEM) and Al° contents of about 82 % and
69 %. A detailed characterization of these wet chemically prepared Al particles can be found in the
previous chapters. Moreover, commercial Al with a particle size of 14 + 7 nm, as determined from SEM

103,320,321 and fOU nd

images, was applied. The AI° content of these particles was determined via titration
to be > 99 %. A characterization of this commercial Al can be found in Chapter 3.1.4. These Al particles
were reacted with Ni and Ru particles to compare their suitability for the preparations of Ni and Ru
aluminides. The employed Ni nanoparticles were prepared by decomposing Ni(acac), in oleylamine/
TOP mixtures and exhibited a size of 8 £ 1 nm. In contrast, the Ru nanopowder was prepared via a
mechanochemical synthesis approach by reacting RuCls; and NaBH; in an agate mortar. A
characterization of the Ni and Ru particles is given in Chapter 7.5. Moreover, micrometer sized
commercial Ni and Ru powders with sizes of 7 £ 2 umand 57 £ 12 um were applied. A characterization

of these commercial particles can be found in Chapters 7.1 and 7.5. The most relevant properties of

the employed particles are summarized in Table 13.
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Table 13: TEM sizes, crystallite sizes, Al° contents, and organic contents of the different metal particles applied for the
preparation of aluminides.

Synthesis method TEM size Crystallite  AlI° content Organic
[nm] size [nm] [%]™Y content [%]?
Metal reduction agglomerates 12(5) 17.3 15.2
Catalytic decomposition spherical 34(3) 68.0 8.8
50+ 14
Al Thermal decomposition (Ni) spherical 87(3) 81.7 2.8
125+ 36
Thermal decomposition (Ru) spherical 171(17) 69.0 3.2
180 + 38
commercial 14+7 um® 318(16) 99 <1
Nanoparticles spherical 10(1) <1
Ni 81
commercial 72 um® 258(8) - -
Nanopowder agglomerates 2(1)
Ru 31
commercial 57 +12 um® 172(6) - -

Wdetermiend from TGA mass gains ?determined from the mass loss in TG analysis ®)determined
from SEM measurements “titrational method

Ni aluminides

The Al particles prepared via different synthesis approaches are differing in various parameters,
including their size, morphology as well as contents of Al° and organics (Table 13). Particularly,
decreasing Al° contents were determined from the TGA measurements with decreasing size of the
particles. Moreover, rather high organic contents were observed for the particles prepared from the
metal reduction and hydride reduction approaches due to residual solvents and stabilizers, while low
organic contents < 5 % were determined for the particles prepared via thermal decomposition as well

as for the commercial powders.

To test the suitability for the preparation of Ni aluminides, the Al particles were thoroughly mixed in a
1:1 stoichiometry with Ni particles prepared from a decomposition of Ni(acac),3%°. For mixing, the Ni
and Al particles were treated in an agate mortar for 10 min. The resulting mixtures were then
compacted to a pellet in a hydraulic press (350 MPa, @ 0.6 mm; 1t; 10 min) and heated to a
temperature of 800 °C applying a heating rate of 60 K/min in an Ar atmosphere. After cooling to room
temperature, the reacted pellets were homogenized and their compositions were determined from
Rietveld refinements (Figure 39). Since high batch-to-batch variations were observed, the best results

for each pellet composition is shown in Figure 39.
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Figure 39: Compositions of various reacted Al-Ni pellets prepared from wet chemically synthesized Al particles and Ni
nanoparticles (800 °C; Ar; 60 K/min) determined from Rietveld refinements (only intermetallic phases being present in the
sample are shown for comparability reasons; other phases, particularly Al,03, are not shown).

The formation of multiphase reaction products containing AlsNiy, NiAl, NisAl as well as unreacted Ni
was observed in all samples, independently from the synthesis method applied for the preparation of
the Al particles as well as for the samples containing commercial, micrometer sized Ni and Al powders
(Figure 39). However, particularly upon applying Al particles prepared from the metal reduction
approach, y-Al,0s; was the main reaction product (Figure 40a), which can be attributed to the high
content of surface oxide due to their small crystallite sizes of 12 nm. In contrast, for the products
obtained from the larger Al particles synthesized via the thermal and catalytic decomposition
approaches, Al,03 contents < 20 % were typically observed. Since an Al,03 content > 50 % in the final
sample was considered too high, no further studies applying the Al particles obtained from the metal

reduction approach were conducted within this work.
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Figure 40: a) XRD measurement and Rietveld refinement of a reacted Al-Ni pellet prepared from Ni nanoparticles and Al
particles synthesized via the metal reduction approach (800 °C; Ar; 60 K/min) and b) STA traces of various Al-Ni pellets
prepared from wet chemically synthesized Al and Ni nanoparticles (800 °C; Ar; 60 K/min).

Upon applying commercial, micrometer sized Ni particles incomplete reactions, resulting in the
formation of only a small amount of NiAl of up to 38 % and Ni-rich as well as Al-rich phases were
observed in all samples, independently from the Al particle size. The incomplete reactions can likely
be attributed to large diffusion pathways. Due to these large diffusion pathways, the time at increased
reaction temperatures was not sufficient to allow a complete intermixing, thus resulting in the

observed multiphase sample compositions.

However, upon applying Ni nanoparticles, the formation of similar multiphase product mixtures was
generally observed. The yield of NiAl was typically only slightly higher than in the samples prepared
from the micrometer sized Ni powders, which can be ascribed to the shortened diffusion pathways as
well as larger interfacial areas. As will be discussed in Chapter 3.2.3 the formation of these multiphase
reaction products despite the shorter diffusion pathways, can likely be ascribed to incomplete
reactions due to heat losses as well as a poor intermixing. Upon reaching the onset temperature of the
highly exothermic reaction, the temperature within the sample can be expected to raise and also
exceed the external oven temperature. However, due to the application of small sample amounts of
about 5 mg, only a small temperature increase, as well as a fast adoption of the external oven
temperature can also be expected to occur. Accordingly, the time at these increased temperatures is
too short to allow a complete mixing and thus a complete conversion to NiAl. Such a formation of
multiphase products in the Ni-Al system, which has been ascribed to incomplete reaction due to heat

287 and could be prevented by isolating the

losses, has also been reported in the literature before
reacting sample. Accordingly, upon applying a larger pellet with a mass of 1 g, the formation of NiAl in
a quantitative yield was observed, further confirming the aspects discussed above. It has to be noted,

that another temperature program with a heating rate of 3.3 K/min and an isothermal segment of 2 h
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at 800 °C was applied for the reaction of this 1 g pellet. However, upon reducing the sample amount
to about 15 mg the formation of a multiphase product was again observed applying this temperature

program.

The content of the target phase NiAl was found to increase from 49 % to 60 % to 93 % upon replacing
the Al particles prepared via the metal reduction approach for the particles prepared via the catalytic
decomposition approach and the particles prepared via the thermal decomposition approach
respectively. Within this series the particle size of the Al particles increases, and the above observation
is thus in contrast to the expectation based on increasing interfacial areas and decreasing diffusion
pathways with decreasing Al particle sizes. However, with a decreasing Al particle size, the Al,Os
content is increasing, which is acting as a diluent, effectively lowering the mass normalized heat of
reaction. Accordingly, lower reaction temperatures are reached within the sample, ultimately leading
to more incomplete reactions as discussed above. A more detailed study of the influence of the Al,03

content within this type of reaction will be given further below.

Figure 40b shows the STA traces obtained in an Ar atmosphere applying a heating rate of 60 K/min for
the reaction of the different Al particles with Ni nanoparticles. As can be clearly seen, a strongly
exothermic reaction was observed for the Al particles prepared via thermal decomposition which
correlates to the high yield of 93 % NiAl. The tilt of the STA trace of this strongly exothermic reaction
visible in Figure 40b (red trace) is due to the plot of the heatflow as a function of the sample
temperature. Upon the onset of the reaction, the exothermic nature of the reaction leads to an internal
sample heat up with a heating rate larger than the set heating rate of the thermal analyzer.
Accordingly, the sample temperature rises faster than intended for a short period of time before again
being controlled by the thermal analyzer. Ultimately, this behavior results in said tilt of the STA traces
visible in Figure 40b and the further STA traces shown within this manuscript. For the other Al particles,
significantly lower heatflows were observed due to i) melting of Al (for the commercial Al), ii) dilution
of the reaction system by Al,Os (for the smaller Al particles), and iii) incomplete reactions (particular
due to residual Ni; the heats of formation of NiAl and Ni;Al; are of the same order of magnitude).
Moreover, with increasing oxide content of the Al particles, the onset of the reaction shifted from

600 °C to 654 °C, which can be attributed to the poorer interfacial contact between Ni and Al.

Ru aluminides

Similar as described above, the suitability of the different Al particles for the preparation of Ru
aluminides was studied by reacting them with Ru nanopowder as well as with commercial Ru powder.

The Al and Ru particles were ultrasonicated for 15 min in hexane dispersions and were then treated in
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an agate mortar for an additional 10 min. The resulting mixtures were then compacted to a pelletin a
hydraulic press (350 MPa, @ 0.6 mm; 1 t; 10 min) and heated to a temperature of 800 °C applying a
heating rate of 60 K/min in an Ar atmosphere. After cooling to room temperature, the reacted pellets
were homogenized and their compositions were determined from Rietveld refinements (Figure 41).
Due to the very poor results observed above, the Al particles prepared via the metal reduction

approach were not further examined in this reaction system.
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Figure 41: Compositions of various reacted Al-Ru pellets prepared from chemically synthesized Al and Ru particles (800 °C; Ar;
60 K/min) determined from Rietveld (only intermetallic phases being present in the sample are shown for comparability
reasons; other phases, particularly Al;0s, are not shown).

Upon reacting nano and submicron Al particles with micrometer sized Ru or upon reacting Ru
nanopowder with micrometer sized Al, the formation of multiphase products consisting of RuAl, Al rich
phases and unreacted Ru was observed (Figure 41). Again, these incomplete reactions can be
attributed to long diffusion pathways, similar as reported above for the Ni-Al mixtures. The most
promising results were obtained for the Al particles prepared via the thermal decomposition approach,
while the application of the particles prepared via the catalytic decomposition approach again resulted
in incomplete reactions. This behavior might again be attributed to the varying Al,O; content, although
one has to keep in mind that low Ru : Al particle size ratios have been reported in the literature to be
necessary to achieve complete conversions??’. Accordingly, the increased yield might also be
attributed to the smaller Ru:Al particle size ratio upon applying the Al particles prepared via the

thermal decomposition approach.
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Figure 42: STA traces of various Al-Ru pellets prepared from wet chemically synthesized Al particles and Ru nanopowder
(800 °C; Ar; 60 K/min).

Figure 42 shows the STA traces obtained in an Ar atmosphere applying a heating rate of 60 K/min for
the reaction of the different Al particles with Ru nanopowder. Again, as was already discussed for the
Ni-Al system, the observations of the Rietveld refinements are confirmed, and a strongly exothermic
reaction was observed only for the sample prepared applying the Al synthesized via the thermal
decomposition approach. In contrast, for the Al synthesized via the catalytic decomposition approach

and for the commercial Al, incomplete reactions and thus weak exothermic signals were observed.

In summary, the most promising results regarding the preparation of Ni and Ru aluminides were
observed upon applying the Al particles prepared via the thermal decomposition approach. To further
study the reasons for these observations, the influence of the organic and oxide contents was studied

in more detail, as will be discussed below.

Influence of organic contents

Further studies were carried out to understand the different behavior during the aluminide formation
of the Al particles prepared via different synthesis approaches. Particularly upon applying wet
chemically synthesized Al and metal particles, which were separately prepared and then mixed in a
second step, several parameters, such as organic and oxidic impurity phases, can be expected to affect
the aluminide formation. To examine the influence of the organic content, the system prepared from
the Al particles synthesized via a thermal decomposition of TIBAl and mechanochemically prepared Ru
was chosen, since RuAl was obtained in high yields within this reaction system. Polystyrene (PS) was

chosen as an organic compound since it does not contain any functional groups possibly interacting
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with the particle surface and since it is known to decompose yielding volatile or gaseous compounds3?2,
Accordingly, the Al particles were dispersed in a polystyrene containing toluene solution from which
the toluene was subsequently removed in vacuo. The resulting Al-polystyrene composites were then
mixed with nanocrystalline Ru powder, compacted and then heated to 800 °C in an Ar atmosphere
applying a heating rate of 60 K/min. Figure 43a shows the compositions of the sample prepared in the
presence of 0%, 34 %, and 46 % polystyrene as well as the STA measurements of the respective
reactions. As can be seen, the presence of polystyrene within this particle mixture resulted in much
more incomplete reactions, indicated by the presence of large amounts of RusAl5 as well as unreacted

Ru, which were observed in both samples containing polystyrene.

In the STA traces (Figure 43b), the endothermic signal observed at temperatures from 400 — 500 °C can
be assigned to the thermal decomposition of the polystyrene. In the sample containing no polystyrene
the reaction was observed to start at a temperature of 633 °C, while in the samples containing
polystyrene a melting of the Al was clearly observed prior to the reaction, as is indicated by the
endothermic signal starting at a temperature of 652 °C. After the melting, the reaction is accordingly
initiated in a solid-liquid reaction, as is indicated by the exothermic signal, which can be observed
directly following the melting. The significantly lower heat flow in these samples can be explained by
the incomplete reactions as well as the lowered energy density of the reacting pellet due to the organic
content. The later onset of the reaction in the polystyrene containing samples can be explained by the
poorer interelemental contact in these samples, which can be explained by the formation of pores due
to the decomposition of the polystyrene. Once the Al starts to melt, the interelemental contact can be
expected to improve, ultimately enabling the reaction via a solid-liquid reaction. Accordingly, the more
incomplete reactions can likely be attributed to the lower temperatures reached within the samples,
due to the increased content of pores and organics. Thus, from these studies it can be learned that the

application of nanoparticles with low organic contents should clearly be preferred.
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Figure 43: a) Sample compositions of reacted Al-Ru pellets containing varying amounts of polystyrene (800 °C; Ar; 60 K/min)
determined from Rietveld refinements. The Al particles were prepared applying a thermal decomposition of
triisobutylaluminum and the Ru nanopowder was prepared by a mechanochemical reaction of RuCl; and NaBH, b) STA traces
of the samples shown in a).

Influence of oxide content

To further study the influence of the oxide content on the formation of the aluminides, the system
consisting of the Al particles synthesized via a thermal decomposition of TIBAl and mechanochemically
prepared Ru powder was once more chosen. The main oxygen source within this system is the
amorphous oxide layer of the applied Al particles, although a minor amount of oxygen might also be
introduced via an oxidation of the Ru nanopowder. To study the influence of an increase of the oxygen
content, it was introduced via various strategies: i) addition of commercial Al,O; nanoparticles, ii)
oxidation of the Al particles by heating in an atmosphere of synthetic air, or iii) oxidation of the Al
particles in conc. HNOs. However, all of these methods are just a model of the real reaction system,
since either the oxide layer thickness or the structure of the Al,Os is changed, while in reality, the oxide
content is increased by a reduction of the Al particle size with the oxide layer thickness and structure
remaining unchanged (Figure 44). For example, upon heating the Al particles in an atmosphere of
synthetic air, an increase of the oxide layer thickness as well as a change of the Al,03; modification will
occur, while an oxidation in HNO3 was reported to lead to a grow of the amorphous oxide layer without
a change in the modification3®. Nonetheless, these studies might give an idea how the Ru aluminide

formation is influenced by the presence of additional oxidic phases.
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Figure 44: Possible methods to increase the oxide content within a metal particle mixture.

In the first approach, additional Al,O3; was introduced into the reaction system by the addition of
commercial Al,Os nanoparticles. Within this approach, the oxide content is increased, a contact
between Al and Ru is however still given. The presence of this direct Al-Ru contact can be concluded
from the STA traces (Figure 45a), where no shift of the onset temperature to increased temperatures
can be observed. However, significantly more incomplete reactions were observed in the samples
containing additional Al,Os; nanoparticles, which is indicated by large amounts of unreacted Ru still
being present in the reacted samples (Figure 45b). Due to these incomplete reactions, as well as due
to the dilution of the reaction systems by Al,Os, strongly decreased heatflows were observed in the
STA measurements. Again, the dilution leads to decreased energy densities and thus lower maximum

reaction temperatures, which are in turn leading to the observed incomplete reactions.
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Figure 45: a) STA traces of Al-Ru pellets prepared from submicron Al, Ru nanopowder and commercial Al,03 nanoparticles
(800 °C; Ar; 60 K/min). The Al particles were prepared applying a thermal decomposition of triisobutylaluminum and the Ru
nanopowder was prepared by a mechanochemical reaction of RuCls and NaBH4; b) Sample compositions of the samples after
the reactions shown in a) determined from Rietveld refinements.
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In the second approach, the applied Al particles were oxidized by heating them to various
temperatures in an atmosphere of synthetic air at a heating rate of 10 K/min in a TG thermal analyzer.
The AI° contents of the oxidized particles after the heat treatment were calculated from the mass gains
and are given within Figure 46a. The application of Al powder which was oxidized at increased
temperatures led to significantly decreased yields of the target compound RuAl, as well as significantly
increased amounts of residual Ru (Figure 46a). This behavior can be explained by a change of the
alumina polymorph during the heat up for the oxidation of the Al particles. In an Al particle passivated
by an amorphous oxide layer, this amorphous alumina transforms into denser y-Al,O3 upon reaching a
temperature of about 550 °C*3%13!, Thus, in a compacted metal Al particle mixture, which is reacted in
an inert atmosphere, bare Al is exposed to the environment upon reaching this transformation
temperature, enabling a facile metal - Al reaction via solid-state reactions. In contrast, in the Al
particles applied within this method, this transformation already took place during the oxidation of the
Al particles. Thus, upon heating the metal Al particle mixtures, no bare Al is exposed to the
environment, inhibiting the desired intermetallic reaction. This poorer particle contact was also
observed in the STA measurements (Figure 46b), in which the onset temperature shifted from 631 °C
for the as prepared Al particles to 653 °C for the Al particles oxidized at a temperature of 620 °C. Due
to the more incomplete reactions and the dilution of the reaction system, significantly lower heatflows
were observed upon applying the oxidized Al particles. Analogous as described above, increased oxide
contents are representing a dilution of the reaction system, leading to decreased maximum
temperatures within the reacting sample and thus more incomplete reactions. These observation are

in agreement with reports in the literature, in which incomplete reactions have been linked to heat

loss effects occurring during the reaction?®’.
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Figure 46: a) Sample compositions of reacted Al-Ru pellets prepared from Al particles oxidized at different temperatures in an
atmosphere of synthetic air and Ru nanopowder (800 °C; Ar; 60 K/min) determined from Rietveld refinements. The value in
the brackets is the Al° content of the applied Al particles. The Al particles were prepared applying a thermal decomposition of
triisobutylaluminum and the Ru nanopowder was prepared by a mechanochemical reaction of RuCls and NaBHg4; b) STA traces

of the samples shown in a).
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In the third approach, the Al particles were oxidized by a treatment in 69 % HNO; for several minutes
at room temperature, followed by rinsing with distilled water and drying. This method has been
reported in the literature to lead to the formation of an amorphous oxide layer, with the layer thickness
being dependent on the treatment time323, Accordingly, in a XRD measurement of the oxidized Al
particles no crystalline Al,03 was observed. The Al° content of the oxidized Al particles calculated from
TG measurements was 49 % after 10 min and 10 % after 20 min. By applying this oxidation method,
the additional Al,0s is introduced in the form of amorphous alumina, as it is the case upon a particle
size reduction. However, the oxide layer thicknesses increased compared to untreated, but smaller Al
particles. Upon mixing these oxidized Al particles with Ru nanopowder and heating the resulting,
compacted pellets to 800 °C in an Ar atmosphere, the formation of incomplete reactions was again
observed and the product mixtures consisted of unreacted Al, a small amount of RuAl as well as Al rich
RuAl, and RusAly3 (Figure 47a).. A good particle contact seems however to be given, which is indicated
by the low onset temperature of 592 °C (Figure 47b). The amorphous Al,Os is capable of undergoing
the phase transformation to denser y — Al,0s3, as discussed above, enabling this good interelemental
contact. The even lower onset temperature compared to the untreated particles might be attributed
to a changed morphology of the formed oxide layer, which was reported to be much more porous33
or to the smaller size of the AI° cores. In general, these observations agree with the results observed
for the previous two methods and are also pointing towards the dilution effect being the reason for
the observed incomplete reactions. Again, the observed lower heatflows are a result of the incomplete
reactions, as was already discussed above. In a FIB cross section image (Figure 47c), the formation of
porous products was observed. This increased porosity might also be attributed to the low heats of
reactions, which are leading to low maximum reaction temperatures within the reacting samples,

which are not sufficient to lead to the formation of a liquid phase.
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Figure 47: a) Sample compositions of reacted Al-Ru pellets prepared from Al particles oxidized in 69 % HNOs and Ru
nanopowder (800 °C; Ar; 60 K/min) determined from Rietveld refinements. The value in the brackets is the Al° content of the
applied Al particles. The Al particles were prepared applying a thermal decomposition of triisobutylaluminum and the Ru
nanopowder was prepared by a mechanochemical reaction of RuCl; and NaBH,; b) STA traces of the samples shown in a); c)
FIB cross section image the reaction product prepared from the Al particles oxidized in 69 % HNO3 for 10 min.

From the studies conducted within this chapter, it can be concluded that under the reaction conditions
applied within this work, the best results regarding the preparation of aluminides were observed upon
applying the Al particles prepared via a thermal decomposition of triisobutylaluminum. Their superior
suitability compared to the Al particles prepared via the catalytic decomposition and metal reduction
approaches can be explained by their submicron size and thus lower contents of Al,O3 as well as by
their very low organic contents < 5 %. Both aspects were shown to be important parameters for the
synthesis of aluminides in high yields. Upon increasing the oxide content or the content of organics,
incomplete reactions as well as the formations of multiphase products was observed. This observation
is likely based on a dilution of the reaction system by the organics or oxides, which is resulting in a

decreased energy density leading to lower maximum reaction temperatures. Accordingly, further
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studies regarding the preparation of Ni and Ru aluminides summarized within the following chapters

were conducted applying particles prepared via the thermal decomposition synthesis method.

3.2.3 Preparation of Ni aluminides

3.2.3.1 Application of micron Ni and Al powders

Firstly, the formation of NiAl starting from commercial, micrometer sized Ni and Al powders was
studied to compare their performance with the performance of wet chemically prepared Ni and Al
particles. The size of the particles was determined from SEM images and was 7 £ 2 um for Ni and
14 + 7 um for Al. A characterization of these particles is given in Chapters 7.1 and 7.5. The Ni and Al
powders were dispersed in a 1:1 molar ratio in hexane, thoroughly mixed in an agate mortar and then
compacted in a hydraulic press (350 MPa, @ 0.6 mm; 1t; 10 min) to a pellet with a mass of about
15 mg. The resulting pellets were reacted by heating to a temperature of 800 °C applying a controlled
heating rate in a TGA/DSC thermal analyzer in an Ar atmosphere. After the reaction the pellets were

homogenized and their composition was determined from Rietveld refinements.

Upon applying these small pellets prepared from micrometer sized Ni and Al particles, incomplete
reactions resulting in the formation of multiphase reaction products were observed, independently of
the applied heating rate (Figure 48a). After the reaction, the samples typically consisted of residual Ni,
NisAl, Ni>Al; as well as NiAl, which was attributed to long diffusion pathways as well as high heat losses
preventing the reaction to run to completeness. Accordingly, the sample is not being held at an
increased temperature long enough to allow a complete diffusion and intermixing, as was already
discussed in Chapter 3.2.2. This was further experimentally shown in a publication, which can be found
in Chapter 3.2.3.2, wherein these incomplete reactions were only observed in small pellets (< 15 mg),
while large pellets (1 g) resulted in the formation of single phase NiAl. The incomplete reaction as well
as the formation of multiphase products could also be clearly observed in a cross-section SEM image

(Figure 49).

The reactions are initiated in the compacted pellets via solid-state reactions well below the Al-Ni
eutectic with the onset temperature increasing from 557 °C to 624 °C upon increasing the heating rate
from 5 K/min to 60 K/min (Figure 48b). The observed heats of reaction are slightly lower than the
values expected based on the determined compositions (the literature values of the heats of formation
of the single Ni aluminides are given in Table 10). For example, for a heating rate of 60 K/min a value

of 1240 J/g was observed, while the calculated value is 1430 J/g. Since no diluent is present, the lower
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values can likely be explained by melting processes occurring during the reactions. In a loose Ni-Al
powder mixture, the onset of the reaction is only occurring after the formation of a liquid phase,
resulting in an improved interelemental contact. Accordingly, a small endothermic signal can be

observed in the STA trace prior to the exothermic reaction signal.
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Figure 48: a) Compositions of reacted Ni-Al pellets and a loose powder mixture prepared from commercial Ni and Al powders
(800 °C; Ar; 60 K/min) determined from Rietveld refinements. The compositions given in brackets describe the total sample
compositions estimated from Rietveld refinements assuming the formation of ideally stoichiometric phases; b) STA traces of
the reactions leading to the formation of the products shown in a) (800 °C; Ar; 60 K/min).

Figure 49: Cross-section SEM image of a reacted Ni-Al pellet prepared from commercial Ni and Al powders (800 °C; Ar;
60 K/min).

As can be seen from the previous section, the formation of multiphase products was problematic upon

applying micrometer sized reactants, which was attributed to long diffusion pathways. Accordingly, in
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the next chapter, the micrometer sized powders were replaced by wet chemically prepared

nanoparticulate reactants, in order to improve the intermixing and prepare NiAl with increased yields.

3.2.3.2 Application of wet chemically prepared Ni and Al particles

Due to the reasons discussed in Chapter 3.2.2., the preparation of NiAl starting from wet chemically
prepared Ni and Al particles was studied applying the Al particles prepared via a thermal
decomposition of triisobutylaluminum. Ni nanoparticles with a size of 8 £ 1 nm were prepared by
decomposing Ni(acac), or Ni(COD),. The Ni and Al powders were mixed in an agate mortar, compacted
in a hydraulic press, and then heated to 800 °C in an atmosphere of Ar applying a heating rate of
60 K/min. Upon applying small sample sizes of a few mg prepared from separately synthesized
powders, the formation of multiphase reaction products containing Al, NiAls, Ni>Als, NiAl, NisAl as well
as unreacted Ni was observed. These incomplete reactions were shown to be a result of heat loss
effects resulting in the sample not to be at an increased temperature for a sufficient time to allow a
complete reaction. The observed compositions were similar to the compositions observed upon
applying the micrometer sized Ni and Al powders (Chapter 3.2.3.1). Since the diffusion pathways
potentially might be decreased due to the strongly reduced particle sizes, this is strongly indicating
that poor and irreproducible intermixing is also playing a significant role. This is further evidenced by
the observation of extremely large batch to batch variations as can be seen by the formation of 93 %
NiAl within Chapter 3.2.2 compared to a maximum of only 21 % NiAl observed in these studies.
However, an application of a ball mill for mixing purposes, which would allow a more controlled mixing,

was not possible due to the small sample amounts.

To prepare samples containing NiAl as the only crystalline phase in a controlled way, a novel two-step
synthesis protocol for the preparation of Ni-Al precursor powders was developed. In a first step,
submicron Al was prepared by thermally decomposing triisobutylaluminum in refluxing diphenylether
in the presence of nanoparticulate Ni seeds. In a second step, Ni(COD), was added to this mixture and
thermally decomposed. The resulting particle mixtures were characterized applying TEM, XRD and FIB
techniques. Upon heating these Ni-Al powder mixtures to a temperature of 800 °C in an atmosphere
of Ar applying a heating rate of 60 K/min the formation of NiAl as the only crystalline phase was
observed without any mixing being necessary prior to the thermal treatment. In addition, amorphous
and oxide-rich phases were detected, which were attributed to the presence of oxidic passivation
layers. The formation of NiAl as the only crystalline phase was attributed to the excellent intermixing
and particle contact that was realized by applying this synthesis protocol. The excellent interelemental
contact was evidenced by an onset temperature well below the melting point of the Ni-Al eutectic
even when the powders were applied as a loose powder.
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The results have been published as a paper in Intermetallics from Elsevier.

Klein, T.; Pauly, C.; Mcklich, F.; Kickelbick, G. Al and Ni Nanoparticles as Precursors for Ni Aluminides.
Intermetallics 2020, 124, 106839.32* Reprinted with permission from Elsevier.
(https://doi.org/10.1016/j.intermet.2020.106839)
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ARTICLE INFO ABSTRACT

Keywords: Aluminides, intermetallic compounds of Al with at least one additional element, are promising materials
A ;.aluminides. particularly for high-temperature applications due to their physical and chemical properties. They are typically
A. intermetallics prepared starting from the elements using compacted, micrometer sized powders or multilayer systems, while the
A. nanocrystalline metals licati £ icl ; h lthough the high i £ h

C. heat treatment application of nanoparticles as precursors is much more uncommon although the high interface area can have
C. nanocrystals advantages in the reactivity of the materials. We prepared Ni aluminides starting from submicron Al particles and
C. reaction synthesis Ni nanoparticles applying a self-propagating reaction. Upon applying separately prepared particles multiphase

products containing Ni, NizAl, NiAl, NipAl; as well as NiAl; were observed depending on the sample size and
heating rates. The preparation of single phase NiAl was possible applying particle mixtures synthesized by a two-
step protocol. In a first step, submicron Al particles were synthesized via thermal decomposition of triisobuty-
laluminum. On the surface of the formed Al particles nanocrystalline Ni was deposited in a second step via
thermal decomposition of bis(cycloocta-1,5-dien)nickel(0) resulting in the formation of well-mixed Ni-Al par-
ticle blends. Heating of powder compacts or loose powders under an atmosphere of Ar resulted in the formation

of single phase NiAl at low as well as at high heating rates with no other intermetallic phases being present.

1. Introduction

Aluminides are promising materials for high-temperature applica-
tions because of their oxidation resistance as well as chemical resistance
combined with their high-temperature strength [1-5]. They are
commonly synthesized starting from the elements via various methods,
such as melt metallurgy or reactive methods [6]. Applying highly
exothermic self-propagating reactions has the advantage of short reac-
tion times and the synthesis of high purity products. Examples for metal
aluminides are binary Ni, Fe, Ti and Ru aluminides, as well as ternary,
quaternary or even materials with a larger amount of elements [7-11].

In the Ni-Al system [12] five different intermetallic phases are
known, namely NiAls, NiyAls, NiAl, NisAls and NizAl. While the thermal
stability of NiAls and NisAls is limited and the stability ranges of NijAls
and NisAl are small, NiAl exhibits a wide stability range at room tem-
perature of around 10 at% Al as well as a high thermal stability. Its
properties like a very high melting point (1638 °C), as well as corrosion
and oxidation resistance make it to the most important nickel aluminide
for technical applications, such as coatings or as a material for reactive
bonding [13,14]. Besides NiAl, NizAl is also an interesting material for
industrial applications because of its high-temperature properties [15].

* Corresponding author.
E-mail address: guido.kickelbick@uni-saarland.de (G. Kickelbick).
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The synthesis of single-phase NiAl can be carried out starting from Ni
and Al powders applying reactive sintering [16,17], self-propagating
high-temperature reactions [18,19], or mechanochemical approaches
[20]. Moreover, the synthesis applying wet-chemical approaches [21] or
multilayer systems [22-24] has been reported in the literature.

In sputter-deposited multilayer systems, a dependence of the ignition
temperature from the bilayer thickness was reported [22]. A multilayer
with a bilayer thickness of 30 nm exhibited an ignition temperature of
232 °C, while an ignition temperature of 297 °C was observed in a
system with a bilayer thickness of 139 nm [22]. In such systems it was
proven that NiAl forms from the melt in a single reaction step [25-27]
without any other intermetallic intermediate products. In contrast,
when slow heating rates <1 K min~! were applied, the formation of
several intermediate products such as NizAlg, Al3Ni and Al3Ni, could be
observed [27,28].

Starting from compacted micrometer sized Al and Ni particles, a
synthesis of NiAl is also possible, whereby higher ignition temperatures
are typically observed. For example, Hunt et al. [29] reported an igni-
tion temperature of 633 °C in a compacted mixture of 20 pm Aland 1 pm
Ni particles.

In contrast to these micrometer sized powders, which are commonly
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applied in such syntheses, only a few studies about the synthesis of Ni
aluminides applying nanoparticular reactants [29-31] have been re-
ported. In the studies conducted by Hunt et al. [29], commercial,
oxide-passivated Al and Ni nanoparticles were used. The Al particles had
sizes of 25 nm up to 1 pm, while Ni particles with a size of 1 pm were
applied. Upon decreasing the Al particle size, a decrease in the ignition
time and temperature from 633 °C to 286 °C could be observed, while
the burn-rates were found to be decreasing. The lower burn-rates were
explained by the increasing amount of Al;O3 present in the samples with
the smaller Al particles, which is acting as a heat sink and thus lowering
the burn rate.

Dong et al. [30] studied the formation of NiAl applying Ni powder
with a size of 44 pm and Al powder with a size of 40 nm. They also
reported a low onset temperature of the reaction of 470 °C. Moreover,
they reported a shift of the onset temperatures to lower temperatures
upon increasing the heating rate or the green densities.

Hence, the application of nanometer sized reactants is leading to
various advantages especially regarding the reaction onset tempera-
tures. The particles applied in these studies are typically of a commercial
origin and/or have been synthesized applying physical approaches. For
example, the particles employed by Dong et al. were obtained via wire
electrical explosion [30]. However, to our knowledge, only little is
known about the synthesis of Ni aluminides starting from wet chemi-
cally synthesized Ni and Al nanoparticles. Wet chemical processes have
the advantages of possible short reaction times, easy experimental
set-ups, as well as the possibilities of facile scale-ups and continuous
syntheses approaches. Additional compounds like surfactants or residual
solvents might however introduce impurities as well as porosities in the
final intermetallic compounds. These open questions were the motiva-
tion of our studies about the suitability of wet chemically synthesized
powders for the synthesis of aluminides.

2. Materials and methods
2.1. Materials

Triisobutylaluminum (1 M in hexanes), trioctylphosphine (TOP;
90%), 1,5-cyclooctadiene (COD; 99%), and oleylamine (C;g content
80-90%) were obtained from Sigma-Aldrich (St. Louis, USA). Diphe-
nylether (99%) and nickel(II)acetylacetonate (95%) were delivered by
Alfa-Aesar (Kandel, Germany). Diphenylether and oleylamine were
dried in vacuo at 100 °C for 2 h, stored over molecular sieves (31°\) for
several days and filtered through 0.45 pm syringe filters prior to use.
Absolute THF was obtained from a MBraun solvent purification system
and MeOH (99.8%; extra dry) was provided by Acros Organics (Geel,
Belgium). All other chemicals were used as received without any further
purification. Unless stated otherwise, all reactions were carried out
under an Ar atmosphere applying standard Schlenk techniques. Bis
(cycloocta-1,5-dien)nickel(0) was synthesized following a literature
procedure [32].

3. Methods

Elemental analyses were carried out with an Elementar Vario Micro
cube.

Powder X-ray diffractograms (PXRD) were measured in a Bragg-
Brentano geometry using Cu Ky-radiation on a Bruker D8-A25-
Advance diffractometer. The diffraction patterns were recorded using
a step size of 0,013° from 7 to 120° (20) and a total measurement time of
1 h. The specimens were prepared from the homogenized and dispersed
samples by drop coating them directly onto the sample holders. Rietveld
refinements using TOPAS 5.1 [33] were applied to determine the sample
compositions as well as the crystallographic structures. Instrumental
line broadening was taken into account by a fundamental parameter
approach [34] and the background was fitted using a Chebychev poly-
nom (15th degree). The Rietveld refinements were carried out applying
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published crystal structures from the crystallographic open database
(COD) [35], the inorganic crystal structure database (ICSD) or the ma-
terials project [36]. Entries with the following ID’s were used for the
refinements: Al 2300250 (COD), Ni 2100640 (COD), NiAl 9008802
(COD), NizAl 20000627 (COD), NiAl; 58040 (ICSD), NiyAl; mp-1057
(materials project), NigP 9011823 (COD), Ag»Al 1509011 (COD),
y-Al,05 2107301 (COD).

TEM images were recorded on a JEOL JEM-2010 applying an
accelerating voltage of 200 kV. TEM samples were prepared by drop
casting the nanoparticle dispersion directly onto the carbon coated
copper grids followed by air drying.

Focused ion beam (FIB) measurements were carried out on a Helios
NanoLab600 from FEI using a gallium ion beam. The powder compacts
were contacted with conductive carbon prior to the measurements. The
particle size distributions were obtained from the TEM or SEM images by
measuring 100 particles using the software ImageJ [37].

Thermogravimetric analyses (TGA) were carried out in open alumina
crucibles on a Netzsch TG F1 Iris under a constant flow of No/O5 32:8
(40 ml min~1) or N5 (40 ml min~ 1) using a heating rate of 10 K min~ L.
Simultaneous thermal analyses (STA) were conducted in open alumina
crucibles on a Mettler-Toledo STAre system under a constant flow of Ar
(40mlmin~1H. A heating rate of 60 K min ! was used and the maximum
temperature in the measurements was 800 °C. For all samples, a second
scan was performed and, after confirming the absence of any signals
(particularly Al melting), used as a background curve.

Ignition temperatures of the compacted pellets were determined by
dropping small amounts (1-2 mg) of the pellets onto a heated hot plate.
The lowest temperature at which an ignition could be observed with the
naked eye was defined as the ignition temperature. The experiments
were carried out under an atmosphere of ambient air.

3.1. Syntheses

3.1.1. Al-Ni powder mixtures

60 ml of diphenylether were degassed at 100 °C for 30 min. After
cooling to 40 °C 2 ml of triisobutylaluminium (1 M in hexane) (2 mmol)
and 3.0 mg (0.05 mmol) of Ag nanoparticles were added. Afterwards
hexane was removed in vacuo and the mixture was homogenized using
an ultrasonication bath for 15 min. Subsequently the mixture was
refluxed for 15 min resulting in the formation of a grey solid. After
cooling to room temperature, Ni(COD), was added and the mixture was
heated to 120 °C for additional 2 h. The black solid was centrifuged
(8000 rpm; 10 min), washed three times with 15 ml of diethylether
(8000 rpm; 10 min) and dried in vacuo at room temperature.

3.2. Synthesis of aluminides

The samples were prepared by thoroughly mixing both components
in an agate mortar using hexane as a dispergent. Compacted pellets were
obtained using a hydraulic press (@ 6 mm; 1 t; 15 min; 350 MPa). The
reactions were carried out using a controlled heating rate in a tube
furnace or in a TGA/DSC thermal analyzer under a flowing Ar atmo-
sphere (40 ml min~') in open alumina crucibles. After cooling to room
temperature, the pellets were homogenized and their composition was
determined from Rietveld refinements.

3.3. Ni nanoparticles

Ni nanoparticles were prepared according to the method published
by Carenco et al. [38]. Briefly, 2 g of Ni(acac), (8 mmol) were dissolved
in 21 g of oleylamine and 2.3 g (6 mmol) of TOP and the mixture was
degassed at 100 °C for 1 h. The solution was heated to 220 °C for 2 h and
after cooling to room temperature, 40 ml of acetone were added. The
particles were collected by centrifugation (8000 rpm; 10 min) and
washed by three cycles of redispersing in 5 ml of hexane, precipitating
with 40 ml of acetone and centrifugation (8000 rpm; 10 min). The
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particles were dried in vacuo at 80 °C.
3.4. Submicron Al particles

Submicron Al particles were prepared according to published liter-
ature methods [39]. Briefly, 60 ml of diphenylether were degassed at
100 °C for 30 min. After cooling to room temperature, 3.0 mg of Ni
nanoparticles (0.05 mmol) and 2 ml of triisobutylaluminium (1 M in
hexane) (2 mmol) were added. Hexane was removed in vacuo, followed
by homogenization of the reaction mixture in an ultrasonication bath for
15 min. The mixture was refluxed for 15 min resulting in the formation
of a black/grey solid. The solid was separated by centrifugation (8000
rpm; 10 min), washed three times with 15 ml of diethylether (8000 rpm;
10 min) and dried in vacuo at room temperature. Within this manu-
script, the particles obtained via this method are referred to as AI(Ni).

3.4.1. Bis(cycloocta-1,5-dien)nickel(0) (Ni(COD)z)

Ni(COD), was prepared following a published literature procedure
[32]. Briefly, 10.8 g (45 mmol) of NiCly(H20)e were added to 125 ml
pyridine. The resulting mixture was refluxed for 3 h and the formed blue
solid (NiCly(pyridine)4) was separated by filtration and dried in vacuo at
room temperature. 8.92 g (20 mmol) of (NiCly(pyridine)4 were degassed
at room temperature for 15 min and the flask was refilled with Ar. This
procedure was repeated two more times. 7.4 ml (60 mmol) 1,5-Cyclooc-
tadiene and 12 ml THF were added and the mixture was stirred at room
temperature for 15 min. 0.92 g (40 mmol) Na was added in small pieces
and the mixture was stirred for 3 h at room temperature under the
exclusion of light. 24 ml methanol were added and the formed yellow
solid was allowed to settle. The methanol was decanted and the solid
was washed 3 more times with 12 ml of methanol. The product was
dried in vacuo and stored at — 10 °C.

'H{ NMR (400 MHz; CgDg) 8: 4.31 (br s; CH), 2.07 (br s; CHs) ppm.

13C NMR (101 MHz; C¢Dg) 5: 89.7 (CH), 30.9 (CHy) ppm.
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4. Results and discussion
4.1. Ni aluminides

The preparation of NiAl applying combustion syntheses like self-
sustaining, high-temperature reactions or thermal explosions is well
known in the literature [19,40,41] and the formation of single-phase
NiAl has been reported to be possible by applying these syntheses [40,
41]. However, one has to keep in mind that in these reports often
multi-gram pellets were used. Also, it has been reported that high heat
losses may prevent the reaction from becoming self-sustaining [17,40]
resulting in the formation of multiphase products due to incomplete
reactions. Since high heat losses are expected to occur particularly in
samples with high surface-to-volume ratios and/or small sample sizes
and for wet chemically synthesized nanoparticles such large quantities
are typically not available, we examined the product formation in
samples with various geometries applying commercial Ni and Al pow-
ders in a first step.

For these studies, pellets prepared from commercial Ni and Al
powder with particles sizes of 7 + 2 pm and 14 + 7 pm were reacted by
heat treatment up to 800 °C applying a heating rate of 3.3 K min~ ! under
a flowing Ar atmosphere and holding this temperature for additional 2 h.
A dependence of the final sample composition from the amount and
shape of the pellet could be clearly observed (Fig. 1a). While the for-
mation of single phase NiAl could be observed for pellets generated from
1 g of a 1:1 Ni-Al powder mixture as well as for 250 mg of loose powder
in a 1:1 ratio, the use of smaller amounts of sample resulted in an
increasing amount of additional phases. Similar observations were made
when pellets with a mass of 250 mg were prepared in various sizes. The
pellets were prepared with diameters of 6 mm, 10 mm as well as 16 mm
applying a pressure of 290 MPa. In these samples, increasing amounts of
additional phases (NipAls, NigAl and unreacted Ni) were observed to
form with increasing surface-to-volume ratio of the sample (Fig. 1a).
Accordingly, the yield of NiAl decreased from 67% in the pellet with a
diameter of 6 mm-46% in the pellet with a diameter of 16 mm. These
results are in good agreement with previous reports [17,40], since
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higher heat losses are expected to occur upon increasing the
surface-to-volume ratio of the pellets. Due to these heat losses, the time
at increased temperatures >800 °C is reduced leading to poorer inter-
mixing and thus incomplete reactions. This could be also observed in the
1 g pellet, which yielded single phase NiAl after being homogenized, but
in which the formation of NizAl could be detected on the pellet surface
(Fig. 1d). Heat losses at the pellet surface are most likely the reasons for
this observation. Analogous observations were made in various pellets
(diameter 1 cm and 250 mg sample) prepared applying different pres-
sures (Fig. 1b): The highest yields of NiAl were detected when low
pressures were applied during the preparation of the pellets. In pellets
prepared by application of low pressures, a less dense sample can be
expected to be formed. The effect of the green density during the for-
mation of NiAl via SHS reaction has already been discussed in the
literature [30] and a decreasing porosity was reported to result in
enhanced thermal conductivities as well as in a facilitated diffusion due
to increased interfacial areas. Accordingly, dense samples can be ex-
pected to exhibit higher heat losses during the reactions, again resulting
in reduced times at increased temperatures >800 °C leading to poorer
intermixing and thus incomplete reactions. Accordingly, the yield of
NiAl was found to decrease from 99% to 59% upon increasing the
pressure from 62 MPa to 287 MPa, before it increases again to 74% upon
further increasing the pressure to 500 MPa. As discussed above, the
decrease in the yield can be attributed to an increase in the thermal
conductivity, while the increase in the yield upon further increasing the
pressure can be attributed to the increased interfacial areas.

The onset temperature of the reaction in an Ar atmosphere was 623
°C for the compacted pellets (Fig. 2a), which is slightly below the
melting point of the Ni-Al eutectic at 640 °C. No melting peak could be
observed indicating a very fast consumption of Al. For the loose pow-
ders, a reaction via solid-state diffusion is inhibited due to the poor
contact between Ni and Al. Thus, no exothermic reaction can be
observed until reaching the melting point of Al, leading to a violent
solid-liquid reaction. (Fig. 2a). On a hot plate no ignition could be
observed until reaching the maximum temperature of the plate (>600
°C). One also has to keep in mind that particularly using small sample
amounts in which high heat losses are occurring the reaction might at
least not completely proceed via a self-sustaining route. As reported in
the literature the formation of NiAl is believed to be a diffusion-
controlled solid-state reaction rather than becoming self-sustaining
when slow heating rates are applied [28,42], as it is the case in these
studies. As a result, the formation of intermediate products according to
the Ni-Al phase diagram can typically be observed applying these slow
heating rates.
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40

20
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Accordingly, the amount of NiAl slightly increased from 39% to 45%
upon increasing the reaction time at 800 °C from 2 h to 12 h due to a
more complete diffusion (Fig. 2b). Similarly, more complete reactions
with a yield of 72% NiAl could be observed when the Al particle size was
reduced from 14 pm to about 150 nm due to better intermixing as well as
shorter diffusion paths (Fig. 2b). Note that the final sample composition
is slightly understoichiometric in Al due to the smaller particle size of
the AI(Ni) particles, leading to an increased content of the surface oxide
resulting in a lower total Al° content (around 80% as determined via
TGA measurements compared to >99% for the commercial Al). When
the heating rate was increased from 3.3 K min~! to 60 K min~!, the
formation of multiphase products could be observed in all samples, with
the sample compositions being independent from the particle sizes
(Fig. 2b). Similar compositions with only a minor proportion of NiAl
were detected in all samples. Since reaction times were very short (no
isothermal segment was used after reaching 800 °C), the formed
multiphase products are once again the result of incomplete reactions
caused by high heat losses. Similar as was discussed for the micrometer
sized reactants, due to these heat losses, the time at increased temper-
atures >800 °C, caused by the high heat of reaction, is reduced leading
to poorer intermixing and thus incomplete reactions.

As described above, all attempts of the preparation of single phase
NiAl applying separately synthesized and mixed Ni and Al nanoparticles
failed in our reaction system and multiphase products were obtained.
These observations can likely be ascribed to a poor intermixing as well as
long diffusion paths.

Thus, in order to obtain higher yields of NiAl, a one-pot synthesis
protocol was developed which directly yields Ni/Al particle mixtures
suitable for the synthesis of Ni aluminides. In a first step, submicron Al
particles were synthesized via a thermal decomposition of Al'Buz in
phenylether [39]. In a second step, after cooling to room temperature, Ni
(COD); was added and the reaction mixture was heated up again to 120
°C for additional 2 h. Since no isolation of the formed Al particles was
necessary, less agglomeration occurs resulting in improved mixing of the
particles with better contact between Ni and Al. XRD measurements of
the resulting materials revealed that Ni and Al were formed with no
detectable formation of any Ni-Al intermetallics. The crystallite sizes
determined via Rietveld refinements are 98(5) nm for Al and 2(1) nm for
Ni with a total sample composition of NissAl46Ag0.04- The AgoAl was
formed during the synthesis of the Al particles in which Ag nanoparticles
were used as nucleation seeds. The resulting Ni-Al powder mixtures
were compacted and heated up to 800 °C under an Ar atmosphere,
resulting in the formation of NiAl as the only intermetallic phase (Fig. 3).
One has however to keep in mind, that the compositions were
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Gl [CTNiAl
80 43% [ INi,AlL
o : 51% 39, | NiAl
& I NiAl
72% &
< 60 I 52% Ni
[} |
g — 21%
£ 40 e
45% o
399 — 17% |/| 13%
20+ 20% |
L %
4% | % ||| 19%
6% [ | 8% 8% 6% | | 11%
NitAl | NitAl Ni+A‘I(Ni) NivAl Ni+A|(Ni)1i,,,mlAl(Ni)
2h 12h  (NigAlg) (NigAls,) (NiggAlsP) (Nig,Al,,)
(NiggAlg;) (NigoAls,)
\ I\ J
Y Y
3.3Kmin" 60 K min™

Fig. 2. a) STA measurements of loose and compacted Ni-Al powder mixtures under a flowing Ar atmosphere applying a heating rate of 60 K min~'. b) Sample
compositions determined from Rietveld refinements of various compacted Ni-Al powder mixtures. The compositions given in brackets describe the total sample
compositions estimated from Rietveld refinements assuming the formation of ideally stoichiometric phases and the applied heating rates are given below

the brackets.
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Fig. 3. a) XRD measurement and Rietveld refinement (GoF 1.21) of an as synthesized Ni-Al powder mixture. b) XRD measurement and Rietveld refinement (GoF
1.21) of a compacted Ni-Al powder mixture after heating up to 800 °C using a heating rate of 60 K min~! a flowing Ar atmosphere. The reflection highlighted in grey

can be attributed to y-Al;Os3.

determined using XRD measurements and amorphous phases (particu-
larly oxidic phases) are neglected in the calculation of the yields.

TEM and FIB cross-section images of the unreacted and reacted
powder pellets reveal that Ni and Al are present well mixed in the
unreacted sample (Fig. 4a and b) and no formation of any intermetallic
phase is visible. The homogeneity of the reacted sample is shown in the
low-magnification cross-section image (Fig. 5a). It is obvious from the
TEM images that the small Ni crystallites with a size of 2(1) nm as
observed in the XRD measurements are forming larger agglomerates
with a mean size of 68 + 17 nm. However, the much smaller crystallites
are still clearly visible in the TEM image. In addition, as expected, the
mixtures were rather consisting of a mixture of Ni and Al particles than
core-shell structures. Nevertheless, a deposition of the Ni agglomerates
on the Al surfaces can be observed, resulting in a very good contact as
well as intermixing between Ni and Al. The formation of an oxide shell

on the Al particle surfaces could also be observed in this sample. In the
reacted sample (Fig. 4c) the single particles of Ni and Al are no longer
visible indicating a complete reaction of both particles. Instead, the
formation of the new NiAl phase can be observed as was evidenced by
PXRD measurements (see above), while no formation of any other
intermetallic phases was detected. However, a second phase could be
clearly observed. Because the resolution of the available EDS technique
was too low to determine the phase composition directly, an EDS line
scan (Fig. 4d) was carried out along the line shown in Fig. 4e applying an
accelerating voltage of 5.0 kV. Upon crossing the second, darker
appearing phase, the intensities of the oxygen K, and the carbon K, are
increasing, confirming the second phase to be oxide rich. Thus, this
phase mainly consists of AlpO3, which is known to exist as amorphous
Al,O3 at room temperature and which transforms to y-Al;O3 upon
heating to temperatures >500 °C [43]. The y-Al,O3 was visible in the
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Fig. 4. a) TEM image of as prepared compacted Ni-Al powder pellets synthesized using a one-pot procedure (Ni:Al 1:1). b) FIB cross-section image of as prepared
compacted Ni-Al powder pellets synthesized using a one-pot procedure (Ni:Al 1:1). ¢) FIB cross-section image of compacted Ni-Al powder pellets synthesized using a
one-pot procedure (Ni:Al 1:1) after heating up to 800 °C using a heating rate of 60 K min~' under a flowing Ar atmosphere. d) EDS measurements of the reacted
sample along the line shown in e). The length of the line shown in e) is 0.65 pm. Angle of observation in b), ¢) and e) is 52°.
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Fig. 5. a) Low magnification cross-section image of a reacted sample. b) Dark field STEM image of the reacted Ni-Al powder mixture after heating to 800 °C under a

flowing Ar atmosphere using a heating rate 60 K min~".

XRD measurements of the reacted samples (Fig. 3b), wherein the very
broad reflections can be attributed to its very poor crystallinity or
amorphicity. Besides, carbonaceous residues due to the decomposition
of residual organics could be clearly observed as can be seen in Fig. 4d.
Moreover, the decomposition of these organic residues likely is the
reason for formation of the porous structure visible in Fig. 4c. The total
carbon content in a reacted sample was 2.2% as determined via CHN
analysis. No residual hydrogen and nitrogen could be detected in the
sample. Accordingly, the presence of the oxygen can be attributed to the
amorphous oxide layers at the Al particle surface, while the presence of
carbon is likely due to the decomposition of small residual amounts of
COD and solvent. Moreover, it has to be noted that the presence of ox-
ygen and carbon within the NiAl phase can be assigned to the poor
resolution of the EDS technique.

A STEM-DF image (Fig. 5b) further confirmed that NiAl is the only
intermetallic phase present. Moreover, small inclusions of the amor-
phous phase in the NiAl phase can be detected in these images as well as
small particle-like inclusions of the NiAl in the amorphous phase.

b)

100 4 2%

a)

Similar compositions were observed using slow heating rates of 3.3 K
min ! and 5 K min~! as well as fast heating rates of 60 K min~" and the
yields were significantly higher than those observed above for the
micrometer sized particles (Fig. 6a). Applying slow heating rates of 3.3 K
min~}, the formation of >93% of NiAl is indicating a nearly complete
reaction between the elemental powders. For fast heating rates of 60 K
min~' single phase NiAl could be observed. In both cases, the higher
yields are likely to be caused by the one pot synthesis procedure,
resulting in the formation of very small Ni crystallites leading to a good
mixing and contact between Ni and Al as well as very short diffusion
pathways. These short diffusion pathways seem to be advantageous
regarding a complete conversions, since for particle mixtures as well as
for multilayer systems the reaction is initiated by an asymmetric solid-
state diffusion of Ni into Al [44,45].

STA measurements (Fig. 6b) showed a dependency of the reaction
onset from the heating rate. The visible tilt of the STA signals is due to
the strong exothermic reactions leading to heating rates >60 K min~ for
a short period of time. While for high heating rates of 60 K min~! and 40
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from Rietveld refinements of reacted Ni-Al
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K min~! an onset between 552 °C and 556 °C could be observed, it was
lowered to 505 °C when a heating rate of 5 K min~! was used. Such a
decrease of the onset temperature with decreasing heating rates has
been known for a long time in the literature and was theoretically
described by Kissinger [46,47]. According to his work, the peak tem-
perature occurs when the reaction rate reaches its maximum value,
which is in turn dependent on the applied heating rate. In all mea-
surements it was well below the melting temperature of the lowest
melting Ni-Al eutectic (640 °C) indicating an initiation in the solid state.
A signal broadening as well as a decrease in the relative intensity was
observed in these samples upon decreasing the heating rate, further
indicating the diffusion-controlled reaction pathway at these low heat-
ing rates as described above. The reaction enthalpy of 1182 J g™ is
significantly lower than the value reported in the literature (1377 J g~}
[48]) and can be ascribed to the presence of the amorphous, oxidic
phases. A comparison of both values indicates towards a weight pro-
portion of 14.2% of the amorphous phase. This value is in good agree-
ment with a value of 8.5% determined from Rietveld analyses applying a
CaF, internal standard.

The onset temperature of the reaction is known to be dependent on
the particles sizes, which has been reported for (compacted) particle
mixtures [49] as well as multilayers [22]. In both systems, the onset
temperature has been reported to shift to lower temperature with
decreasing Ni and/or Al particle sizes, which is consistent with the ob-
servations described above. The exact onset temperature is dependent
from various other parameters such as green density or heating rates
[42], which makes a comparison of the determined temperatures with
values reported in the literature rather difficult. However, for NiAl the
observed value of 551 °C is in good agreement with values typically
reported [40,42,49]. Contrary to the powder mixture consisting of
commercial powders, a peak in the temperature-time curves can be
clearly observed, indicating the onset of the strongly exothermic reac-
tion. According to Kissinger [46], the activation energy of a solid-state
reaction can be determined from STA measurements conducted at
different heating rates. In a plot of ln([i/Tg) as a function of 1000/Tp, the
slope is equal to Eo/R, where B is the heating rate in K min ™}, Tp are the
peak temperatures in K, Ey is the activation energy in Jmol™! and R is
the gas constant (8.3145 J mol ™! K™1). The activation energy deter-
mined via this method was found to be 257 + 15 kJ mol’ and is
therefore situated within a broad range of activation energies reported
for NiAl in the literature [22] ranging from 17 kJ mol™ [50] up to 350 kJ
mol? [51]. A value of 76-79 kJ mol ! was reported as the activation
energy for Ni grain boundary diffusion in multilayers ignited on a hot
plate and the large value observed in these experiments is thus pointing
towards volume diffusion being the dominating process. The value
determined for Ni volume diffusion in bulk Al was reported to be 146 kJ
mol?! [52], the determined value of 257 kJ mol ™! does however agree
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well with the activation energy determined for Ni bulk diffusion in NiAl
(230-290 kJ mol ) [53].

A comparison of the STA traces obtained from the compacted pow-
ders as well as loose powders revealed similar onset temperatures
(Fig. 7a), which can be likely ascribed to the good mixing and contact
between the Ni and Al particles obtained through the one pot synthesis
approach. In addition, in both samples the formation of NiAl could be
observed in good yields >96% (Fig. 7b). In contrast to the results
described in Fig. 2a, the reaction is initiated via solid-state diffusion in
both samples. Due to a better interconnectivity in the compacted pellet,
a more violent reaction can be observed compared to the loose powder.

To test the suitability of this method for the synthesis of NiAl in-
termetallics with different stoichiometries (Ni3Al, NiAl and NiAls),
powder mixtures showing different Ni:Al ratios were synthesized with
the same synthesis protocol as described above. The resulting powders
were compacted and heated up to 800 °C under an Ar atmosphere,
resulting in yields ranging from 61% for NizAl and 65% for NiAls up to
100% for NiAl (Fig. 8a). Although these yields were in all cases higher
than the yields observed above for the microparticle mixtures, it has to
be noted that the adjustment of the total sample composition in the
reaction mixture is challenging due to surface oxidation effects upon air
contact. This is particularly true for the compounds possessing small
stability ranges (Ni3Al, NiAl3) resulting in the formation of the observed
multiphase products. In contrast, NiAl, which is exhibiting a larger
stability range of about 10 at. % at room temperature [12], is much
easier to synthesize applying this one-pot procedure since small varia-
tions of the total sample composition are tolerated. The formation of
Al4Cs in the NiAls samples is caused by the presence of small residual
amounts of COD in the powder. Again, the compositions determined
applying low heating rates of 3.3 K min~! were found to be very similar
to these reported below. However, one has also to keep in mind that
these samples were kept for an additional 2 h at a temperature of 800 °C.

We were able to show that the onset temperatures are shifting to
higher temperatures with increasing Ni mass weight. However, in all
cases the onset temperature was well below the melting point of the
eutectic composition (640 °C): 531 °C for Al3Ni, 551 °C for NiAl and 582
°C for NigAl (Fig. 8c). This dependence of the onset temperature from the
sample composition is consistent with reports in the literature applying
micrometer sized powders [54]. Even though only one exothermic
signal can be observed, further investigations would be necessary to
identify possibly occurring intermediate products or to clarify if the
reaction is actually proceeding via a one-step reaction pathway. For
comparison, in the samples containing the large, commercial Ni and Al
powders (742 pm and 1447 pm) the onset temperatures of the reactions
were similar in all samples at around 625 °C (Fig. 8b), which is slightly
below the melting point of the Ni-Al eutectic (640 °C). Except for the
sample with an Al3Ni composition, no melting peak could be observed
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Fig. 7. a) STA measurements of compacted and loose Ni-Al powder mixtures in a flowing Ar atmosphere applying a rate of 60 K min~! up to 800 °C. b) Sample
compositions determined from Rietveld refinements of reacted compacted and loose Ni-Al powder mixtures after heating up to 800 °C in an Ar atmosphere. The
compositions given in brackets describe the total sample compositions estimated from Rietveld refinements assuming the formation of ideally stoichiometric phases.
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Fig. 8. a) Sample compositions of Ni-Al
powder mixtures determined from Rietveld
refinements after heating up to 800 °C using
a heating rate of 60 K min~"! in a flowing Ar
atmosphere. The compositions given in
brackets describe the total sample composi-
tions estimated from Rietveld refinements
assuming the formation of ideally stoichio-
metric phases. b) STA measurements of
compacted Ni-Al powder mixtures (com-
mercial Ni + Al) in a flowing Ar atmosphere
using a heating rate of 60 K min~'. ¢) STA
measurements of compacted Ni-Al powder
mixtures (nanoparticular Ni + Al) in a
flowing Ar atmosphere using a heating rate
of 60 K min~1.

temperature (°C)

indicating a very fast consumption of Al

The ignition temperatures determined under an atmosphere of
ambient air on a hot plate were found to be similar to the values
determined from the STA measurements and showed the same de-
pendency from to Ni content: NiAls: 558 °C; NiAl: 560 °C and NizAl: 569
°C. The reaction on the hot plate was violent and easily visible with the
naked eye, indicating a selfsustaining reaction. The formation of NiAl
could again be confirmed by PXRD measurements (Fig. 9a). The pellets
made of micrometer sized commercial powders showed no ignition on
the hot plate up to its maximum temperature of about 600 °C. In a
sample dropped onto the hot plate just below the ignition temperature
and which was then immediately removed again, a small amount of NiAl
as well as the formation of NiO could be detected (Fig. 9b). The observed
onset temperatures are significantly higher than the values reported for
Ni-Al multilayers (200-300 °C [22]), due to various reasons like for
example the presence of the amorphous oxide passivation layers,
different crystallite sizes, interface areas, and degrees of interfacial

a)

|—— measurement
— Rietveld fit
— difference

[ 1 223%AL0,

I 76.8 % NiAl

I 1.7 % NiAl

100 -

intensity (a.u.)

N i
1 'IIII y ||'| [ ||'| !
60 80 100
20(°)

temperature (°C)

intermixing. The activation energy for the ignition of these multilayer on
the hot plate was determined with 76-79 kJ mol~! [22] and was
attributed to Ni grain boundary diffusion. As discussed above, this value
is significantly lower than the value of 257 kJ mol~! observed in this
work, which can likely be ascribed to volume diffusion processes.

5. Conclusions

Starting from elemental Ni and Al, heat transfer effects were found to
be problematic regarding the synthesis of Ni aluminides particularly in
specimens with a low amount of Ni and Al or a high surface-to-volume
ratio. This could be observed in both, samples prepared from micro-
scopic as well as nanoparticular reactants. Samples with NiAl being the
only intermetallic phase formed, even when small sample amounts were
used, could be prepared from Ni-Al powders obtained from a two-step
synthesis protocol. In the first step, submicron Al particles were ob-
tained by thermal decomposition of triisobutylaluminum in refluxing
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Fig. 9. XRD measurement and Rietveld refinement of a) a Ni-Al powder mixture ignited under an atmosphere of ambient air (GoF 1.31) b) a Ni-Al powder mixture

dropped onto the hot plate just below the ignition temperature (GoF 1.04).
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diphenylether. In the second step metallic Ni was deposited via thermal
decomposition of bis(cycloocta-1,5-dien)nickel(0) at a temperature of
120 °C. The resulting powders consisted of submicron Al particles and
nanocrystalline Ni, resulting in a good intermixing and good contact
between both reactants. By heating these powder mixtures up to a
temperature of 800 °C under an Ar atmosphere, the formation of NiAl as
the only crystalline phase could be observed at low heating rates of 5 K
min~! as well as at high heating rates of 60 K min~'. In the formed
aluminide a second, amorphous and carbon and oxygen rich phase could
be detected, resulting from the passivating oxide layers as well a residual
organic content.
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Results and discussion Synthesis of aluminides

From these studies it can be concluded that the preparation of NiAl is possible applying wet chemically
prepared Ni and Al particles. Particularly upon applying small sample amounts, the intermixing of the
particles as well as the interelemental contact were found to be important parameters to obtain nearly
guantitative yields. This was particularly true for the samples prepared from separately synthesized Ni
and Al particles, in which the formation of multiphase products was observed. Accordingly, the
powders obtained from the developed one-pot synthesis approach are representing ideal precursors
for the formation of Ni aluminides. Due to the excellent intermixing and interelemental contact, no
time-consuming mixing was necessary prior to the aluminide formation and an initiation via solid-state
reactions was observed even upon applying loose powders. In contrast to the samples prepared from
separately synthesized particles, the formation of products containing NiAl as the only crystalline

phase was readily possible.

3.2.4 Preparation of Ru aluminides

3.2.4.1 Application of micron Ru and Al powders

Firstly, the formation of Ru aluminides was studied applying commercial, micrometer sized Ru and Al
powders. The sizes of these powders were determined to be 57 + 12 um for Ru and 14 + 7 um for Al
by SEM measurements and a characterization of these powders is given in Chapter 7.4. The Ru and Al
powders were dispersed in a 1:1 molar ratio in hexane, treated for 10 min in an ultrasonication bath,
thoroughly mixed in an agate mortar, and then compacted in a hydraulic press (350 MPa; @ 0.6 mm;
1t; 10 min). The prepared pellets with a mass of up to 15 mg were reacted by heating to a temperature
of 800 °C applying a controlled heating rate in a TGA/DSC thermal analyzer in an Ar atmosphere. The
reacted pellets were then homogenized, and their composition was determined from Rietveld

refinements.

Generally, the formation of RuAl was possible applying these small pellets (< 15 mg) prepared from
micrometer sized powders. However, the application of high heating rates was necessary, while at
heating rates < 60 K/min the formation of multiphase products containing RuAl, as well as Al rich
phases such as RuAl, and residual unreacted Ru was observed (Figure 50a). Due to the more and more
incomplete reactions, the heat flow determined from the STA traces also decreased with decreasing
heating rates from 814 J/g at 60 K/ min to 394 J/g for 5 K/min. This result is in good agreement with
reports in the literature were heating rates > 15 K/min?%® or 30 K/min’® have been reported to be
necessary for a complete conversion to RuAl, while lower heating rates led to the formation of
multiphase products (also see Chapter 1.4.1). The reaction initiated via solid-state reactions well below
the melting point of the Al-Ru eutectic (657 °C) upon applying slow heating rates of 20 K/min and
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5 K/min, which is also in agreement with reports in the literature'’® (Figure 50b). Similar to the

216 an increase of the onset temperature with increasing heating rates was observed.

literature reports
Thus, upon applying a heating rate of 60 K/min, for which the highest onset temperature can be
expected to occur, the reaction ultimately initiated via a liquid-solid reaction, which is evidenced by a
small endothermic signal in the STA traces prior to the occurrence of the highly exothermic signal
(marked with a red circle in Figure 50b). On a hot plate, these powder mixtures could not be ignited in

an atmosphere of ambient air up to its maximum temperature of 650 °C.
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Figure 50: a) Compositions of reacted Ru-Al pellets prepared from commercial Ru and Al powders applying various heating
rates in an Ar atmosphere determined from Rietveld refinements. The compositions given in brackets describe the total sample
compositions estimated from Rietveld refinements assuming the formation of ideally stoichiometric phases; b) STA traces of
the reactions leading to the formation of the products shown in a) (800 °C; Ar).

Moreover, the influence of the applied pressure during the preparation of the pellets was studied.
However, only a minor influence of the applied pressure during the pellet preparation was observed
and a constant onset temperature ranging from 650 °C to 654 °C as well as nearly quantitative yields
of RuAl were determined in all samples (Figure 51). A heating rate of 60 K/min was applied in all
samples. Only for the sample prepared applying a pressure of 690 MPa a more incomplete reaction
was observed, which is likely based on an increased heat conductivity due to a good compaction of the
pellet. In contrast, loose powders are not suitable for the preparation of Ru aluminides. The reaction
initiated only after a formation of a liquid phase due to a poor interelemental contact within these
loose powders, which of course improved after melting (Figure 51a). For the same reason, incomplete

reactions and multiphase reaction products were observed within this sample.
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Figure 51: a) STA traces of Ru-Al pellets prepared from commercial Ru and Al powders under varying compaction pressures
(800 °C; Ar; 60 K/min); b) Compositions of the samples after the measurements shown in a) determined from Rietveld
refinements. The compositions given in brackets describe the total sample compositions estimated from Rietveld refinements
assuming the formation of ideally stoichiometric phases.

3.2.4.2 Application of submicron Al and Ru nanopowder

In a next step, the preparation of Ru aluminides starting from wet chemically prepared particles was
studied. Due to the reasons discussed in Chapter 3.2.2, submicron Al particles with a size of about
150 nm, prepared via thermal decomposition of triisobutylaluminum, were applied. As was shown in
the literature?'’, the Ru:Al particle size ratio is representing an important parameter within this
reaction system and, in order to achieve a high yield of RuAl, a small Ru:Al size ratio should clearly be
preferred. The more complete conversions to RuAl upon applying small Ru particles were ascribed to
shortened diffusion path lengths, resulting in more complete mixing process?’. Thus, a
mechanochemical approach3!® has been applied for the preparation of Ru nanopowder, in which Ru is
prepared from RuCls and NaBH,. The crystallite size of the resulting Ru nanopowder was 2(1) nm and
a characterization of the powder can be found in Chapter 7.4. The pellet preparation and thermal
treatment was carried out as reported above for the commercial powders applying a compaction

pressure of 350 MPa.

The preparation of RuAl in good yields of about 90 % was possible applying these chemically prepared
submicron Al and nano Ru powders. A detailed discussion of the result is included in the publication in

Chapter 3.1.4. Thus, only a few additional aspects shall be discussed within this chapter.

Similar as reported above for the commercial Al and Ru powders, the application of heating rates
> 60 K/min was necessary to obtain RuAl in high yields and incomplete reactions were observed upon
applying heating rates <60 K/min or upon applying loose Ru and Al powders. These incomplete

reactions were evidenced by the presence of large amounts of unreacted Ru as well as RuAl; (Figure
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52a). The reactions were found to initiate via solid-state reactions as was evidenced by the absence of
any endothermic signals in the STA traces (Figure 52b). Slightly lower onset temperatures compared
to the commercial samples were observed, which can be explained by the higher reactivity of the
applied nanopowders. Due to the incomplete reactions as well as the presence of oxidic passivation
layers, the determined heatflows of up to 848 J/g were lower than the literature reported value for

the formation of RuAl of 975 J/g¢’.
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Figure 52: a) Compositions of reacted Ru-Al pellets and loose powder prepared from submicron Al and nano Ru powders
applying various heating rates in an Ar atmosphere determined from Rietveld refinements (800 °C; Ar). The compositions given
in brackets describe the total sample compositions estimated from Rietveld refinements assuming the formation of ideally
stoichiometric phases; b) STA traces of the reactions leading to the formation of the products shown in a) (800 °C; Ar).

As qualitatively shown in Chapter 3.1.4, amorphous Al,03 was present within the prepared samples,
even if the reaction was carried out in an Ar atmosphere due to the presence of oxidic passivation
layers. To quantify its content within the sample different approaches were applied: i) comparison of
the measured heat of reaction and the literature value (975 J/g'®’), ii) Rietveld refinement of the
reacted sample in the presence of a CaF; internal standard, and iii) oxidation in a TG thermal analyzer
in an atmosphere of synthetic air, followed by a determination of the composition of the oxidized
samples by Rietveld refinements and calculation of the initial oxide content from the mass gain and
the determined composition. The determined crystalline contents resulting from the different

methods are summarized in Table 14.

Table 14: Oxide content in RuAl samples prepared from submicron Al and Ru nanopowders determined from various methods.

Method Crystalline content [wt%]
i) heatflow comparison 87
ii) CaF, internal standard 67
iii) oxidation in a TG analyzer 76

139



Results and discussion Synthesis of aluminides

The values determined from the methods ii) and iii) are showing a good agreement and a mean value
of 72 wt% of the crystalline phase was determined, indicating the content of the amorphous phase to
be 28 wt% (Table 14). In contrast, a much larger content of 87 wt% was determined from the heatflow
comparison. This larger value can likely be attributed to additional heat released from an
aluminothermic reaction occurring between RuOy and Al. The presence of these surface Ru oxides can
be strongly assumed due to the fact of an explosive reaction of the Ru nanoparticles with ambient air,

although no direct proof for the formation of this surface Ru oxides was obtained.

3.2.4.3 Application of submicron Al and Ru nanoparticles

To evaluate the applicability of wet-chemically synthesized Ru nanoparticles, Ru nanoparticles were
prepared via a decomposition of Ruz(CO)1; in oleylamine solutions. The size of the resulting particles
was 6 + 1 nm and a characterization of these particles is given in Chapter 3.2.1. Again, submicron Al
particles with a size of 150 nm were applied, which were prepared via a thermal decomposition

approach.

Since for the Ni-Al system good results were obtained applying a two-step synthesis protocol as
reported in Chapter 3.2.3.2, a similar approach was applied for the preparation of Ru-Al particle
mixtures. In a first step, submicron Al was prepared by thermally decomposing triisobutylaluminum in
refluxing diphenylether in the presence of nanoparticulate Ru seeds. In a second step, Ru3(CO)1; in
oleylamine was added to this mixture and thermally decomposed. The resulting Al-Ru particle mixtures

were characterized applying TEM, XRD, TG and FIB techniques.

For the preparation of Ru aluminides, these Al-Ru mixtures were compacted in a hydraulic press and
heated to a temperature of 800 °C in an atmosphere of Ar as well as on a hot plate in an atmosphere
of ambient air. The characterization of the reacted samples was carried out applying XRD and FIB

techniques as well as Rietveld refinements.

Upon heating the samples in an Ar atmosphere, the formation of multiphase products mainly
consisting of Ru, RuAl, RuAl;, RuAl, and amorphous oxide rich phases was observed. The phase
fractions were found to be dependent on the sample composition, the heating rate, and the sample

amount, while the onset of the reaction was observed to be about 600 °C in all samples.

Upon heating the samples in an atmosphere of ambient air on a hot-plate very low onset temperatures
of about 300 °C were observed, which were attributed to additional heat released from the oxidation

of Ru and organics.
These results have been published as a paper in Intermetallics from Elsevier.
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Klein, T.; Pauly, C.; Micklich, F.; Kickelbick, G. Al and Ru Nanoparticles as Precursors for Al-Ru
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ARTICLE INFO ABSTRACT

Keywords: Intermetallic compounds of Al and Ru are exhibiting promising physical and chemical properties, such high-
A :.aluminides' temperature strength and oxidation resistance. Compacted micron-sized Ru and Al powders or multilayer sys-
A. intermetallics tems are usually the starting points for their synthesis. Nanoparticles are rarely applied in the preparation of such
A. nanocrystalline metals . . . . .

C. heat treatment intermetallic compounds. Here we present the preparation of Ru aluminides starting from Al and Ru nano-
C. nanocrystals particles. Al particles showing diameters as small as 125 nm were synthesized via thermal decomposition of
C. reaction synthesis triisobutylaluminum in refluxing phenylether, while the Ru nanoparticles were prepared by thermal decompo-

sition of Rug(CO);2 at 300 °C in the presence of oleylamine. Both synthetic steps can be carried out subsequently
in a one pot reaction and the resulting powders consisted of well-dispersed and intermixed Ru and Al particles.
Upon thermal treatment of the mixed particles in an Ar atmosphere we observed the formation of multiphase
products mainly consisting of Ru, RuAl, RupAl; and RuAly. The phase fractions were found to be dependent on
the sample mass used for the reaction and the Al:Ru ratio. Ignition temperatures of the self-propagating reaction
could be decreased to 300 °C in an ambient atmosphere. Accordingly, the preparation of Ru-Al intermetallic
compounds starting from wet chemically synthesized Al and Ru nanoparticles was found to be readily possible,

particularly under an atmosphere of ambient air.

1. Introduction

Intermetallic Al compounds, historically called aluminides, are
promising materials for high temperature applications due to their
physical and chemical properties, such as high-temperature strength as
well as their oxidation and chemical resistance [1-5]. The most common
examples are binary Ni, Fe and Ti aluminides [4-7], such as NiAl, FeAl
and TiAl, ternary and other compounds have also been reported in the
literature [8-10]. In contrast, RuAl, which is exhibiting a CsCl structure,
and which is known since at least 1960 [11], is a more rarely employed
example [12-14]. Previous studies showed that RuAl has also a potential
in high temperature applications, such as metallization [15], or exhausts
[16] or bond coatings for thermal barrier coatings [17].

Among the six different Ru-Al intermetallic compounds known [18]
(RHA16 (MIIA16 type [19]), RU4A1]3 (F84A113 type [20]), RU2A15 (F62A15
type [21], RuAl, (MoSi, type [22] and TiSiy type [23]), RuAls (OsaAls
type [24] and NipAls type [22]) and RuAl), RuAl is the most promising
compound regarding high temperature applications, due to its very high
melting point as well as its excellent corrosion and oxidation resistance.
A detailed overview over its physical, chemical and mechanical

* Corresponding author.
E-mail address: guido.kickelbick@uni-saarland.de (G. Kickelbick).

https://doi.org/10.1016/j.intermet.2020.106851

properties as well as its possible applications is given in various reviews
[18,25]. The preparation of RuAl is typically carried out starting from
elemental Al and Ru using casting [26], mechanical alloying [27,28],
reactive sintering, reactive hot isostatic pressing [1,2,29,30], or multi-
layer [31,32] techniques.

Particularly reactive synthesis approaches, such as self-propagating
reactions, are facilitating a fast and simple preparation of these com-
pounds because of short reaction times and simple experimental setups.
However, when this reaction type is applied using loose, micrometer
sized Al and Ru powders, no reaction could be observed upon reaching
the melting point of Al [2]. Contrary, when consolidated Ru-Al powder
mixtures were used, the reaction initiated via solid-state reactions.
Moreover, the use of high heating rates was found to be advantageous
towards the preparation of single-phase products [2,29]. The Ru:Al
particle size ratio is an important parameter in these reactions [30].
Decreasing the Ru:Al particle size ratio leads to a reduction of the
ignition temperature and smaller particle size ratios are also supporting
the formation of single-phased products indicating that the Ru diffusion
is the limiting step during this reaction.

When the reaction is carried out in a hot isostatic press, more dense
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structures can be prepared [2]. However, due to increased heat losses
the formation of multiphase products is preferred making an additional
homogenization step at increased temperatures necessary [2,30]. For
Ru-Al multilayer systems the ignition temperature under an atmosphere
of ambient air is dependent on the bilayer thickness and it decreased
from 608 °C for 222 nm bilayer thickness down to 408 °C for 22 nm
bilayer thickness [31].

To the best of our knowledge, no studies on the synthesis of Ru
aluminides applying nanoparticular reactants have been described yet.
Since the application of Ru and Al nanoparticles would allow very small
particle size ratios as well as a good intermixing of both compounds, we
herein examined the formation of Ru aluminides starting from synthe-
sized, nanoparticular Ru and Al reactants. Wet-chemical synthesis
methods comprise several advantages compared to other methods of
particle preparation, such as short reaction times, simple experimental
set-ups as well as the possibilities of facile scale-ups or continuous
synthesis approaches. Therefore, we employed these techniques for the
preparation of Al and Ru particles. However, the application of wet
chemical approaches also often leads to the presence of additional
compounds like stabilizers and residual solvents in the reacting particle
mixtures, which might, for example, lead to the formation of impurities,
e.g. carbides, nitrides or oxides, or additional porosities in the final re-
action product. We investigated these yet unaddressed questions in our
studies.

2. Experimental
2.1. Materials

Triruthenium dodecacarbonyl (99%), RuCls-xH50 (39-42% Ru; 99.9
%-Ru) and Ru powder (99.8%; 60 pm) were purchased from abcr
(Karlsruhe, Germany). Triisobutylaluminum (1 M in hexanes) and
oleylamine (C;1g content 80-90%) were obtained from Sigma-Aldrich (St.
Louis, USA). Sodium borohydride was delivered by applichem (Darm-
stadt, Germany) and phenylether (99%) by Alfa-Aesar (Kandel, Ger-
many). Oleylamine and diphenlether were dried in vacuo at 100 °C for 2
h, stored over molecular sieves (3/?\) for several days and filtered through
0.45 pm syringe filters prior to use. All other chemicals were used as
received without any further purification. Unless stated otherwise, all
reactions were carried out under an Ar atmosphere applying standard
Schlenk techniques.

2.2. Methods

Powder X-ray diffractograms (PXRD) were measured on a Bruker D8-
A25-Advance diffractometer in a Bragg-Brentano geometry using Cu Kq-
radiation. A step size of 0.013° from 7 to 120° (20) and a total mea-
surement time of 1 h was used to record the diffraction patterns. The
specimen were prepared from the dispersed samples in hexane by drop
coating them directly onto the sample holders. Sample compositions as
well as the lattice parameters were determined from Rietveld re-
finements using TOPAS 5.1 [33]. A fundamental parameter approach
[34] was used to consider the instrumental line broadening while a
Chebychev polynom (15th degree) was used for background fitting. The
Rietveld refinements were carried out using the published crystal
structures from the Crystallographic Open Database (COD) [35] or the
Inorganic Crystal Structure Database (ICSD). Entries with the following
ID’s were used for the refinements: Al 2300250 (COD), Ru 1539052
(COD), y-Al,03 2107301(COD), RuAl 1527371 (COD), RuAl, 58156
(ICSD), RugAl;3 58158 (ICSD), RusAls 609226 (ICSD), RuO, 2101931
(COD).

A Bruker Vertex 70 ATR-FTIR spectrometer equipped with a DIA-
MOND ATR-QL measurement cell from Bruker was used to record the
ATR-FTIR spectra in a range from 4000 to 400 cm ™! and a resolution of
4 cm™! using an average of 16 scans for both, background and sample.

TEM images were recorded on a JEOL JEM-2010 applying an
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accelerating voltage of 200 kV. TEM specimens were prepared by drop
casting nanoparticle dispersions in hexane directly onto the carbon
coated copper grids followed by air drying.

Focused ion beam (FIB) measurements were carried out using a
gallium ion beam on a Helios NanoLab600 from FEIL. Conductive carbon
was used to contact the powder compacts prior to the measurements.
From the TEM or SEM images the average particle sizes and particle size
distributions were obtained by measuring 100 particles using the soft-
ware ImageJ [36].

Thermogravimetric analyses (TGA) were conducted on a Netzsch TG
F1 Iris under a constant flow of N5/O5 32:8 (40 ml/min) or N5 (40 ml/
min) in open alumina crucibles using a heating rate of 10 °C min . FTIR
analysis of the evolved gases was carried out by coupling the micro-
balance to the Bruker Vertex 70 via a transfer line heated to 200 °C.

Simultaneous thermal analyses (STA) were carried out on a Mettler-
Toledo STAre system under a constant flow of Ar (40 ml min) in open
alumina crucibles. A heating rate of 60 °C min~' was used and the
maximum temperature was set to 800 °C. After confirming the absence
of any signals (particularly Al melting), a second scan was used as a
background scan for every sample.

DSC measurements were performed on a Netzsch DSC 204 F1
Phoenix in pierced aluminum crucibles under an atmosphere of N5/O>
32:8 (100 ml min™') or Ny (100 ml min™) using a heating rate of 10 °C
min~ >,

Ignition temperatures of the pellets were determined on a hot plate
using small amounts (1-2 mg) of the pellets. The lowest temperature at
which an ignition could be observed with the naked eye was defined as
the ignition temperature. The experiments were carried out under an
atmosphere of ambient air.

2.3. Syntheses

2.3.1. Nanocrystalline Ru powder

Nanocrystalline Ru powder was synthesized following a literature-
known method [37]. Under an atmosphere of ambient air 1 g
RuCl3-xH20 (39-42% Ru) (5 mmol) and 2 g (53 mmol) of NaBH4 were
treated for 30 min in an agate mortar. 40 ml of ethanol were slowly
added and the solid was isolated by centrifugation (8000 rpm; 10 min).
The mixture was washed with 40 ml of ethanol and then two additional
times with water (8000 rpm; 10 min). The residue was dried at 80 °C in
vacuum yielding 250 mg (78%) of black Ru nanopowder. The resulting
agglomerated particles were applied as seeds for the preparation of the
Al particles, due to their low organic content. This nanocrystalline Ru
powder, was severely agglomerated, in contrast to the Ru nanoparticles
reported below.

2.3.2. Ru nanoparticles

150 mg of Ru3(CO)12 (0.23 mmol) were dissolved in 20 ml of
oleylamine and heated to 200 °C for 2 h. After cooling to room tem-
perature, 20 ml of methanol were added and the solid was collected by
centrifugation (13,000 rpm; 10 min). The particles were isolated by
three cycles of dispersing in 5 ml of toluene, precipitating with 30 ml of
methanol and centrifugation (13,000 rpm; 10 min). The resulting
brown-black solid was dried in vacuum at room temperature yielding 54
mg (62%) of Ru nanoparticles.

2.3.3. Al nanoparticles

Submicron Al particles were synthesized according to a previously
published procedure [38]. Within this approach, triisobutylaluminum
was decomposed in refluxing phenyl ether in the presence of nano-
particular Ru seeds, resulting in the formation of submicron Al particles
with sizes of about 150 nm.

2.3.4. Al-Ru powder mixtures
60 ml of phenylether were degassed at 100 °C for 30 min. After
cooling to 40 °C, 2 ml of triisobutylaluminium (1 M in hexane) (2 mmol)
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Fig. 1. a) PXRD measurement and Rietveld refinement of as synthesized Al-Ru particle mixtures, b) TEM images of the as synthesized Al-Ru particle mixture, c)
particle size distribution of the Ru particles in the synthesized Al-Ru particle mixture obtained from measuring 200 particles, d) particle size distribution of the Al
particles in the synthesized Al-Ru particle mixture obtained from measuring 100 particles.

and 3.0 mg (0.03 mmol) of nanocrystalline Ru powder were added. The
hexane was removed in vacuo and the mixture was homogenized using
an ultrasonication bath for 15 min. The mixture was refluxed for 15 min
resulting in the formation of a grey solid. After cooling to room tem-
perature, varying amounts of Rug(CO);y dissolved in 20 ml of oleyl-
amine were added. The orange-grey mixture was heated to 200 °C for an
additional 2 h. The mixture was centrifuged (13,000 rpm; 10 min),
washed by three cycles of dispersing in 5 ml of toluene, precipitating
with 30 ml of methanol and centrifuging (13,000 rpm; 10 min) and dried
in vacuo at room temperature.

2.3.5. Synthesis of aluminides

Compacted pellets of the Al-Ru powder mixtures were obtained
using a hydraulic press (@ 6 mm; 1 t; 15 min; 350 MPa). The reactions
were carried out using a controlled heating rate in a TGA/DSC thermal
analyzer under a flowing Ar atmosphere (40 ml min') in open alumina
crucibles. After cooling to room temperature, the pellets were homog-
enized and their composition was determined via Rietveld refinements.

3. Results and discussion

Ru aluminides are possible materials for high temperature applica-
tions due to their excellent thermal properties. Although there are a
couple of reports in the literature about the synthesis of Ru aluminides
starting from micrometer sized elemental powders, little is known about
the synthesis of these aluminides starting from nanoparticular, wet
chemically synthesized reactants. Thus, within this manuscript the
preparation of Ru aluminides starting from wet chemically prepared Al

and Ru particles was studied.

3.1. Precursor synthesis

For the Ni-Al system good results could be obtained via a two-step
synthesis protocol [39]. In a first step, submicron Al particles were
prepared via thermal decomposition of triisobutylaluminum in refluxing
diphenyl ether and in a second step metallic Ni was deposited via
thermal decomposition of Ni(COD),. From the resulting Ni-Al powder
mixtures, NiAl could be obtained as the only intermetallic phase upon
heating to 800 °C under an Ar atmosphere. Thus, a similar approach was
developed for the Ru-Al system in the current study. Due to the
straightforward thermal decomposition of Ru3(CO);2 we have chosen
this compound as a Ru source. However, when Ru3(CO);2 was added to
the reaction mixture in diphenylether after the synthesis of the submi-
cron Al nanoparticles as it was carried out with Ni(COD)3, no formation
of metallic Ru could be observed in XRD measurements even after
heating to reflux for several hours. Instead, the isolated solid still
showed an orange coloration indicating an incomplete decomposition of
the Ruz(CO)1 2. Thus, Ru3(CO);, was added to the reaction mixture in an
oleylamine solution, in which a decomposition could be observed upon
heating to 200 °C for an additional 2 h. The Al:Ru ration of the powders
can be controlled via the RU3(CO)12/AliBU3 ratio during the decompo-
sition. A characterization of the as prepared loose Al-Ru particle mix-
tures is given in section 3.1.1.

For the synthesis of Ru aluminides, compacted pellets prepared from
these dried Al-Ru particle mixtures were employed, which were pre-
pared in a hydraulic press applying a pressure of 350 MPa. The
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Fig. 2. a) FIB cross-section image, b) XRD measurement of the unreacted Al-Ru pellet, ¢) TG measurements of Ru and Al particles as well as Ru—Al particle mixtures
using a heating rate of 10 °C min~" in an atmosphere of synthetic air (N:0, 32: 8), d) XRD measurement and Rietveld refinement of the Ru nanoparticles after the
DSC measurement in N,:0, shown in d), ) DSC measurements of Ru nanoparticles under N and N5:0, atmospheres using a heating rate of 10 °C min~!, f) FTIR
analysis of the evolved decomposition gases during the TG measurement of Ru nanoparticles under an atmosphere of synthetic air (10 °C min~!; N5:0, 8:32).

aluminides were then prepared by heating small amounts (3-15 mg) of
these pellets under an atmosphere of Ar in a STA/DSC thermal analyzer
using various heating rates ranging from 5 °C min ! up to 60 °C min~! as
well as on a hot plate under an atmosphere of ambient air. To determine
the composition of the reacted samples, they were homogenized in an
agate mortar and analyzed by PXRD applying Rietveld refinements. A
characterization of the unreacted Al-Ru pellets is given in section 3.1.2.

3.1.1. Characterization of the as prepared loose Al-Ru precursors

The formation of metallic Al and Ru could be confirmed by PXRD
measurements (Fig. 1a). Crystallite sizes were 110(7) nm for Al and 2(1)
nm for Ru as determined from Rietveld refinements. Broad reflections in
the powder pattern also indicate the very small crystallite sizes of Ru,
while Al is obviously exhibiting a much better crystallinity based on the
larger crystallite size. Upon sintering at 600 °C for 2 h under an atmo-
sphere of Ar metallic Ru could however be clearly identified in a sample
synthesized without the presence of Al. TEM images (Fig. 1b) further

revealed the presence of Ru nanoparticles with a diameter of 5.8 + 0.7
nm (Fig. 1c), while the size of the Al particles was 111 + 35 nm (Fig. 1d).
Although a core-shell structure would be advantageous for the reaction
because the whole surface of the Al particles would be covered and thus
protected against oxidation, we only observed the presence of small Ru
particles next to the larger Al particles.

The resulting Ru:Al particle size ratio is about 0.05 (Fig. 1). This size
ratio has been reported to play an important role in the preparation of
Ru aluminides starting from micrometer sized Al and Ru powders [30].
According to these results small Ru particles compared to the Al particles
are necessary to achieve a large interfacial contact area as well as a
complete diffusion of Ru and thus a good intermixing in the reacting
sample. Accordingly, the prepared Ru-Al powder mixtures seemed to be
good candidates for the preparation of Ru aluminides and no further
attempts have been made to further decrease the Al particle size.
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Fig. 3. a) STA measurements of Al-Ru particle mixtures under a flowing Ar atmosphere using a heating rate of 60 °C min~*, b) sample composition of the resulting
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sample compositions estimated from Rietveld refinements assuming the formation of ideally stoichiometric phases. The error of the composition data was found to be
<1%, ¢) PXRD measurements of the products obtained from large and small sample amounts after the STA measurements up to a temperature of 800 °C, d) second
STA scan of the pellet with a mass <5 mg under the same conditions as described in a).

3.1.2. Characterization of the compacted Al-Ru pellets

In a FIB cross-section image (Fig. 2a) of the unreacted, compacted
powder mixture, the Al and Ru rich domains are clearly visible. While
for Al, single, distinct particles with a size of 111 + 35 nm can be
observed (Fig. 1d), the Ru particles appear as a continuous phase, due to
their very small sizes which are below the SEM resolution limit. More-
over, a good contact between the Al and Ru particles as well as only a
few pores can be detected, which both is advantageous for the formation
of the aluminides. No formation of any intermetallic phase in the com-
pacted samples could be observed, which was also confirmed by a XRD
measurement of the unreacted pellet (Fig. 2b).

TG measurements (Fig. 2c) of the compacted Ru-Al pellets in an
atmosphere of synthetic air (N3:03 32:8) revealed a mass loss starting at
a temperature of 225 °C directly followed by a sharp mass increase.
Upon further increasing the temperature a slow mass gain can be
observed until a constant plateau is reached. This trace clearly is a
combination of the TG traces observed for the pure Ru and Al particles.
In the TG measurements of the Ru nanoparticles under an atmosphere of
synthetic air up to a temperature of 500 °C, a mass loss starting at around
200 °C directly followed by a sharp mass gain can be observed. The mass
loss is a result of the decomposition of the stabilizing oleylamine, re-
sidual carbonyl ligands and a loss of residual diphenylether, which could
be further confirmed by gas-phase IR spectroscopy of the evolved gases
during these measurements, where the formation of CO,, CO as well as
NHj could be observed. The sharp mass increase could only be observed
when the measurements were carried out in an atmosphere of synthetic
air, while it was absent in a Ny atmosphere, indicating an oxidation
reaction. XRD measurements of Ru nanoparticles after thermal treat-
ment to a temperature of 350 °C under an atmosphere of synthetic air
further revealed the formation of RuOs (Fig. 2d). The TG measurements

of the Al particles show a two-step mass increase due to oxidation re-
actions starting at a temperature of about 500 °C.

DSC measurements (Fig. 2e) of the Ru nanoparticles further revealed
this oxidation to be a highly exothermic reaction. The noise visible in the
DSC trace is due to a sample movement inside the pierced crucible and
could not be avoided, making an integration of the signal not reliable
(~4400 J g1). Nevertheless, the determined value of >4000 J g ap-
pears to be extremely large compared to the enthalpy of formation of
RuO; reported in the literature (~2350 J g'1 at 150 °C [40]), particularly
since the yield of RuOy was only about ~50% as determined from
Rietveld refinements (Fig. 2d) and a small mass loss is further expected
to occur due to the loss of organic residues. These results indicate that
further exothermic processes are likely to be occurring simultaneously
to the Ru oxidation, such as the oxidation of carbon-containing residues.
An exothermic removal of carbonaceous residues has been reported in
the literature to occur in a similar temperature range [41]. An
exothermic removal of carbonaceous residues has been reported in the
literature to occur in a similar temperature range This was proven by
FTIR analysis of the evolved gases during the exothermic event (Fig. 2f),
in which the formation of CO is clearly visible.

3.2. Aluminide formation

Starting from these pellets, Ru aluminides have been prepared by
heating them to increased temperatures under atmospheres of Ar or
ambient air. The results observed for the reactions carried out in at-
mospheres of Ar and ambient air will be discussed separately in the
following sections.
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Fig. 4. FIB cross-section images of the reaction product in the compacted pellets after heating up to 800 °C under an atmosphere of Ar using a heating rate of 60 °C

min~! applying a) larger sample amounts and b) smaller sample amounts.

3.2.1. Aluminide formation under Ar atmosphere

These reactions has been carried out in in a STA/DSC thermal
analyzer by heating small amounts (3-15 mg) of the pellet or a small
amount of loose powder under an Ar atmosphere using a controlled
heating rate ranging from 5 °C min~" up to 60 °C min ",

3.2.1.1. Comparison of the loose as prepared Al-Ru mixture and the
compacted pellets. For these studies the samples have been heated to a
temperature of 800 °C applying a heating rate of 60 °C min~!. The
powders have been prepared applying a /3 Ru3(CO)12/Al'Bug ratio of
0.65.

When the Al-Ru particle mixtures where heated as a loose powder
under an atmosphere of Ar, the onset of reaction was observed to be well
below the melting point of Al at 627 °C. After the reaction, a large
amount of Ru was still found to be present as well as a small amount of
elemental Al, thus indicating an incomplete reaction (Fig. 3a, b and c).
This result is in contrast to the observations reported in the literature
[2], in which a reaction in loose powders was reported to occur only
right after the melting of the Al. We assign the earlier onset in this
system to the applied one-pot synthesis procedure resulting in rather
good contact between Al and Ru even without applying pressure. The
incomplete reactions are consistent with reports in literature [2], in
which the formation of RuAl starting from micrometer sized Ru and Al
particles via reactive powder processing was studied and which were
ascribed to a lacking contiguity in these powders. Thus, all other studies
were carried out applying the compacted pellets prepared as described
above.

In the compacted samples, the onset of the reaction could be
observed at a much lower temperature between 575 °C and 585 °C due
to an improved contact between the Ru and Al particles, also resulting in
a higher conversion of the Ru particles (Fig. 3a and 3b). In Fig. 3a, the
heatflow is plotted against the sample temperature. Upon the onset of a
strongly exothermic reaction, the heat released during this reaction
leads to an internal heating of the sample. The heating rate of the sample
due to this internal heating can easily exceed the programmed heating
rate of the thermal analyzer. As a result, the sample temperature in-
creases unexpectedly fast for a very short period of time ultimately
leading to the visible tilt of the STA trace shown in Fig. 3a. The onset
well below the melting point of the Al-Ru eutectic indicates a start of the
reaction via self-propagating processes, which is consistent with reports
in literature [30].

3.2.1.2. Influence of the sample amount. For these studies the samples
have been heated to a temperature of 800 °C applying a heating rate of
60 °C min~!. The powders have been prepared applying a /3

Ru3(CO);o/AlBus ratio of 0.65. An influence of the total sample mass
could be clearly observed: When the reaction was carried out in a small
pellet (<5 mg), incomplete reactions as well as nanocrystalline to
amorphous products were formed. These incomplete reactions are evi-
denced by the presence of large amounts of unreacted Ru as was
determined from Rietveld refinements (Fig. 3b and c) and were further
confirmed by the absence of any signals in a second STA scan under the
same reaction conditions (Fig. 3d). However, when larger pellets (>10
mg; same thickness) were used, enhanced crystalline products and more
complete conversions of Ru could be observed (Fig. 3c). Upon applying a
small sample mass, the released heat of reaction dissipates and no self-
heating of the sample occurs. As a result, incomplete reactions and
low intensity STA signals can be observed. In contrast, upon applying
larger sample amounts, a self-heating of the sample occurs (as is evi-
denced by the tilt of the STA signal) and more complete and violent
reactions can be observed. Such heat transfer effects have been reported
before in the literature to play an important role in the Al-Ru system
[30], and the better crystallinity and higher Ru conversions can thus be
explained by the higher temperatures achieved within the larger sample.
The varying total sample compositions in Fig. 3b determined from the
Rietveld analyses can be explained by amorphous sample contents,
which was detected via a CaF; internal standard in the nanocrystalline
samples and which could not be observed in samples exhibiting a good
crystallinity. Also it has to be noted, that similar to previous reports
[30], a homogenization of the formed multiphasic products is possible
by sintering in vacuum at increased temperatures.

The described observations were supported by the FIB cross-section
images (Fig. 4a and b), in which the formation of a two-phase inter-
metallic region could be observed. Also an increased porosity compared
to the unreacted pellets was detected, which is most likely based on the
release of decomposition gases from the organic residues and the higher
density of the formed RuAl compared to an applied Ru:Al reactant
mixture in a 1:1 molar ratio pgryas: 7.76-8.01 g em® [18]; pal:2.70 g em™®
[42]; pru: 12.1 g cm™ [42]. In contrast, when small sample amounts
were used the formation of two different intermetallic phases as well as a
large amount of unreacted Ru (brightest phase) is clearly visible. Within
the intermetallic phases residual unreacted Al particles can still be
observed, which also confirms an incomplete reaction due to high heat
losses occurring within this sample. The formation of amorphous
oxide-rich phases is due the presence of passivation layers on the Al as
well as Ru particles. The phases present in the sample have been
determined applying Rietveld refinements and have been assigned to
phases visible in the SEM images in agreement with prior work [38].

These results are in agreement with reports in the literature for the
Ni-Al system, in which high heat losses have been reported to prevent
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Figure 5. a) sample compositions of various samples synthesized applying varying Rus(CO);5/Al'Bus ratios after heating to 800 °C using a heating rate of 60 °C
min~! under an atmosphere of Ar determined from Rietveld analysis, b) XRD measurements of the Ru and Al rich samples after the STA measurements shown in ¢), ¢)

STA measurements of a Ru and Al rich sample under an atmosphere of Ar applying a heating rate of 60 °C min

the reaction from becoming self-sustaining [43,44] thus leading to the
occurrence of incomplete reaction as well as multiphase products.
Similarly, the application of samples with a large surface to volume ratio
or the application of only a small amount of a sample have been reported
to result in much more incomplete reaction compared to samples with a
smaller surface to volume ratio, in which the formation of single phase
NiAl could be observed [39].

3.2.1.3. Influence of the sample composition. For these studies the sam-
ples with a mass of about 10 mg have been heated to a temperature of
800 °C applying a heating rate of 60 °C min~!. The total Al:Ru ratio can
be controlled by varying the molar ratio of Rug(CO);2 and AlBus during
the decomposition, which can be clearly seen in Fig. 5a. Accordingly,
upon increasing the A RU3(CO)12/AliBu3 ratio, the formation of more
Ru rich phases could be detected in the sample heated to a temperature
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of 800 °C. Thus, it is possible to control the final sample composition by
changing the amount of Ru3(CO); 2 during the decomposition. Moreover,
Al rich samples exhibited a significantly increased reactivity and violent
exothermic reaction could be observed in the STA traces resulting in the
formation of highly crystalline products (Fig. 5b and 5c). In contrast,
weak exothermic signals as well as the formation of amorphous products
could be observed in Ru rich samples. This behavior can be explained by
the fact that no Ru rich aluminides (>50 at. % Ru) are known to exist.
Accordingly, excess Ru acts as a diluent decreasing the heat flow
observed in the STA measurements. In contrast, several intermetallic
compounds also exhibiting highly negative heats of formation (e.g.
AlyRu —66 kJ mol~! atoms™! [45]) can be found on the Al rich side of
the Al-Ru phase diagram. In conclusion, more intense signals can be
observed in the Al rich samples. Secondly, for multilayer systems the
reaction was shown to initiate with the formation of RuAlg. Accordingly,
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Fig. 6. a) STA measurements of an Al rich sample using various heating rates under an atmosphere of Ar b) XRD measurements of samples heated up to 800 °C under

an atmosphere of Ar applying heating rates of 40 °C min~! and 20 °C min?.
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Ru3(CO);2/Al'Bug ratio during the synthesis determined via Rietveld refinements of the reacted samples.

a more intense reaction can be observed in the Al rich samples. This is
further supported by an increase of the Ru-Al interface area upon
increasing the content of the larger sized Al. An increase in the inter-
facial area between Al and Ru has been reported in the literature to lead
to lower onset temperatures [30]. Due to this increased reactivity a
molar ratio of 1/3 Ru3(CO)1z/AliBu3 of 0.65 has been applied to study
the aluminide formation under an Ar atmosphere.

3.2.1.4. Influence of the heating rate. Starting from micrometer sized Al
and Ru powders, the formation of RuAl has been reported to be strongly
dependent on the applied heating rate. At low heating rates, the for-
mation of multiphasic products as well as incomplete reactions were
reported [2,29]. In order to realize complete reactions resulting in the

formation of single phase RuAl, the application of increased heating
rates is necessary, with a value of 15 °C min™ reported by Mohamed
et al. [29], while Gobran et al. reported a value of >70 °C min~! to be
necessary [2].

These studies have been conducted applying a sample amount of 10
mg and a 1/3 Ru3(C0)1z/AliBu3 ratio of 0.65 and heating rates ranging
from 5 °C min~! up to 60 °C min~?.

When high heating rates of 40 °C min~! and 60 °C min~! were
applied, highly exothermic reactions could be observed in the STA
measurements and products with a high crystallinity were formed. Low
heating rates of 20 °C min~! and 5 °C min~! led to the formation of
products with poor crystallinity and weakly exothermic reactions
(Fig. 6a and 6b). This behavior can likely be explained by increased heat
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losses occurring when low heating rates are applied, leading to
controlled reactions in the solid state [29]. Thus, for these wet chemi-
cally prepared Al and Ru nanoparticles the application of increased
heating rates >40 °C min* is advantageous, similar as reported in the
literature for the micrometer sized powders.

3.2.2. Aluminide formation in an atmosphere of ambient air

Ignition temperatures of self-sustaining systems can be determined
using hot-plate experiments, in which a small sample amount is dropped
directly on a preheated plate hold at a defined temperature. In contrast
to regular ignition tests, this method allows the realization of fast
heating rates as well as low heat losses. For Ru/Al multilayers the
ignition temperatures determined from this method are decreasing from
608 °C to 408 °C upon decreasing the bilayer thickness of the respective
multilayer from 222 nm to 22 nm [31]. To our knowledge, for powder
mixtures, no such measurements have been published in the literature
yet. When a mixture of large Ru and Al particles (Ru 57 &+ 12 pm; Al 14
+ 7 pm) was dropped onto a hot plate under an atmosphere of ambient
air no ignition could be observed up to the maximum possible temper-
ature of 617 °C, indicating that no (self-sustaining) reaction took place.
When the synthesized Al-Ru particle mixtures were dropped onto the
hot plate, the ignition temperatures were found to be dependent on the
sample composition and was ranging from 290 °C for a Ru:Al molar ratio
of 1.4 to 330 °C for a Ru:Al molar ratio of 0.6. These values are amaz-
ingly low compared to sputtered multilayer systems. The minimum
ignition temperature of these multilayer systems under an atmosphere of
ambient air was determined to be 408 °C for a multilayer with a bilayer
thickness of 22 nm and increased to 608 °C for multilayers with a bilayer
thickness of 222 nm [31]. In contrast, in this work much larger particles
with sizes of 111 nm (Al) and 6 nm (Ru) have been applied. While
ignition occurred immediately when a hot plate temperature of 600 °C
was used, a delay of several seconds was observed when a temperature
of around 300 °C was applied. Within this delay, at first the formation of
gaseous species was visible, likely due to the decomposition of the
organic residues. After this decomposition process the color of the
sample changes from metallic grey to slightly whitish, just before igni-
tion occurs. When the sample was removed from the hot plate after
changing its color to whitish, the ignition could not be prevented,
indicating the self-propagating behavior of the reaction. However, no
differences in the sample compositions as well as the crystallinities could
be observed in the XRD analyses of two small pellet pieces cut out of the
same pellet ignited at 320 °C and 600 °C, indicating that the temperature
reached within the sample is larger than 600 °C in both cases. XRD
analysis of the ignited particle mixture under an atmosphere of ambient
air at a temperature of 320 °C revealed the formation of a multiphase
product, with RuAl being the main constituent (Fig. 7a). Again, the
incomplete reactions are likely due to high heat losses occurring espe-
cially since the ambient temperature is much lower (~25 °C). The very
low ignition temperatures compared to the microscopic particle mix-
tures and the multilayer systems can likely be ascribed to the exothermic
oxidation of the Ru nanoparticles as described in section 3.1.2. Although
the support of this oxidation reaction is not necessarily needed, as was
shown by the synthesis carried out in Ar atmosphere reported above, its
support results in these significantly lowered ignition temperatures. The
ignition of self-sustaining reactions via secondary, exothermic reactions
is well known in the literature [46]. However, it is not regularly applied,
since this secondary reaction mixture will be maintaining in the reaction
product as an impurity phase. No RuO; can be observed in the reacted
pellets since it is expected to react with Al to form Al,O3 as well as
additional Ru. Although the oxidation of carbon residues also contrib-
utes to this exothermic reaction (see above), similar onset temperatures
were also observed when carbon free ruthenium nanopowder prepared
by the reaction between RuCl3 and NaBH, in an aqueous solution. These
very low onset temperatures could also be confirmed by STA measure-
ments under an atmosphere of synthetic air (N2:05 32:8), in which an
onset temperature of 289 °C was determined (Fig. 7b). In the STA
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measurements under an atmosphere of Ar, this oxidation is not possible
and thus much higher onset temperatures were observed as was shown
above. A FIB cross-section image of a sample ignited at a temperature of
320 °C under an atmosphere of ambient air (Fig. 7c) further confirmed
the observations made above. As can be seen, no unreacted Al and Ru
particles are visible and the formation of at least three different inter-
metallic phases could be observed. As described above an increased
porosity as well as an additional phase can be clearly seen likely due the
decomposition of organic residues. The decrease of ignition tempera-
tures in ambient air can have two different explanation. The first is that
the oxidation of a fraction of the nanoscale Ru particles itself releases
sufficient energy to heat the sample internally and trigger the reaction
between aluminium and the remaining ruthenium. RuO; is then
consumed by a reaction with aluminum to form intermetallic phases and
aluminum oxide. The second possible explanation is that the oxidation
of ruthenium to RuO; transforms the reaction from a pure metal/metal
reaction at least partly into a metal/oxide reaction, i.e. a thermite re-
action of RuOy with aluminum. The resulting formation of aluminum
oxide releases a large amount of energy which would lead internal
heating of the sample, facilitating further reactions. These thermite re-
actions are, in general, well-studied in the field of energetic materials
although no research on the Al/RuO, system can be found in literature
[47-51]. While they are easily possible in micro-scaled powders, ther-
mite reactions show a tremendous increase of reaction velocity when
particle sizes reach the nanoscale as is the case here. For such systems,
the nano-thermites, the term “metastable intermolecular composites”
(MIC) has been coined. Ignition temperatures in MICs are often found to
be greatly reduced when compared to their micro-scaled counterpart
which raised the question whether oxide decomposition and gas-phase
transfer of oxygen are necessary or if solid-state diffusion of oxygen
plays a role [52,53]. However, to elucidate the question whether a
thermite reaction is involved in the reactions presented here would
require dedicated experiments involving pure RuO2 nanopowders and
gas release measurements. While it is interesting and should be pursued
in further studies, we consider it to be beyond the scope of this work.
When the amount of Ru during the decomposition reaction was
increased the ignition temperatures of the resulting powder mixtures
tend to decrease (Fig. 7d). However, it should be mentioned that the
realization of exact stoichiometry in these syntheses is difficult to con-
trol. As a result, the amount of Rug(CO);2 necessary to obtain samples
with the desired stoichiometry has to be determined experimentally
(Fig. 7e). Within this figure, the Ru content was calculated neglecting
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Fig. 9. XRD measurement and Rietveld refinement of a 1:1 mixture of submi-

cron Al particles and Rug(CO); after ignition under an atmosphere of ambient
air at 170 °C.

the amorphous Al,O3 content for comparability reasons.

Nonetheless, the final sample composition could be modified by
changing the Rus(CO)12/Al'Bug ratio during the precursor synthesis
(Fig. 8). As expected, the total Ru content increased upon increasing the
amount of Ru3(CO);» during the synthesis. Hence, the Ru rich samples
tended to contain a larger amount of unreacted Ru while the Al rich
samples contained larger amounts of the Al rich phase RuAl;, as well as
unreacted Al.

Moreover, about 5 wt % of carbon could be detected in the pellets by
CHN analyses after ignition in an atmosphere of ambient air, resulting
from the decomposition of residual organic contents and residual
carbonyl ligands.

3.2.3. Formation of aluminides from Ru3(CO)i2 and Al particles
Ruthenium aluminides with no residual carbon content (according to
CHN analysis in which no CHN content could be detected) could be
prepared by directly igniting a mixture of Al particles and Rug(CO)12. In
this sample an ignition temperature of 170 °C could be observed, which
is just above the thermal decomposition temperature of Ru3(CO);2 at
about 150 °C. A long delay could be observed upon dropping the sample
onto the hot plate: After about 6 s a black smoke and a dark red flame

n
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started to emanate from the sample which is due to a decomposition of
the Ru3(CO);2 in the gas phase. After the first reaction was complete, an
ignition of the sample was clearly visible after about 8 s. However, as
evidenced by XRD measurements the formation of multiphase products
could be observed, again due to incomplete reaction caused by heat
transfer effects (Fig. 9). In addition, a large amount of gases formed
during the reaction due to the evolving CO, which might be problematic
for the formation of nonporous products.

3.2.4. Formation of aluminides from separately prepared Ru and Al
particles

A synthesis of the respective intermetallic compounds was also found
to be possible starting from pellets prepared from separately synthesized
and dried Ru and Al particles, applying similar methods. The Al particles
have been prepared by decomposing triisobutylaluminum, while the Ru
particles were prepared by decomposing Rus(CO);2. In a sample con-
taining 41% Ru, the ignition under an atmosphere of ambient air was
shifted to slightly higher temperatures (>380 °C), likely due to a poorer
contact and intermixing between the two particles. However, no self-
propagating reaction could be observed under an Ar atmosphere upon
heating up to 800 °C applying a heating rate of 60 °C min~!. In this case,
an exothermic reaction could be observed over a broad temperature
range with the melting of the Al still being clearly visible (Fig. 10b).
Accordingly, the final product consisted of a large amount of unreacted
Ru as well as Al-rich phases and only minor proportions of RuAl, further
indicating the incomplete reactions (Fig. 10a). Thus, the synthesis of the
particles in one pot should be preferred over the separate preparation of
the particles, even though the stoichiometry is harder to control.

4. Conclusions

Ru aluminides can be prepared starting from submicron Al particles
and Ru nanoparticles synthesized by wet chemical reactions. Particle
mixtures as precursors for the aluminides are obtained applying a two-
step protocol, in which submicron Al particles are prepared via a ther-
mal decomposition of triisobutylaluminum in a first step and Ru nano-
particles by thermal decomposition of Ru3(CO);3 in oleylamine in the
same mixture in a second step. Ru aluminides formed by heat treatments
under atmospheres of Ar as well as ambient air by self-propagating re-
actions. The final sample compositions were found to be dependent on
the sample amount as well as the Ru to triisobutylaluminum ratio. While
an ignition temperature of about 600 °C is observed under an Ar at-
mosphere, an ignition temperature as low as 300 °C is observed under an
atmosphere of ambient air on a hot plate. This very low ignition tem-
perature is the result of a highly exothermic oxidation of the Ru and
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Fig. 10. a) XRD measurement and Rietveld refinement of a pellet prepared from separately synthesized and subsequently mixed Ru and Al powders after heating to
800 °C using a heating rate of 60 °C min~" under an atmosphere of Ar b) STA measurement of a pellet prepared from separately synthesized and subsequently mixed
Ru and Al powders after heating to 800 °C using a heating rate of 60 °C min~* under an atmosphere of flowing Ar.
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organics, which is providing additional heat to start the self-sustaining
intermetallic phase formation. The resulting aluminides were contain-
ing carbon resulting from organic residues as well as oxide phases from
the passivating layers as well as the oxidation reaction. Carbon free Ru-
Aluminides could be formed starting from submicron Al particles and
Ru3(CO);2 under an atmosphere of ambient air at temperatures as low as
150 °C.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

CRediT authorship contribution statement

Thomas Klein: Conceptualization, Methodology, Investigation,
Validation, Writing - original draft. Christoph Pauly: Investigation,
Writing - original draft. Frank Miicklich: Resources, Writing - review &
editing. Guido Kickelbick: Conceptualization, Resources, Writing - re-
view & editing.

Acknowledgments

We thank Susanne Harling for doing the elemental analyses as well as
Dr. Robert Haberkorn and Dennis Becker for performing the XRD mea-
surements and their advices regarding the Rietveld refinements. We
thank Katherine Aristizabal for conducting the FIB characterizations.

References
[1] F. Soldera, N. Ili¢, S. Brannstrom, et al., Formation of Al;O3 scales on single-phase

RuAl produced by reactive sintering, Oxid Met 59 (2003) 529-542.

1.M. Wolff, Synthesis of RuAl by reactive powder processing, Metall Mater Trans A

27 (1996) 3688-3699.

R.L. Fleischer, C.L. Briant, R.D. Field, E.A. Engines, Tough, ductile high-

temperature intermetallic compounds: results of a four-year survey, MRS Symp.

Proc. 213 (1991) 463-474.

H. Clemens, S. Mayer, Design, processing, microstructure, properties, and

applications of advanced intermetallic TiAl alloys, Adv. Eng. Mater. 15 (2013)

191-215.

H. Clemens, S. Mayer, Advanced intermetallic TiAl alloys, Mater. Sci. Forum 879

(2017) 113-118.

S.C. Deevi, V.K. Sikka, Nickel and iron aluminides: an overview on properties,

processing, and applications, Intermetallics 4 (1996) 357-375.

F. Scheppe, P.R. Sahm, W. Hermann, et al., Nickel aluminides: a step toward

industrial application, Mater. Sci. Eng., A 329-331 (2002) 596-601.

S. Niemann, W. Jeitschko, Ternary-Aluminides-AT5Alyy (A = Rare Earth Elements

and Uranium; T = Ti, Nb, Ta, Mo, and W) with CeCrAly-Type Structure, J. Solid

State Chem. 114 (1995) 337-341.

V.M.T. Thiede, T. Ebel, W. Jeitschko, Ternary aluminides LnT5Al;o (Ln =Y, La-Nd,

Sm, Gd-Lu and T = Fe, Ru, Os) with YbFejAl;( type structure and

magneticproperties of the iron-containing series, J. Mater. Chem. 8 (1998)

125-130.

N. Zhou, S. Jiang, T. Huang, et al., Single-phase high-entropy intermetallic

compounds (HEICs): bridging high-entropy alloys and ceramics, Sci. Bull. 64

(2019) 856-864.

W. Obrowski, B2-Phasen von Aluminium mit T-Metallen der VII. und VIII. Gruppe

des Periodischen Systems, Naturwissenschaften 47 (1960) 14.

L. Fleischer, R.D. Field, C.L. Briant, Mechanical properties of high-temperature

alloys of AIRu, Metall Trans A 22 (1990) 403-414.

R.L. Fleischer, Substitutional solutes in AlRu-I. Effects of solute on moduli, lattice

parameters and vacancy production, Acta Metall. Mater. 41 (1993) 863-869.

R.L. Fleischer, Substitutional solutes in AlRu-II. Hardening and correlations with

defect structure, Acta Metall. Mater. 41 (1993) 1197-1205.

T. Gemming, M. Seifert, E. Brachmann, G.K. Rane, S.B. Menzel, S. Oswald, Pt-RuAl

bilayers as a model system for Pt wire bonding of high-temperature RuAl

electrodes, J. Alloy. Compd. 813 (2020) 152107.

W.J. LaBarge, C. Anderson, J. Kupe, US Patent US8 20 (2011) 378. B2.

B. Tryon, F. Cao, K.S. Murphy, et al., Ruthenium-containing bond coats for thermal

barrier coating systems, JOM (J. Occup. Med.) 58 (2006) 53-59.

F. Miicklich, N. Ili¢, RuAl and its alloys. Part 1. Structure, physical properties,

microstructure and processing, Intermetallics 13 (2005) 5-21.

[2]

[3]

[4]

[5]
[6]
[7]
[8]

9]

[10]

[11]
[12]
[13]
[14]
[15]
[16]
[17]

[18]

11

[19]
[20]
[21]
[22]
[23]
[24]
[25]
[26]
[27]
[28]

[29]

[30]

[31]

[32]

[33]
[34]
[35]
[36]
[37]

[38]

[39]

[40]

[41]

[42]
[43]
[44]
[45]

[46]
[47]

[48]

[49]

[50]

[51]

[52]

[53]

Intermetallics 124 (2020) 106851

L.E. Edshammar, The crystal structure of RuAlg, Acta Chem. Scand. 22 (1968)
2374-2400.

L.E. Edshammar, The crystal structure of RusAl;3, Acta Chem. Scand. 19 (1965)
2124-2130.

S. Mi, S. Balanetskyy, B. Grushko, A study of the Al-rich part of the Al-Ru alloy
system, Intermetallics 11 (2003) 643-649.

W. Obrowski, Uber Legierungen des Rutheniums mit Bor, Beryllium und
Aluminium, Met 17 (1963) 108-112.

0. Schwomma, H. Nowtny, A. Wittmann, Die Verbindungen RuAl, und OsSi s,
Monatsh. Chem. 94 (1963) 924-926.

L.E. Edshammar, An X-ray investigation of ruthenium-aluminium alloys, Acta
Chem. Scand. 20 (1966) 427-431.

F. Miicklich, N. Ili¢, K. Woll, RuAl and its alloys, Part II: mechanical properties,
environmental resistance and applications, Intermetallics 16 (2008) 593-608.
1.M. Wolff, G. Sauthoff, High-temperature behavior of precious metal base
composites, Metall Mater Trans A Phys Metall Mater Sci 27 (1996) 2642-2652.
K.W. Liu, F. Miicklich, R. Birringer, Synthesis of nano-RuAl by mechanical alloying,
Intermetallics 9 (2001) 81-88.

A. Borah, P.S. Robi, A. Srinivasan, Synthesis of nano-crystalline RuAl by
mechanical alloying, Met. Mater. Int. 13 (2007) 293-302.

K.E. Mohamed, D. Stover, H.P. Buchkremer, Some reactive processing aspects of
high-temperature aluminides NbsAl and RuAl, J. Mater. Eng. Perform. 6 (1997)
771-779.

H.A. Gobran, N. Ili¢, F. Miicklich, Effects of particle size and pressure on the
reactive sintering of RuAl intermetallic compound, Intermetallics 12 (2004)
555-562.

C. Pauly, K. Woll, B. Bax, F. Miicklich, The role of transitional phase formation
during ignition of reactive multilayers, Appl. Phys. Lett. 107 (2015) 113104.

K. Woll, A. Bergamaschi, K. Avchachov, et al., Ru/Al multilayers integrate
maximum energy density and ductility for reactive materials, Sci. Rep. 6 (2016)
19535.

Bruker AXS. Karlsruhe, Topas 5.1. General Profile and Structure Analysis Software
for Powder Diffraction Data, 2014.

R.W. Cheary, A.A. Coelho, J.P. Cline, Fundamental parameters line profile fitting in
laboratory diffractometers, J Res Natl Inst Stand Technol 109 (2004) 1-25.

A. Merkys, A. Vaitkus, J. Butkus, et al., COD::CIF::Parser: an error-correcting CIF
parser for the Perl language, J. Appl. Crystallogr. 49 (2016) 292-301.

C.A. Schneider, W.S. Rasband, K.W. Eliceiri, ImageJ, Fundam Digit Imaging Med 9
(2010) 185-188.

N.G. Garcia-Pena, R. Redon, A. Herrera-Gomez, et al., Solventless synthesis of
ruthenium nanoparticles, Appl. Surf. Sci. 340 (2015) 25-34.

T. Klein, G. Kickelbick, Synthesis of submicron aluminum particles via thermal
decomposition of alkyl aluminum precursors in the presence of metal seeds and
their application in the formation of ruthenium aluminides, Nanotechnology 31
(2020) 265605-265619.

Klein T., Pauly C., Miicklich F., Kickelbick G., Preparation of Ni aluminides from
submicron Al particles and Ni nanoparticles. Intermetallics, accepted.

D. Hong, M. Muramaki, Y. Yamada, S. Fukuzumi, Efficient water oxidation by
cerium ammonium nitrate with [IrIII(Cp*)(4,4’-bishydroxy-2,2’-bipyridine)
(H0)]%" as a precatalyst, Energy Environ. Sci. 5 (2012) 5708-5716.

S. Fukuzumi, Y. Yamada, Catalytic activity of metal-based nanoparticles for
photocatalytic water oxidation and reduction, J. Mater. Chem. 22 (2012)
24284-24296.

J.R. Rumble, D.R. Lide, T.J. Bruno. Handbook of Chemistry and Physics, 98th ed.,
CRC Press, Boca Raton, 2017.

H.X. Zhu, R. Abbaschian, Reactive processing of nickel-aluminide intermetallic
compounds, J. Mater. Sci. 38 (2003) 3861-3870.

C. Nishimura, C.T. Liu, Reactive sintering of NizAl under compression, Acta Metall.
Mater. 41 (1993) 113-120.

B. Wen, J. Zhao, F. Bai, T. Li, First-principle studies of Al-Ru intermetallic
compounds, Intermetallics 16 (2008) 333-339.

V.V. Barzykin, Initiation of shs processes, Pure Appl. Chem. 64 (1992) 909-918.
C. Rossi, K. Zhang, D. Esteve, et al., Nanoenergetic materials for MEMS: a review,
J Microelectromechanical Syst 16 (2007) 919-931.

G. Jian, S. Chowdhury, K. Sullivan, M.R. Zachariah, Nanothermite reactions: is gas
phase oxygen generation from the oxygen carrier an essential prerequisite to
ignition? Combust. Flame 160 (2013) 432-437.

A.S. Mukasyan, A.S. Rogachev, S.T. Aruna, Combustion synthesis in
nanostructured reactive systems, Adv. Powder Technol. 26 (2015) 954-976.

E.L. Dreizin, M. Schoenitz, Correlating ignition mechanisms of aluminum-based
reactive materials with thermoanalytical measurements, Prog. Energy Combust.
Sci. 50 (2015) 81-105.

E.L. Dreizin, Metal-based reactive nanomaterials, Prog. Energy Combust. Sci. 35
(2009) 141-167.

X. Wang, M.R. Zachariah, What atomic properties of metal oxide control the
reaction threshold of solid elemental fuels? Phys. Chem. Chem. Phys. 20 (2018)
26885-26891.

S. Brotman, M.D. Rouhani, C. Rossi, A. Esteve, A condensed phase model of the
initial Al/CuO reaction stage to interpret experimental findings, J. Appl. Phys. 125
(2019), 035102.


http://refhub.elsevier.com/S0966-9795(20)30284-3/sref1
http://refhub.elsevier.com/S0966-9795(20)30284-3/sref1
http://refhub.elsevier.com/S0966-9795(20)30284-3/sref2
http://refhub.elsevier.com/S0966-9795(20)30284-3/sref2
http://refhub.elsevier.com/S0966-9795(20)30284-3/sref3
http://refhub.elsevier.com/S0966-9795(20)30284-3/sref3
http://refhub.elsevier.com/S0966-9795(20)30284-3/sref3
http://refhub.elsevier.com/S0966-9795(20)30284-3/sref4
http://refhub.elsevier.com/S0966-9795(20)30284-3/sref4
http://refhub.elsevier.com/S0966-9795(20)30284-3/sref4
http://refhub.elsevier.com/S0966-9795(20)30284-3/sref5
http://refhub.elsevier.com/S0966-9795(20)30284-3/sref5
http://refhub.elsevier.com/S0966-9795(20)30284-3/sref6
http://refhub.elsevier.com/S0966-9795(20)30284-3/sref6
http://refhub.elsevier.com/S0966-9795(20)30284-3/sref7
http://refhub.elsevier.com/S0966-9795(20)30284-3/sref7
http://refhub.elsevier.com/S0966-9795(20)30284-3/sref8
http://refhub.elsevier.com/S0966-9795(20)30284-3/sref8
http://refhub.elsevier.com/S0966-9795(20)30284-3/sref8
http://refhub.elsevier.com/S0966-9795(20)30284-3/sref9
http://refhub.elsevier.com/S0966-9795(20)30284-3/sref9
http://refhub.elsevier.com/S0966-9795(20)30284-3/sref9
http://refhub.elsevier.com/S0966-9795(20)30284-3/sref9
http://refhub.elsevier.com/S0966-9795(20)30284-3/sref10
http://refhub.elsevier.com/S0966-9795(20)30284-3/sref10
http://refhub.elsevier.com/S0966-9795(20)30284-3/sref10
http://refhub.elsevier.com/S0966-9795(20)30284-3/sref11
http://refhub.elsevier.com/S0966-9795(20)30284-3/sref11
http://refhub.elsevier.com/S0966-9795(20)30284-3/sref12
http://refhub.elsevier.com/S0966-9795(20)30284-3/sref12
http://refhub.elsevier.com/S0966-9795(20)30284-3/sref13
http://refhub.elsevier.com/S0966-9795(20)30284-3/sref13
http://refhub.elsevier.com/S0966-9795(20)30284-3/sref14
http://refhub.elsevier.com/S0966-9795(20)30284-3/sref14
http://refhub.elsevier.com/S0966-9795(20)30284-3/sref15
http://refhub.elsevier.com/S0966-9795(20)30284-3/sref15
http://refhub.elsevier.com/S0966-9795(20)30284-3/sref15
http://refhub.elsevier.com/S0966-9795(20)30284-3/sref16
http://refhub.elsevier.com/S0966-9795(20)30284-3/sref17
http://refhub.elsevier.com/S0966-9795(20)30284-3/sref17
http://refhub.elsevier.com/S0966-9795(20)30284-3/sref18
http://refhub.elsevier.com/S0966-9795(20)30284-3/sref18
http://refhub.elsevier.com/S0966-9795(20)30284-3/sref19
http://refhub.elsevier.com/S0966-9795(20)30284-3/sref19
http://refhub.elsevier.com/S0966-9795(20)30284-3/sref20
http://refhub.elsevier.com/S0966-9795(20)30284-3/sref20
http://refhub.elsevier.com/S0966-9795(20)30284-3/sref21
http://refhub.elsevier.com/S0966-9795(20)30284-3/sref21
http://refhub.elsevier.com/S0966-9795(20)30284-3/sref22
http://refhub.elsevier.com/S0966-9795(20)30284-3/sref22
http://refhub.elsevier.com/S0966-9795(20)30284-3/sref23
http://refhub.elsevier.com/S0966-9795(20)30284-3/sref23
http://refhub.elsevier.com/S0966-9795(20)30284-3/sref24
http://refhub.elsevier.com/S0966-9795(20)30284-3/sref24
http://refhub.elsevier.com/S0966-9795(20)30284-3/sref25
http://refhub.elsevier.com/S0966-9795(20)30284-3/sref25
http://refhub.elsevier.com/S0966-9795(20)30284-3/sref26
http://refhub.elsevier.com/S0966-9795(20)30284-3/sref26
http://refhub.elsevier.com/S0966-9795(20)30284-3/sref27
http://refhub.elsevier.com/S0966-9795(20)30284-3/sref27
http://refhub.elsevier.com/S0966-9795(20)30284-3/sref28
http://refhub.elsevier.com/S0966-9795(20)30284-3/sref28
http://refhub.elsevier.com/S0966-9795(20)30284-3/sref29
http://refhub.elsevier.com/S0966-9795(20)30284-3/sref29
http://refhub.elsevier.com/S0966-9795(20)30284-3/sref29
http://refhub.elsevier.com/S0966-9795(20)30284-3/sref30
http://refhub.elsevier.com/S0966-9795(20)30284-3/sref30
http://refhub.elsevier.com/S0966-9795(20)30284-3/sref30
http://refhub.elsevier.com/S0966-9795(20)30284-3/sref31
http://refhub.elsevier.com/S0966-9795(20)30284-3/sref31
http://refhub.elsevier.com/S0966-9795(20)30284-3/sref32
http://refhub.elsevier.com/S0966-9795(20)30284-3/sref32
http://refhub.elsevier.com/S0966-9795(20)30284-3/sref32
http://refhub.elsevier.com/S0966-9795(20)30284-3/sref33
http://refhub.elsevier.com/S0966-9795(20)30284-3/sref33
http://refhub.elsevier.com/S0966-9795(20)30284-3/sref34
http://refhub.elsevier.com/S0966-9795(20)30284-3/sref34
http://refhub.elsevier.com/S0966-9795(20)30284-3/sref35
http://refhub.elsevier.com/S0966-9795(20)30284-3/sref35
http://refhub.elsevier.com/S0966-9795(20)30284-3/sref36
http://refhub.elsevier.com/S0966-9795(20)30284-3/sref36
http://refhub.elsevier.com/S0966-9795(20)30284-3/sref37
http://refhub.elsevier.com/S0966-9795(20)30284-3/sref37
http://refhub.elsevier.com/S0966-9795(20)30284-3/sref38
http://refhub.elsevier.com/S0966-9795(20)30284-3/sref38
http://refhub.elsevier.com/S0966-9795(20)30284-3/sref38
http://refhub.elsevier.com/S0966-9795(20)30284-3/sref38
http://refhub.elsevier.com/S0966-9795(20)30284-3/sref40
http://refhub.elsevier.com/S0966-9795(20)30284-3/sref40
http://refhub.elsevier.com/S0966-9795(20)30284-3/sref40
http://refhub.elsevier.com/S0966-9795(20)30284-3/sref41
http://refhub.elsevier.com/S0966-9795(20)30284-3/sref41
http://refhub.elsevier.com/S0966-9795(20)30284-3/sref41
http://refhub.elsevier.com/S0966-9795(20)30284-3/sref42
http://refhub.elsevier.com/S0966-9795(20)30284-3/sref42
http://refhub.elsevier.com/S0966-9795(20)30284-3/sref43
http://refhub.elsevier.com/S0966-9795(20)30284-3/sref43
http://refhub.elsevier.com/S0966-9795(20)30284-3/sref44
http://refhub.elsevier.com/S0966-9795(20)30284-3/sref44
http://refhub.elsevier.com/S0966-9795(20)30284-3/sref45
http://refhub.elsevier.com/S0966-9795(20)30284-3/sref45
http://refhub.elsevier.com/S0966-9795(20)30284-3/sref46
http://refhub.elsevier.com/S0966-9795(20)30284-3/sref47
http://refhub.elsevier.com/S0966-9795(20)30284-3/sref47
http://refhub.elsevier.com/S0966-9795(20)30284-3/sref48
http://refhub.elsevier.com/S0966-9795(20)30284-3/sref48
http://refhub.elsevier.com/S0966-9795(20)30284-3/sref48
http://refhub.elsevier.com/S0966-9795(20)30284-3/sref49
http://refhub.elsevier.com/S0966-9795(20)30284-3/sref49
http://refhub.elsevier.com/S0966-9795(20)30284-3/sref50
http://refhub.elsevier.com/S0966-9795(20)30284-3/sref50
http://refhub.elsevier.com/S0966-9795(20)30284-3/sref50
http://refhub.elsevier.com/S0966-9795(20)30284-3/sref51
http://refhub.elsevier.com/S0966-9795(20)30284-3/sref51
http://refhub.elsevier.com/S0966-9795(20)30284-3/sref52
http://refhub.elsevier.com/S0966-9795(20)30284-3/sref52
http://refhub.elsevier.com/S0966-9795(20)30284-3/sref52
http://refhub.elsevier.com/S0966-9795(20)30284-3/sref53
http://refhub.elsevier.com/S0966-9795(20)30284-3/sref53
http://refhub.elsevier.com/S0966-9795(20)30284-3/sref53

Results and discussion Synthesis of aluminides

As can be learned from these studies, the preparation of Ru aluminides is possible applying wet
chemically prepared Ru nanoparticles and submicron Al particles. However, typically multiphase
products were obtained, and a homogenization step would be necessary to achieve a complete
conversion. The increased reactivity of the applied nanoparticles was particularly observed upon
reacting the Ru-Al mixtures in an atmosphere of ambient air. The onset of the reaction was determined
to be about 300 °C lower than in an atmosphere of Ar, which was attributed to a partial oxidation of
the Ru nanoparticles and of organics. In contrast, samples prepared from micrometer sized particles
could not be ignited in an atmosphere of ambient air up to a temperature of 600 °C. In order to test if
the ignition temperature of the pellets prepared from micrometer sized particles could be lowered by
the addition of a certain amount of wet chemically prepared Ru nanoparticles, samples containing up
to 50 % Ru nanoparticles instead of micrometer sized Ru particles were prepared. However, no
lowering of the ignition temperature was observed in these samples and they did not ignite up to a

temperature of 600 °C.

Since good results for the preparation of Ni and Ru aluminides were observed applying the two-step
synthesis protocol developed within this work, the applicability of this approach for preparation of
additional aluminides was briefly tested. The results of these preliminary studies will be summarized

in the following chapter and shall be an outlook to possible future work.

3.2.5 Synthesis of additional aluminides and aluminothermic reactions

The two-step synthesis protocol developed in Chapters 3.2.3.2 and 3.2.4.3 for the preparation of Ni
and Ru aluminides was adapted for the preparation of additional aluminides. For both aluminides, the
first step consisted of preparing the submicron Al particles via a thermal decomposition of
triisobutylaluminum in diphenylether before in a second step, the additional metal was synthesized
via a thermal decomposition of a suitable precursor. The resulting powder mixtures were then
compacted in a hydraulic press and reacted to the respective aluminides via a thermal treatment. To
adapt this method for the preparation of other aluminides, suitable metal precursors need to be
selected. Particularly metal carbonyls are promising precursors, since only the metal as well as gaseous
carbon monoxide are formed upon decomposition, resulting in the formation of high purity products.
Accordingly the applicability of Co,(CO)s, Fe(CO)s, W(CO)s, and Re;(CO)i0 was tested. However,
carbonyls are not available for every element. Thus, the applicability of other precursors such Ag(acac),

Cu(acac),, and Karstedt’s catalyst for the preparation of the respective aluminides was also studied.

The following sections are summarizing the first few results regarding the preparation of CoAl, FeAl,
ReAl, WA, Ag.Al, CuAl as well as PtAl, applying metal-aluminum mixtures prepared via a two-step

synthesis protocol. Although promising results were observed in some examples, they have to be
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understood as preliminary experiments and further studies are necessary to fully characterize the
formed products as well as the respective reactions. They might however point out that the synthesis

of many more aluminides is possible applying the approach developed within this work.

Cobalt aluminide

Dicobaltoctacarbonyl decomposes to metallic Co and CO at temperatures > 50 °C and was thus chosen
as a precursor for the preparation of Al-Co powder mixtures. For their synthesis, a similar approach as
for the preparation of the Ni-Al mixtures was applied: Submicron Al particles were prepared in a first
step by the decomposition of triisobutylaluminum and in a second reaction step, metallic Co was
prepared via a thermal decomposition of dicobaltoctacarbonyl (Scheme 13).

15 min, reflux, (Ru)> Co,(CO)g, 2 h, 220 °C

i Al > Al+Co
AlBug Ph,O Ph,O

Scheme 13: Synthesis of Al-Co particle mixtures.

The diffraction pattern of the as prepared powders clearly shows the presence of metallic Al (Figure
53a) with a crystallite size of 170 + 36 nm as determined from Rietveld refinements. Although Co was
present in the sample after heating to temperatures > 600 °C (Figure 53b and c), no reflections of Co
were observed in the as prepared powder mixtures, indicating its amorphous state. The TEM image of
the as prepared Al and Co particle mixture clearly shows the submicron Al particles as well as the Co
nanoparticles, deposited on the Al surfaces. The diameter of the Co particles determined from the TEM

images was 13 = 2 nm (Figure 53d and e).

Starting from these Al-Co powder mixtures, the synthesis of CoAl was easily possible by heating
compacted samples to a temperature of 800 °C in an atmosphere of Ar as well as in an atmosphere of
ambient air at 600 °C on a hot plate. The onset temperature determined on a hot-plate in an
atmosphere of ambient air was 564 °C, while an onset temperature of 578 °C — 593 °C was observed
in an Ar atmosphere. Similar to the Ni-Al mixtures, CoAl was the only crystalline phase being observed

in both cases in the respective XRD measurements (Figure 53b and c).
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Figure 53: XRD measurements and Rietveld refinements of Al-Co pellets prepared from wet chemically synthesized submicron
Al particles and Co nanoparticles. The particles were synthesized in a one-pot, two-step protocol via thermal decomposition
of triisobutylaluminum and dicobaltoctacarbonyl a) as prepared, b) reacted under Ar (800 °C; Ar; 60 K/min) c) reacted unter
ambient air on a hot plate (600 °C) d) TEM image of the Al-Co mixtures and e) particle size distribution of the Co particles
determined from the TEM image shown in d).

Upon heating in an Ar atmosphere, the applied heating rate was found to play only a minor role
regarding the final product composition and in all samples CoAl was observed as the only crystalline
phase (Figure 54a and b). This can again likely be attributed to the good intermixing as well as the good
interfacial contact between Al and Co, similar as reported for the Ni-Al system described in Chapter
3.2.3.2. The onset temperature of the reaction was found to shift from 593 °C to 573 °C upon
decreasing the heating rate from 60 K/min to 5 K/min and the activation energy determined by a
Kissinger analysis (Figure 54c) was 275 + 34 kJ/mol. This value is in good agreement with a value of
247 + 19 kl/mol reported in the literature for a Co/Al multilayer with a bilayer thickness of 50 nm32°,
In addition, AlCo was also observed to form as the only intermetallic phase upon heating the loose
powders to a temperature of 800 °C in an atmosphere of Ar with an onset temperature of 593 °C.
Accordingly, no endothermic melting was observed in the STA traces of the loose powders, indicating
an initiation of the reaction via a solid-state reaction. Similar as it was discussed for the Ni-Al mixtures,

this further confirms the proposed good interelemental contact.
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Figure 54: a) STA traces of Co-Al pellets and loose powder prepared from wet chemically synthesized submicron Al particles
and Co nanoparticles upon applying various heating rates. The particles were synthesized in a one-pot, two-step protocol via
thermal decomposition of triisobutylaluminum and dicobaltoctacarbonyl; b) sample compositions of the samples after the
STA measurements shown in a) determined from Rietveld refinements; c) Kissinger plot obtained from the data shown in a).

In contrast, in mixtures of micrometer sized Al (14 + 7 um) and Co (0.9 + 0.2 um) particles, a poorer
intermixing as well as longer diffusion pathways can be expected to occur. Characterizations of these
powders can be found in Chapter 7. Accordingly, upon heating a loose powder mixture of micrometer
sized Al and Co particles, the onset of the reaction occurred after the formation of a liquid phase via
solid-liquid reactions as is indicated by the low intensity endothermic event prior to the exothermic
reaction at a temperature of 658 °C (Figure 55a). Moreover, due to the larger diffusion pathways,
incomplete reactions were observed within these loose powder mixtures (Figure 55b). Upon heating
compacted pellets of these micrometer sized Al and Co particle mixtures in an atmosphere of Ar to a
temperature of 800 °C, increased onset temperatures of 640 —645 °C were observed. This lower
reactivity might be attributed to the lower reactivity of such micrometer sized particles in general as
well as to a poorer intermixing and interelemental contact. In contrast, in the wet-chemical
preparation method described above, the Co was deposited on the submicron Al particles prior to air
contact, thus resulting in an improved Al-Co interfacial contact. Moreover, the larger diffusion

pathways were particularly problematic upon applying low heating rates of 5 K/min, where incomplete
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reactions were observed resulting in the formation of products containing AlCo, Al rich AlsCo; as well
as residual Co. In contrast to the wet chemically prepared Al-Co mixtures, no ignition was observed on
a hot plate in an atmosphere of ambient air up to a maximum temperature of 650 °C, further indicating

their lower reactivity described above.
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Figure 55: a) STA traces of Co-Al pellets and loose powder prepared from commercial Al and Co powders upon applying various
heating rates; b) sample compositions of the samples after the STA measurements shown in a) determined from Rietveld
refinements.

Iron aluminide

Typical synthesis methods for the preparation of Fe nanoparticles are based on the application of
NaBH, as a reducing agent®”’ or on a thermal decomposition of Fe(CO)s*. Similar as reported above
for the Ni nanoparticles, impurities such as Fe borides or carbides were easily introduced into the final
product via the resulting Fe particles (Figure 56a and b). While the formation of Fe borides could not
be avoided upon applying NaBH, as a reducing agent, the formation of carbides upon applying Fe(CO)s

could be largely avoided by varying the reaction conditions.

Thus, the applicability of Fe(CO)s for the preparation of Fe-Al powder mixtures via a two-step synthesis
protocol as described above was studied in more detail. Within this approach, Al particles were
prepared via thermal decomposition of triisobutylaluminum in refluxing diphenylether and, in a second
reaction step, Fe powder was prepared via thermal decomposition of Fe(CO)s in diphenylether at
various reaction temperatures (Scheme 14) with or without the presence of oleylamine. The as
prepared powders were compacted to pellets and were then heated to a temperature of 800 °C in an
atmosphere of Ar applying a heating rate of 60 K/min. The sample compositions of the reacted pellets

were determined from Rietveld refinements and are given in Figure 57a.
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Fe(CO)s, 2 h, 205 °C

) 15 min, reflux, (Ag)
Al'Bus > » Al + Fe
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Scheme 14: Synthesis of Al-Fe particle mixtures.
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Figure 56: Reaction products obtained from mixtures of Al nanoparticles and a) Fe particles prepared applying NaBH, as a
reducing agent, and b) Fe particles prepared by decomposing Fe(CO)s. The reactions were carried out by heating the
compacted mixtures to a temperature of 800 °C in an Ar atmosphere applying a heating rate of 60 K/min.
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Figure 57: a) Sample compositions of reacted Al-Fe pellets prepared from particle mixtures synthesized via thermal
decomposition of triisobutylaluminum and ironpentacarbonyl (800 °C; Ar; 60 K/min) determined from Rietveld refinements;
b) XRD measurement and Rietveld refinement of the sample prepared from the powder mixture synthesized by heating up to

180 °C in the presence of oleylamine shown in a).

The preparation of FeAl via such a two-step synthesis approach was not as trivial as for Ni or Co (Figure
57a). When the Fe(CO)s was injected into the preheated reaction mixture containing the submicron Al
particles, the formation of Al carbides occurred. Accordingly, a further optimization of the reaction

conditions would be required, which was however not carried out due to time reasons.
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Alternatively, the carbide formation was prevented by adding the Fe(CO)s at room temperature and
applying a slow heat-up procedure (Figure 57a). However, the oxidation sensitivity of the Fe remained
problematic. The Fe oxide can be expected to react in an aluminothermic reaction with Al° yielding
Al,0; and Fe, ultimately resulting in the formation of the large amounts Al,0; detected within these
samples. Moreover, due to this undesired reaction, the total composition of the formed intermetallic
phases is difficult to control. As a result, the formed intermetallic phases had an Al rich total
composition (mainly Fe;Als or FeAls and unreacted Al), although a 1:1 Fe:Al ratio was aimed to be

prepared.

To cap and protect the formed Fe particles from oxidation, the reaction was carried out in the presence
of additional oleylamine. However, the application of oleylamine was not capable of preventing the Fe
oxidation and large Al,Os contents were still observed within the reacted pellets (Figure 57). Although
the total oxide mass content was lower compared to the sample prepared without oleylamine, this
does not necessarily point towards a lower degree of Fe oxidation, since the samples are exhibiting
different total Fe contents. Moreover, the reactions were still incomplete, resulting in the formation
of multiphase products containing FesAl and unreacted Fe as well as Fe,Als and unreacted residual Al.
As shown in Chapter 3.2.2 these incomplete reactions might be due to the increased organic content

of oleylamine and the increased oxide contents.

Accordingly, this method is only partially suitable for the preparation of Fe aluminides and further
studies including a handling of the prepared samples in an inert atmosphere or a capping of the Fe

particles would be clearly necessary in a possible future work.

Tungsten and rhenium aluminides

For the preparation of tungsten aluminides, W(CO)s was chosen as a precursor and a similar two - step

reaction approach as reported above was applied (Scheme 15).

15 min, reflux, (Ru) Al W(CO)g, 2 h, 230 °C
Ph,O o Ph,O

AlBuy > Al + W

Scheme 15: Synthesis of Al-W particle mixtures.

Again, the Al reflections were clearly visible in the as prepared powders, while no reflections belonging
to W were observed, indicating its amorphous nature (Figure 58a). The crystallite size of the Al was
807 nm as determined from Rietveld refinements. However, during the decomposition, the
sublimation of W(CO)s was very problematic regarding the control of the Al:W ratio in the prepared

powders, as the W(CO)s sublimed in the reflux condenser and was effectively removed from the
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reaction mixture. As a result, upon applying 1 eq of W(CO)s, the obtained aluminide was highly
understoichiometric in W (Figure 58b) and only the formation of AlsW was observed. Accordingly,
although the preparation of tungsten aluminides seems theoretically possible applying this method,
more studies to prevent the sublimation of W(CO)s or an empirical determination of the amount of
W(CO)s necessary to achieve a 1:1 stoichiometry in the prepared aluminide are needed. The onset of

the reaction was found to occur at a temperature of 737 °C (Figure 58c).
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Figure 58: XRD measurements and Rietveld refinements of Al-W pellets prepared from a Al-W particle mixture synthesized via
thermal decomposition of triisobutylaluminum and tungstenhexacarbonyl a) as prepared, b) reacted (800 °C; Ar; 60 K/min);
¢) STA trace of the reaction of the compacted Al-W pellet leading to the formation of the product shown in b) (800 °C; Ar;
60 K/min).

The preparation of rhenium aluminum powder mixtures was attempted by adding Re,(CO)io to a
mixture of Al particles in diphenylether and heating the reaction mixture to 250 °C for 3 h with or
without the addition of 20 ml of oleylamine. However, in both samples, XRD measurements of the as
prepared powders only revealed the presence of Al° and no additional crystalline phase was visible.
Similarly, upon heating to 800 °C in an atmosphere of Ar applying a heating rate of 60 K/min, no
formation of any intermetallic Al-Re compound was observed via XRD measurements. In the reacted
samples, unreacted Al was identified together with at least one additional crystalline phase, which did
not match any known Al-Re intermetallic compound, Al-Re oxide, or Al-Re carbide and which could not

be further identified.

Copper and Silver aluminides
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Although metal carbonyls are ideal metal precursors within this synthesis approach, they are known
only for a limited number of elements. However, for many elements, other precursors are available
that allow their preparation by thermal decomposition reactions. Typical examples are including
acetylacetonates, which are also known to decompose often yielding the respective metal and volatile
decomposition products3?®. Thus, the applicability of metal acetylacetonates within the developed
approach was studied and as a first example, the preparation of Al-Cu and Al-Ag powder mixtures was

examined by thermally decomposing Cu(acac); and Ag(acac) as metal precursors (Scheme 16 and

Scheme 17).
) 15 min, reflux, (Ru) Cu(acac),, 3 h, 260 °C
Al'Bus > Al - » Al + Cu
Ph,O Ph,O/ oleylamine
Scheme 16: Synthesis of Al-Cu particle mixtures.
) 15 min, reflux, (Ru) Ag(acac), 3 h, 260 °C
Al'Bus > A » Al + Ag

Ph,O Ph,O/ oleylamine

Scheme 17: Synthesis of Al-Ag particle mixtures.

The as prepared mixtures were consisting of elemental Al and Cu or Al and Ag respectively, indicating
a successful decomposition of both precursors (Figure 59a and Figure 60a). The decomposition was
complete, as was proven by low total CHN contents determined from CHN analyses (Ag: 1.35 % C;
0.23 % H and Cu: 3.63 % C; 0.96 % H). Upon heating in an Ar atmosphere to 800 °C applying a heating
rate of 60 K/min the formation of CuAl as well as Ag,Al were observed, confirming the suitability of
acetylacetonates as possible metal precursors in this reaction system (Figure 59b and Figure 60b).
Particularly in the Al-Cu system, AICu was the only crystalline intermetallic phase being present,
although the as prepared mixture had a total composition of Al;oCuso. This can likely be ascribed to the
presence of Cu,0 within the sample, which reacts with excess Al to yield Al,03 and Cu. The presence
of this Cu,0 is also indicated by the presence of a very broad reflection at around 30 — 40 °C in the as
prepared sample, which can be ascribed to the Cu,0 (111) reflection, but which was not considered
within the Rietveld refinement. In the STA trace two exothermic events at temperatures of 313 °C and
515 °C were observed (Figure 59c¢). The exact nature of these signals needs to be further evaluated,
which was however not carried out within this work. The observed heat of reaction of 306 J/g is
considerably lower than the theoretical value of 452 J/g'®!, which can likely be attributed to the

dilution by oxides.

Similarly, Ag.Al was prepared in a good yield of 88 %. The onset of the reaction was 604 °C (Figure 60c),

which is significantly higher than the values reported for Al/Ag multilayers, which are capable to react
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at temperatures < 300 °C3%°, These increased reaction temperatures can likely be attributed to the
presence of oxidic passivation layers on the Al surfaces. It also has to be noted, that the reaction flask
was opened to the atmosphere prior to the decomposition of the Ag(acac) in order to allow an air
passivation of the submicron Al particles to prevent a premature formation of any Ag-Al intermetallic
phases during the synthesis, which was reported to occur at temperatures as low as 70 °C in multilayer
systems3°, The endothermic signals at 627 °C and 754 °C can be attributed to the melting of

intermetallic Al-Ag compounds formed during the reaction.
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Figure 59: XRD measurements and Rietveld refinements of Al-Cu pellets prepared from a Al-Cu particle mixture synthesized
via thermal decomposition of triisobutylaluminum and Cu(acac); a) as prepared, b) reacted (800 °C; Ar; 60 K/min), and c) STA
trace of the Al-Cu pellet (800 °C; Ar; 60 K/min).
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Figure 60: XRD measurements and Rietveld refinements of Al-Ag pellets prepared from a Al-Ag particle mixture synthesized
via thermal decomposition of triisobutylaluminum and Ag(acac) a) as prepared, b) reacted (800 °C; Ar; 60 K/min), and c) STA
trace of the Al-Ag pellet (800 °C; Ar; 60 K/min).

Platinum aluminides
For the synthesis of platinum aluminides, Karstedt’s catalyst was chosen as an Pt precursor, since it is

known to decompose yielding Pt° upon heating (Scheme 18).

_ 15 min, reflux, (Ru) Karstedt, 2h, 220 °C
Al'Bus > Al > Al + Pt
Ph,0O Ph,O

Scheme 18: Synthesis of Al-Pt particle mixtures.

Again, the XRD measurement of the as prepared powder only confirmed the presence of Al° with a
crystallite size of 71 + 2 nm, indicating the amorphous nature of the formed Pt (Figure 61a). Although
the formation of Al,Pt was evident upon heating the compacted samples to 800 °C in an atmosphere
of Ar, the presence of numerous side products such as Al4Cs, Al,OC, Al,O5 and SiO; was observed (Figure
61b). The formation of these products can likely be ascribed to the presence of residual ligands from
the Karstedt catalyst during the heat-up, making the use of the Karstedt catalyst as a Pt° precursor
problematic. The presence of the ligands was confirmed by CHN analysis, in which a total CHN content
of 13.27 % (10.23 % C; 3.04 % H) was determined. Thus, although the formation of Pt aluminides

applying this approach seems possible in general, alternative clean-up procedures or Pt precursors
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need to be studied in order to reduce the amount of impurity phases. The onset of the reaction was

754 °C (Figure 61c).
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Figure 61: XRD measurements and Rietveld refinements of Al-Pt pellets prepared from a Al-Pt particle mixture synthesized via
thermal decomposition of triisobutylaluminum and karstedt’s catalyst a) as prepared, b) reacted (800 °C; Ar; 60 K/min) c) STA
trace of the Al-W pellet (800 °C; Ar; 60 K/min).

In conclusion, these results indicate that that two-step synthesis protocol can be applied for the
preparation of various aluminides. However, in many cases, an optimization of the reaction conditions
still needs to be carried out to minimize the formation of side products or to achieve a complete
decomposition of the applied precursors. Accordingly, no general protocol applicable to any metal

precursor could be determined yet.

Aluminothermic reactions

Besides the synthesis of intermetallic Al compounds, which was studied within this work, Al particles
are commonly applied within aluminothermic reactions. In these, typically highly exothermic reactions,
the Al particles are reacted with metal oxides yielding alumina and the respective metal. Thus, a first
few studies were conducted to examine the suitability of the submicron Al particles prepared via the
thermal decomposition approach developed within this work for these reactions. For this purpose, the
submicron Al particles were reacted with wet chemically prepared Fe,0s, Cu,O as well as V,0s

powders. The Fe,0; particles were prepared by decomposing Fe(acac)s in oleylamine/ benzyl ether
164



Results and discussion Synthesis of aluminides

solutions and exhibited a size of 7 +1 nm*'332, The Cu,0 and V,0s particles were synthesized by
reacting Cu(acac), and VO(O'Pr)s in diethyleneglycol at a temperature of 180 °C according to the
procedures published by C. Feldmann333334 and exhibited crystallite sizes of 273(13) nm and 36(2) nm
respectively. The XRD measurements of these powders are given in Chapter 7. The metal oxide
particles were thoroughly mixed with the Al particles in an agate mortar and the mixture was then
compacted to a pellet in a hydraulic press (350 MPa, 1 t, 10 min, @ 6 mm) and reacted by heatingin a
TGA/DSC thermal analyzer up to a temperature of 800 °C in an Ar atmosphere applying a heating rate
of 60 K/min. After cooling to room temperature, the pellets were homogenized, and their composition

was determined from Rietveld refinements.

An aluminothermic reaction was possible upon applying the wet chemically synthesized Al and metal
oxide particles (Figure 62). Upon reacting Cu,0 and Al, the product was found to consist of a mixture
of 69 % Cu and 31 % Cu,0, while a mixture of 83 % Fe and 17 % FesAl was observed upon reacting
Fe>03; and Al. The presence of Cu,0 and FesAl are a result of the reacting mixtures being slightly off
stoichiometric due to the presence of organics and oxidic phases. However, due to time reason no

further attempts were made to prepare additional samples with a 1:1 stoichiometry.

Figure 62a and b shows the STA traces of the Al metal oxide particle mixtures measured in an Ar
atmosphere applying a heating rate of 60 K/min. For the Al-V,0s mixtures a highly exothermic
reaction with an onset temperature of 655 °C was observed. Although this exothermic signal strongly
suggests the occurrence of an aluminothermic reaction, this could not be confirmed via an XRD
measurement since the sample spilled out of the crucible during the reaction. The mixtures of Al with
Cu,0 and Fe,03 exhibited onset temperatures of 576 °C and 491 °C respectively. However, only weak
exothermic signals, with the determined heats of reaction being well below the literature values of
2405 J/g*! and 3956 J/g'®! were observed in both cases. These low values might be explained by i)
dilution by residual organics, ii) dilution by the oxide layer on the Al surfaces, or iii) incomplete
reactions, and iv) diffusion processes. For the Al - V,0s mixtures the sample spilled out of the crucible
during the measurement, explaining the low heat of reaction of 1511 J/g compared to the literature

value of 4568 J/g,

Moreover, these reactions could also be carried out in an atmosphere of ambient air on a hot plate
and the ignition temperatures determined within this method generally agreed well with the values
observed in the STA measurements. The Al-Fe,O3; mixtures ignited at a temperature of 495 °C, the Al-

Cu,0 mixtures at 600 °C and the Al-V,0s mixtures at 557 °C.
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Synthesis of aluminides
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Figure 62: STA traces of Al-metal oxide pellets prepared from wet chemically synthesized Al and metal oxide particles a) Al -
Cu,0 and Al - Fe;053 (800 °C; Ar; 60 K/min), b) Al - V,05 (800 °C; Ar; 60 K/min); ¢) and d) XRD measurement and Rietveld
refinements of the reaction products obtained from the reactions shown in a) and b).
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4. Experimental

The majority of the experimental procedures can be found within the published articles contained in
Chapters 3.1.3, 3.1.4, 3.2.3.2 as well as 3.2.4.3308309324.325 \ijthin this chapter only the materials,

methods, and syntheses relevant for the results not already described in these chapters will be given.

4.1 Materials

The purity and supplier of the applied reagents is summarized in Table 15. All listed chemicals were
used as received without any further purification. Unless stated otherwise all solvents were received
from the ZChL and used as received. Dry hexane, THF, diethylether, and toluene were obtained from
a MBraun solvent purification system. Oleylamine, tetraglyme, diphenylether, and oleic acid were
dried and degassed by heating to 100 °C in vacuo for 2 h and stored over molecular sieves (3 A).
Diphenylether was filtered through 0.45 um PTFE syringe filters prior to use. PPhs, PPh;O and TOPO
were dried by heating to 80 °C in vacuo. Fe;0s/ Fes04 nanoparticles with a size of 7 nm were available

from a previous work332,

Table 15: Purity and supplier of the applied chemicals within this work.

Chemical Purity [%] Supplier

Ag(acac) 98 Sigma-Aldrich (St. Louis, USA)
AlCl; 98.5 Acros Organics (Geel, Belgium)
Al>03-NP (< 50 nm) n/a Sigma-Aldrich (St. Louis, USA)
benzyl ether 98 Sigma-Aldrich (St. Louis, USA)
Co >99 Sigma-Aldrich (St. Louis, USA)
Co,(CO)s, stab. with hexanes 95 Acros Organics (Geel, Belgium)
Cu(acac); 97 Sigma-Aldrich (St. Louis, USA)

diethylene glycol 99.5 TCl (Eschborn, Germany)
diphenylether 99 Alfa-Aesar (Kandel, Germany)
Fe(acac)s >99 Acros Organics (Geel, Belgium)
Fe(CO)s >95 Acros Organics (Geel, Belgium)
Li > 98 Sigma-Aldrich (St. Louis, USA)
LiAIH,4 95 Sigma-Aldrich (St. Louis, USA)

Ni >99 Fluka (Buchs, Switzerland)
N(Oct)s >92.5 Merck (Darmstadt, Germany)
oleic acid 90 Alfa-Aesar (Kandel, Germany)
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Table 15 (Continued): Purity and supplier of the applied chemicals within this work.

Chemical Purity [%] Supplier
oleylamine 70 Sigma-Aldrich (St. Louis, USA)
P("Bu)s 93 abcr (Karlsruhe, Germany)

PPh; 99 % Sigma-Aldrich (St. Louis, USA)
PPhsO 99 % Alfa-Aesar (Kandel, Germany)
Rez(CO)1o 98 % abcr (Karlsruhe, Germany)
tetraglyme 98 % abcr (Karlsruhe, Germany)
TOP 97 % abcr (Karlsruhe, Germany)
TOPO 99 % Sigma-Aldrich (St. Louis, USA)
triisobutylaluminum (1M in hexane) --- Sigma-Aldrich (St. Louis, USA)
VO(O'Pr)s 96 % Alfa-Aesar (Kandel, Germany)
W(CO)s 97 % Schuchardt (Miinchen, Germany)

4.2 Methods

The characterizations were carried out as described in the published articles3%8309324325 The methods

relevant for the results not already described in the published papers will be briefly summarized below.
Elemental analyses (CHN analyses) were carried out on an Elementar Vario Micro Cube.

Powder X-ray diffractograms were recorded on a Bruker D8-A25-Advance diffractometer in a Bragg-
Brentano geometry using Cu Ke-radiation (A = 1.5406 A). A 20 range from 7 to 120 °, a step size of
0,013 ° as well as a total measurement time of 1 h were applied. The specimens were prepared by drop
coating the dispersed samples on glass sample holders. Alternatively, standard steel sample holders
were applied for larger sample amounts. Rietveld refinements using TOPAS 5.13%*° were carried out to
determine the sample compositions. The background was fitted using a Chebychev polynom (15"
degree) and a fundamental parameter approach3® was chosen to take into account the instrumental
line broadening. Literature known crystal structures from the crystallographic open database (COD)*¥,
the inorganic crystal structure database (ICSD) or the materials project®*® were applied to conduct the
Rietveld refinements. Entries with the following ID’s were applied: Al 2300250 (Fm3m; COD), Ni
2100640 (Fm3m; COD), NiAl 9008802 (Pm3m; COD), NisAl 20000627 (Pm3m; COD), NiAl; 58040 (Pnma;
ICSD), Ni,Als mp-1057 (P3m1; materials project), NisP 9011823 (/4; COD), Ag,Al 1509011 (P63s/mmc;
COD), y-Al,03 2107301 (Fd3m; COD), Ru 1539052 (P63/mmc; COD), RuAl 1527371 (Pm3m; COD), RuAl,
58156 (Fddd; 1CSD), RusAl13 58158 (P3m1; ICSD), Ru,Al; 609226 (/4/mmm; ICSD), AlCo 57596 (Pm3m;
ICSD), Co 1534891 (Fm3m; COD), AlsCo, 109470 (P63/mmc; ICSD), Al13Cos 104638 (Pmn2;; ICSD), Fe
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230020 (Im3m; COD), FeAl 1541193 (Pm3m; COD), Fe;Als 57796 (Cmcm; ICSD), AlFes 607483 (Fm3m;
ICSD), FeAl; 57795 (C12/m1; ICSD), Fe,0s 101240 (R3c:R; COD), FesAIC 43853 (ICSD), Al,Cs 2310414
(COD), AlsW 58206 (ICSD), CuAl 40332 (ICSD), Ag>Al 1509011 (Pm3m; COD), Ag 1100136 (Fm3m; COD),
ALPt 58132 (Fm3m; 1CSD), ALCO 1537347 (P6smc; COD), SiO, 1010944 (Fd3m; COD), Cu 4105040
(Fm3m; COD), Cu,0 1010941 (Pn3m COD), AlCu (C12/m1; ICSD).

TEM images were taken on a JEOL JEM-2010 electron microscope and an accelerating voltage of 200 kV
was applied. The samples were prepared from the dispersed nanoparticles in hexane or methanol by
drop coating onto carbon coated copper grids followed by air drying. A JEOL JSM-7000F scanning
electron microscope was applied to record the SEM images of the dried samples without any
pretreatment. The particle size distributions were determined from the TEM or SEM images by

measuring at least 100 particles using the software ImageJ3%.

A FEl Helios NanolLab600 was applied to carry out the focused ion beam (FIB) measurements using a
gallium ion beam at an observation angle of 52 °. Prior to the measurements, the samples were

contacted with conductive carbon.

Thermogravimetric analyses (TGA) were conducted on a TG F1 Iris from Netzsch. The measurements
were carried out in a constant flow of N,/O; 32:8 (40 ml/min) or N> (40 ml/min) using a heating rate of
10 K/min in open alumina crucibles. Buoyancy effects occurring during the measurements were
corrected by subtracting a measurement of an empty crucible measured with the same temperature
program. A temperature calibration was carried out employing In, Sn, Zn, Bi, Al and Ag melt standards.

From the TGA traces Al° contents were calculated as described in Chapter 1.5.1.

Simultaneous thermal analyses (STA) were carried out on a Mettler-Toledo STAre system. The
measurements were carried out in open alumina crucibles in a constant flow of Ar (40 ml/min). Heating
rates ranging from 5K/min to 60 K/min were used and the maximum temperature in the
measurements was 800 °C. For all samples, a second scan was used as a background after the absence
of any signals (particularly Al melting) was confirmed. The tau lag, the sample temperature and the

heatflow was calibrated applying Al, Au, In and Zn melt standards.

An ALV Compact Goniometer was applied to carry out the dynamic light scattering (DLS)
measurements. They were conducted at room temperature at a scattering angle of 90 °. Prior to the
measurements, the particles were dispersed in methanol or hexane, ultrasonicated for 10 min, filtered

through 0.45 um PTFE filters and equilibrated for 5 min at room temperature.

ATR-FTIR spectra were recorded on A Bruker Vertex 70 spectrometer in an atmosphere of ambient air

or flowing Ar. The spectra were obtained as an average of 16 scans for both, the background, and the
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sample. The measurements were carried out in a wavelength range of 4000 —400 cm™ applying a

resolution of 4 cm™ in a DIAMOND ATR-QL measurement cell from Bruker.

An AV400WB spectrometer from Bruker was used to carry out the solid-state Al SPE-MAS and 3'P
CPMAS NMR spectra. The measurements were conducted in ZrO; rotors applying a rotation of 13 kHz.
31p spectra were recorded at 162 MHz and #’Al spectra at 104 MHz. 85 % H3sPO4 was used as an external
standard for the 3P NMR spectra, while an AICl; solution (1 M in H,0) was used as a standard for the

27Al spectra.

Ignition temperatures of the compacted pellets in an atmosphere of ambient air were determined by
dropping small pellet pieces (1—-2 mg) onto a hot plate preheated to a set temperature. The
experimental setup is described in Chapter 1.5.3. An ignition and thus a reaction of the powder mixture
could be recognized with the naked eye by the formation of sparks. If no reaction was observed, the
temperature of the plate was raised, and the procedure was repeated. The ignition temperature was
then determined as the median of the lowest temperature at which an ignition was observed and the
highest temperature at which no ignition was observed. At around the observed onset temperature,
the temperature of the hot plate was generally increased in increments <5 °C to allow a precise
determination of the individual ignition temperature. In these measurements a constant temperature
distribution in the reaction spot (@ 2 cm) was assumed and the set temperature of the PID controller
was assumed to be the surface temperature. The reaction onset temperatures in an atmosphere of Ar

were determined from the STA traces as the onset of the corresponding exothermic signals.

4.3 Syntheses

Al particles via metal reduction

550 mg (4 mmol) of AICl; were dissolved in 20 ml of THF. 100 mg of Li (14 mmol) were added in small
pieces and the mixture was heated to reflux for 3 h. The formed black solid was separated via
centrifugation (8000 rpm; 10 min) and washed three times with 15 ml of isopropanol (8000 rpm;

10 min). The solid was dried at room temperature in vacuo.

For the preparation of oleic acid capped Al powder, a similar procedure was applied. After heating to
reflux for 3 h, 2 ml of oleic acid were added, and the mixture was stirred at room temperature

overnight. The isolation of the formed Al particles was carried out as described above.

Yield: 59 mg black solid (10 % based on Al°).
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Al particles via hydride reduction

The particles were synthesized following a modified literature procedure3®. Briefly, 0.54 g (14 mmol)
of LiAlH4, 0.46 g (3 mmol) AICls, and the desired amount of phosphine stabilizer were dissolved in
120 ml of mesitylene. The reaction mixture was heated to 165 °C for 1 h and the formed solid was
collected by centrifugation (12000 rpm; 10 min). The obtained grey solid was washed twice with

methanol (20 ml), twice with THF (20 ml) and dried in vacuo at room temperature.

Yield: 363 mg grey solid (61 % based on Al°) (for PPhs stabilized Al particles).

Al particles via catalytic decomposition

The synthesis is described in Chapter 3.1.330%,

Al particles via thermal decomposition

The synthesis is described in Chapter 3.1.43%,

Ni nanoparticles

The synthesis is described in Chapter 3.2.3.2 and was carried out following known literature

procedures3,

The syntheses applying PPh; were carried out analogously applying PPh; instead of TOP.

Mechanochemical synthesis of Ru (Ru nanopowder)

The synthesis is described in Chapter 3.1.4 and was carried out following known literature

procedures3?,

Ag nanoparticles

The synthesis is described in Chapter 3.1.4 and was carried out following known literature

procedures®*.,
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Synthesis of Ru nanoparticles via reduction of RuCls

The synthesis was carried out according to known literature methods3!%. 800 mg (3 mmol) RuCls-H,0
were added to 80 ml oleylamine and degassed for 30 min at a temperature of 30 °C. The mixture was
heated to 350 °C for 1 h. After cooling to room temperature, the Ru nanoparticles were precipitated
by adding 80 ml ethanol and isolated by centrifugation (8000 rpm; 10 min). The particles were washed

three times with methanol (8000 rpm; 10 min) and dried in vacuo at 80 °C.

Yield: 656 mg brown gel (52 % based on RuP).

Synthesis of Ru nanoparticles via decomposition of Ru(acac)s

The synthesis was carried out according to known literature methods34. 1.22 g (3 mmol) Ru(acac)s
were added to 80 ml oleylamine and degassed in vacuo at 70 °C for 30 min. The mixture was heated
for 1 h to 120 °C before the temperature was increased to 300 °C for 1 h. After cooling to room
temperature, the Ru nanoparticles were precipitated by adding 80 ml ethanol and isolated by
centrifugation (8000 rpm; 10 min). The resulting black solid was washed by three cycles of redispersing
in 5 ml of hexane, precipitating with 40 ml of acetone, and centrifugation (8000 rpm; 10 min). The

particles were dried in vacuo at 80 °C.

Yield: 2.4 g brown gel (70 % based on Ru°)

Synthesis of Ru nanoparticles via decomposition of Rus(CO)12

The synthesis is described in Chapter 3.2.4.33%,

Synthesis of Fe nanoparticles via NaBH,4 reduction

The particles were synthesized following a modified literature procedure®?’. 1.1 g (4 mmol) FeS04-7H,0
and 0.23 g (0.8 mmol) sodium dodecyl sulfate were dissolved in 100 ml H,O/ EtOH (3:1 v/v). 0.57 g
(15 mmol) of NaBH4 was dissolved in 20 ml of cold water and added dropwise to the above mixture
under stirring. The formed black solid was magnetically separated, washed three times with 40 ml

ethanol and dried in vacuo.

Yield: 195 mg black solid (87 %)
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Synthesis of Fe nanoparticles via decomposition of Fe(CO)s

The synthesis was carried out according to known literature methods*®. 20 ml 1-octadecene and 0.3 ml
(1 mmol) oleylamine were degassed at 120 °C for 30 min and then heated to a temperature of 180 °C.
At this temperature 0.7 ml (5 mmol) Fe(CO)s were injected and the mixture was stirred at 180 °C for
an additional 20 min. The formed black solid was magnetically separated, washed 3 times with 20 ml

of hexane and dried in vacuo at 80 °C.

Yield: 167 mg black solid (60 %)

Nanocrystalline Cu,0

The synthesis was carried out according to published literature methods333. Briefly, 600 mg (2.3 mmol)
of Cu(acac), were dispersed in 50 ml of diethylene glycol. 2 ml H,O were added, and the mixture was
heated to 180 °C for 5 h. After cooling to room temperature, the mixture was centrifuged (13000 rpm;
10 min) and washed 3 times with 20 ml of ethanol (13000 rpm; 10 min). The resulting solid was dried

in vacuo at room temperature.

Yield: 57 mg red/ brown solid (35 %)

Nanocrystalline V5,05

V,0s was synthesized according to published literature procedures®*. Briefly, 3.9 g (16 mmol)
VO('0iPr); were dissolved in 50 ml of diethylene glycol. 2 ml of H,O were added, and the reaction
mixture was heated to 180 °C for 6 h. After cooling to room temperature, the mixture was centrifuged
(13000 rpm; 10 min) and the resulting solid was washed 3 times with 20 ml of ethanol (13000 rpm;
10 min). The resulting solid was dried in vacuo at room temperature and sintered for 30 min at 450 °C

in an atmosphere of ambient air.

Yield: 1.04 g yellow solid (71 %)
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Pellet preparation

For the preparation of pellets starting from separately synthesized Al and metal particles, both
reactants were dispersed in hexane, thoroughly mixed in an agate mortar or an ultrasonication bath
(10 min) and allowed to air dry. Prior to the mixing the AI° content of the Al particles was determined

from TG measurements to allow the preparation of pellets with exact stoichiometries.

The pellets were then prepared from the resulting mixtures or directly from the particle mixtures
prepared via the two-step synthesis protocol developed within this work applying a hydraulic press.
Unless stated otherwise, at about 15 mg of powder were compacted by a piston with a diameter of

6 mm for 10 min applying a pressure of 350 MPa.

Aluminide preparation

The aluminides were typically prepared starting from the pellets prepared as described above. For the
preparation in an atmosphere of flowing Ar (40 ml/min), a 3 — 15 mg portion of the pellet was placed
in an open alumina crucible which was heated in a TGA/DSC thermal analyzer. Typically, the sample
was heated up to a temperature of 800 °C applying heating rates ranging from 5 to 60 K/min. The
cooling was carried out with a heating rate of 20 K/min and a second heating cycle was carried out for
background correction in all samples. The preparation in an atmosphere of ambient air was carried out

on a hot plate as described above.

Al-polystyrene mixtures

In a first step, Al particles were prepared via the thermal decomposition approach as described in
Chapter 3.1.4. The resulting Al particles were separated from the diphenylether solvent by
centrifugation (8000 rpm; 10 min) and washed three times with 20 ml of toluene. The desired amount
of polystyrene was dissolved in 20 ml of toluene and added to the prepared Al particles. The mixture
was homogenized for 30 min in an ultrasonication bath and the toluene was removed in vacuo. The

formed Al-polystyrene mixtures were dried in vacuo at room temperature.

Oxidation of Al particles with HNOs

The oxidation was carried out according to reports in the literature3?, In a first step, Al particles were
prepared via the thermal decomposition approach as described in Chapter 3.1.4, including the

separation and drying steps. 35 mg of the resulting particles were stirred for 10 and 20 min in
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concentrated HNO; (69 wt%). The particles were separated by centrifugation (8000 rpm; 10 min),

washed two times with H,O (8000 rpm; 10 min) and dried in vacuo at 80 °C.

Al-Ni particle mixtures

The synthesis is described in Chapter 3.2.3.232,

Al-Ru particle mixtures

The synthesis is described in Chapter 3.2.4.33%,

Al-Co particle mixtures

The synthesis was carried by adapting the method applied for the preparation of the Ni-Al mixtures3?,
60 ml of diphenylether were degassed at 100 °C for 30 min. After cooling to 40 °C, 2 ml of
triisobutylaluminium (1 M in hexane) (2 mmol) and 3 mg (0.03 mmol) of Ru hanopowder were added.
The hexane was removed in vacuo and the mixture was homogenized using an ultrasonication bath for
15 min. The mixture was refluxed for 15 min resulting in the formation of submicron Al particles. After
cooling to room temperature 0.26 g (1.5 mmol) Co,(CO)s were added and the mixture was heated to
220 °C for 2 h. The formed solid was centrifuged (8000 rpm; 10 min), washed three times with 15 ml

of toluene (8000 rpm; 10 min) and dried in vacuo at room temperature.

Yield: 151 mg black solid.

Al-Fe particle mixtures

The synthesis was carried by adapting the method applied for the preparation of the Ni-Al mixtures32*,
60 ml of diphenylether were degassed at 100 °C for 30 min. After cooling to 40°C 2ml, of
triisobutylaluminium (1 M in hexane) (2 mmol) and 3 mg (0.03 mmol) of Ru nanopowder were added.
The hexane was removed in vacuo and the mixture was homogenized using an ultrasonication bath for
15 min. The mixture was refluxed for 15 min resulting in the formation of submicron Al particles. After
cooling to room temperature 0.3 ml (1.5 mmol) Fe(CO)s were added and the mixture was heated to
205 °Cfor 2 h. In alternative synthesis approaches, the Fe(CO)s was injected at a temperature of 175 °C

or decomposed at 180 °C in the presence of an additional 20 ml of oleylamine. In all samples, the
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formed solid was centrifuged (8000 rpm; 10 min), washed three times with 15 ml of toluene

(8000 rpm; 10 min) and dried in vacuo at room temperature.

Yield: 120 mg black solid.

Al-W particle mixtures

The synthesis was carried by adapting the method applied for the preparation of the Ni-Al mixtures3?*,
60 ml of diphenylether were degassed at 100 °C for 30 min. After cooling to 40°C 2 ml, of
triisobutylaluminium (1 M in hexane) (2 mmol) and 3 mg (0.03 mmol) of Ag nanoparticles were added.
The hexane was removed in vacuo and the mixture was homogenized using an ultrasonication bath for
15 min. The mixture was refluxed for 15 min resulting in the formation of submicron Al particles. After
cooling to room temperature 0.5 g (1.5 mmol) W(CO)s were added and the mixture was heated to
230 °C for 2 h. The formed solid was centrifuged (8000 rpm; 10 min), washed three times with 15 ml

of toluene (8000 rpm; 10 min) and dried in vacuo at room temperature.

Yield: 45 mg grey solid.

Al-Re particle mixtures

The synthesis was carried by adapting the method applied for the preparation of the Ni-Al mixtures32*.
60 ml of diphenylether were degassed at 100 °C for 30 min. After cooling to 40°C 2ml, of
triisobutylaluminium (1 M in hexane) (2 mmol) and 3 mg (0.03 mmol) of Ru nanoparticles were added.
The hexane was removed in vacuo and the mixture was homogenized using an ultrasonication bath for
15 min. The mixture was refluxed for 15 min resulting in the formation of submicron Al particles. After
cooling to room temperature 0.49 g (1.5 mmol) Re;(CO)10 were added and the mixture was heated to
250 °C for 3 h. The formed solid was centrifuged (8000 rpm; 10 min), washed three times with 15 ml

of toluene (8000 rpm; 10 min) and dried in vacuo at room temperature.

Yield: 32 mg, grey solid.
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Al-Ag particle mixtures

The synthesis was carried out by adapting the method applied for the preparation of the Ni-Al
mixtures3?*. 60 ml of diphenylether were degassed at 100 °C for 30 min. After cooling to 40 °C, 2 ml of
triisobutylaluminium (1 M in hexane) (2 mmol) and 3 mg (0.03 mmol) of Ru nanoparticles were added.
The hexane was removed in vacuo and the mixture was homogenized using an ultrasonication bath for
15 min. The mixture was refluxed for 15 min resulting in the formation of submicron Al particles. After
cooling to room temperature 0.64 g (1.5 mmol) Ag(acac) were added and the mixture was heated to
200 °C for 2 h. The formed solid was centrifuged (13000 rpm; 10 min), washed three times with 15 ml

of toluene (13000 rpm; 10 min) and dried in vacuo at room temperature.

Yield: 350 mg grey solid.

Al-Cu particle mixtures

The synthesis was carried out by adapting the method applied for the preparation of the Ni-Al
mixtures3?*, 60 ml of diphenylether were degassed at 100 °C for 30 min. After cooling to 40 °C, 2 ml of
triisobutylaluminium (1 M in hexane) (2 mmol) and 3 mg (0.03 mmol) of Ru hanoparticles were added.
The hexane was removed in vacuo and the mixture was homogenized using an ultrasonication bath for
15 min. The mixture was refluxed for 15 min resulting in the formation of submicron Al particles. After
cooling to room temperature 0.36 g (1.5 mmol) Cu(acac), were added and the mixture was heated to
260 °C for 3 h. The formed solid was centrifuged (13000 rpm; 10 min), washed three times with 15 ml

of toluene (13000 rpm; 10 min) and dried in vacuo at room temperature.

Yield: 152 mg red-brown solid.

Al-Pt particle mixtures

The synthesis was carried out by adapting the method applied for the preparation of the Ni-Al
mixtures3?*, 60 ml of diphenylether were degassed at 100 °C for 30 min. After cooling to 40 °C, 2 ml of
triisobutylaluminium (1 M in hexane) (2 mmol) and 3 mg (0.03 mmol) of Ru hanoparticles were added.
The hexane was removed in vacuo and the mixture was homogenized using an ultrasonication bath for
15 min. The mixture was refluxed for 15 min resulting in the formation of submicron Al particles. After
cooling to room temperature 0.95 g (2 wt% Pt) Karstedt's catalyst was added, and the mixture was
heated to 250 °C for 3 h. The formed solid was centrifuged (13000 rpm; 10 min), washed three times

with 15 ml of toluene (13000 rpm; 10 min) and dried in vacuo at room temperature.

Yield: 34 mg black solid.
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5. Summary and Outlook

Summary

Ni and Ru aluminides were successfully prepared starting from wet chemically synthesized Al and Ni
or Ru particles. The Al particles applied for this purpose were synthesized applying metal reduction,
hydride reduction and catalytic decomposition approaches as well as a thermal decomposition
approach developed within this work. Particularly the catalytic and thermal decomposition approaches

were studied in more detail.

Al nanoparticles were prepared via the catalytic decomposition approach. The reaction conditions
were systematically studied and optimized regarding homogenous reaction mixtures, short reaction
times, small particle sizes of 30 —50 nm as well as mild reaction temperatures. For this purpose,
various reaction parameters including the Al precursor, the decomposition catalyst, the reaction
temperature, the solvent, the stabilizer as well as the reactant concentrations were systematically
varied. The application of Ti catalysts should be preferred over other Lewis acid catalysts for which
increased reaction times were necessary. Bulky Ti catalysts like Ti(O'Bu)s were slightly less efficient and
resulted in the formation of larger particles compared to smaller catalysts like Ti(O'Pr),. The application
of increased temperatures >90 °C was necessary to achieve a fast decomposition (<15 min). Similarly,
the shortest reaction times as well as the smallest particles were observed upon applying nonpolar
solvents such as toluene or cyclohexane. In contrast, significantly decreased decomposition rates were
observed upon applying polar solvents, resulting in incomplete reactions after a reaction time of
15 min. The application of bulky alane precursors resulted in the formation of products with a complex,
network-like morphology, while small, non-agglomerated particles were obtained from small alane
precursors such as HsAINEt; or H3Al(THF). Within the reaction system studied in this work, PPhs as well
as N(Oct); were identified as suitable stabilizers, which were largely removed during the clean-up
procedures and resulted in a content of organics <10 %. Moreover, a decrease of the particle size as
well as a narrowing of the particle size distribution was observed upon decreasing the precursor
concentration or upon increasing the concentration of the decomposition catalyst. Considering the
requirements and results summarized above, the most promising results were obtained by applying
an increased reaction temperature of 90 °C in toluene solutions, a concentration of 35 ppm of a
Ti(O'Pr)4 catalyst, and a concentration of 35 mM of a HsAINEt; or a HsAl(THF) precursor in the presence
of 5 eq PPhs acting as a stabilizer. These conditions resulted in the formation of nanoparticles with a

size of 35 nm within a short reaction time of < 15 min.

A thermal decomposition approach for the preparation of Al particles was developed. Within this

approach, triisobutylalumium was thermally decomposed in refluxing diphenylether in the presence
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of nanoparticulate seeds of Ni, Ru and Ag within 15 min. No additional stabilizers were necessary
during this synthesis and the resulting submicron Al particles exhibited sizes of about 100 — 250 nm,
Al° contents of about 80 wt% as well as very low organic contents < 5 %. However, a capping with oleic
acid was also possible in a second, optional synthesis step. The size of the resulting particles was
decreased to about 70 nm by the addition of PPh; during the decomposition. The content of the seed
metal within in the final product could be reduced by applying the resulting particles themselves as
seeds. A decrease of the particle size as well as narrower particle size distributions were observed
when the triisobutylalumium was injected into the reaction mixture at an increased temperature of

270 °C.

The performance of the Al particles prepared from the different synthesis approaches for the
preparation of Ni and Ru aluminides was studied. The most promising results regarding complete
reactions, high yields and low oxidic contents were observed upon applying the submicron Al particles
prepared via the thermal decomposition approach. This was attributed to the low organic and oxidic
contents of these particles, since high contents of organics and oxides were found to have a negative

influence on the aluminide formation, ultimately resulting in incomplete reactions.

For the preparation of Ni aluminides starting from separately prepared Ni and Al particles, the
formation of multiphase products was observed upon applying small sample amounts. This was
ascribed to heat loss effects ultimately resulting in incomplete reactions. Thus, a one-pot, two-step
synthesis protocol was developed, which resulted in the deposition of small Ni crystallites with a size
of about 2 nm on the surface of Al particles with a size of about 150 nm. In a first step, submicron Al
particles were prepared via thermal decomposition of triisobutylaluminum in refluxing diphenylether
in the presence of nanoparticulate Ni seeds before in a second step, Ni was deposited via a thermal
decomposition of Ni(COD),. Upon heating the resulting mixtures to 800 °C in an Ar atmosphere or to
600 °C on a hot plate, the formation of products containing NiAl as the only crystalline phase was
observed, which can likely be attributed to the excellent interelemental contact as well as mixing.
Besides, due the application of oxide passivated Al particles, at about 20 % of amorphous Al,0; was

detected within these samples.

For the formation of Ru aluminides, an analogous one-pot, two-step synthesis protocol was developed.
Again, in a first step, submicron Al particles with a size of about 150 nm were prepared via thermal
decomposition of triisobutylaluminum in refluxing diphenylether, before in a second step, Ru was
prepared by adding and decomposing Rus(CO)1; in oleylamine solutions at a temperature of 220 °C.
The resulting Ru nanoparticles exhibited sizes of 6.4 + 0.8 nm and upon heating the resulting particle
mixtures in an atmosphere of Ar to a temperature of 800 °C, the formation of Ru aluminides was
observed starting at a temperature of about 600 °C. In contrast, on a hot plate in an atmosphere of
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ambient air, the onset of the reaction was found to occur at temperatures as low as 300 °C, which was
attributed to additional heat released during the decomposition of residual organics as well as to an

oxidation of the Ru nanoparticles.

The general applicability of the developed two-step synthesis protocol for the preparation of various

other aluminides was moreover shown by a successful preparation of Co, Ag, Cu and Fe aluminides.

Outlook

One aspect on which future work might be focused is the reduction of the oxide content within the
prepared aluminides, which can possibly be achieved via various synthetic approaches. The first and
most obvious approach is the simple repetition of the work presented throughout this work under
strictly air-free conditions, particularly including the pellet preparation steps. Alternatively, the
synthesis of core-shell particles, ideally with the shell consisting of the less air sensitive compound, or
the application of Al rich aluminides as Al sources would be plausible approaches (Figure 63). Besides
the lower oxide contents, the intermixing as well as the interelemental contact can also be expected
to significantly improve compared to the particle mixtures applied throughout this work upon applying
such core-shell morphologies. Ultimately, these different approaches might be compared regarding
the resulting products as well as the influence of the oxide shell during the combustion reaction.
Moreover, particularly the performance of the core-shell systems, which can be considered as a
particulate equivalent to the commonly applied multilayer systems, should be evaluated in comparison

to these systems.
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Figure 63: Plausible precursors for the preparation of oxide free aluminides.

Since wet chemical synthesis methods allow a facile functionalization of the prepared nanoparticles, a
method for the preparation of well dispersed particle mixtures in various solvents such as hexane or
ethanol should be developed. As aluminides are typically applied as coating materials for many

materials, the suitability of such particle dispersions for the preparation of aluminide coatings might
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be examined. The preparation of aluminide coatings via facile processes such as dip, spray or spin
coating would represent a convenient and fast method even for coating components with large or very
complex geometries. Simultaneously, a scale-up of the methods developed within the present work
might be carried out in order to increase the sample amounts obtainable via the wet chemical methods

and ideally, a synthesis would be possible applying a continuous wet chemical synthesis approach.

In addition, Al is known to form intermetallic compounds with many more elements. As was shown
within this work, the preparation of these compounds starting from wet chemically synthesized
powders is not straightforward and tailored approaches might be necessary for many of these
compounds. As was shown, their synthesis is generally possible, however further studies would be
necessary to develop synthesis approaches suitable for the preparation of additional aluminides in

high yields.

Another field of application for which Al particles are commonly applied, but which was not studied in
detail within this work, is the field of aluminothermic reactions. Accordingly, in a future work, the
suitability of the Al particles prepared via the different synthesis methods for the preparation of
various metals by aluminothermic reactions might be evaluated and the influence of various
parameters, such as for example particle sizes, organic and oxide contents as well as the applied
temperature programs might be studied. Ultimately, similar as described above, Al core- metal oxide

shell particles might be synthesized and their applicability within these reactions may be evaluated.
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Appendix Characterization of the commercial Ni powder

7. Appendix

7.1 Characterization of the commercial Ni powder

The Ni powder obtained from Fluka (Buchs, Switzerland) consisted of quasi spherical particles with
irregular surfaces. The mean diameter of the particles determined from the SEM images was 7 + 2 pm.

The crystallite size determined from Rietveld refinement was 258(8) nm (Figure 64).
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Figure 64: a) SEM images of commercial Ni powder used for the synthesis of aluminides; b) particle size distribution obtained
from the SEM images by measuring 100 particles; c) XRD measurement and Rietveld refinement of the commercial Ni powder.

7.2 Characterization of the commercial Co powder

The Co powder obtained from Aldrich (St. Louis, USA) consisted of severely agglomerated and sintered

spherical particles with a mean diameter determined from the SEM images of 0.9 + 0.2 um (Figure 65).
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Appendix Diffractograms of the nanocrystalline Cu20 and
V205
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Figure 65: a) SEM images of commercial Co powder used for the synthesis of aluminides; b) particle size distribution
obtained from the SEM images by measuring 100 particles.

7.3 Diffractograms of the nanocrystalline Cu20 and V205

XRD measurements revealed the presence of Cu,0 with a crystallite size of 273(13) nm (Figure 66).
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Figure 66: XRD measurement and Rietveld refinement of nanocrystalline Cu,0 prepared from Cu(acac); in diethylene glycol.

XRD measurements revealed the presence of V,0s with a crystallite size of 36(2) nm. Moreover, the

sample was found to contain 5 wt% of Vanadium(IV)oxide as an impurity phase (Figure 67).
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Appendix Supporting information for Chapter 3.1.3.2
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Figure 67: XRD measurement and Rietveld refinement of nanocrystalline V,0s prepared from VO(O'Pr)s in diethylene glycol.

7.4 Supporting information for Chapter 3.1.3.2
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Figure S1: The concentrations used were as follows: 35 mM H;AINEt;, Al: PPh; 5:1 and
cat.:Al 2 ppm. The crystallite sizes were determined from Rietveld refinements of the dried
powders.
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Figure S2: DLS measurements of Al nanoparticles synthesized from H;AINEt; in different
solvents in methanol. The concentrations used were as follows: 35 mM H;AINEt;, Al:
epoxyhexane 4:1 and cat.:Al 2 ppm.
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Figure S4: a) PXRD measurement and Rietveld refinement, b) DLS measurements in

methanol, and ¢) a comparison of hydrodynamic radii as well as crystallite sizes of Al

nanoparticles synthesized via a chemical reduction approach.

Table S1: CHN analyses of Al nanoparticles synthesized using different stabilizers in toluene.
The concentrations used were as follows: 35 mM H;AINEt; (unless stated otherwise), and

cat.:Al 2 ppm
stabilizer C [%] H[%] N[ %] ¥ (CHN)
[%o]
--- 3.16 1.29 0.45 4.90
--- - H3AINOct; as
precursor
5.0 eq PPh; 8.36 1.89 --- 7.5
5.0 eq TOP 4.72 1.82 0.97 7.51
0.25 eq TOP
5.0 eq N(Oct); no decomposition
0.25 eq N(Oct); 5.27 1.68 0.53 7.48
0.12 TOEDA 4.73 1.44 0.48 6.65
0.25 eq N(Bu); 2.82 0.95 0.33 4.10
0.25 eq NPh; 3.01 1.01 0.50 4.52




0.25 eq N(‘Bu); 4.74 1.63 0.53 6.90
0.25 eq TOPO 2.34 0.99 3.19 6.52
5.0 eq PCy;
5.0 eq NPhs

10 29.5+0.6 nm 49.2+1.0 nm
- - 91.9+153nm
3 —— 34 ppm Ti(O'Pr),
8 081 35 mM H,AINEt,
£ |—2ppmTi(OPY,
§ 06 35 mM H,AINEt,
= —— 2 ppmTi(OPr),
g 041 140 mM H,AINE,
s
0.2
0-0 T T 1
1 10 100 1000

hydrodynamic radius (nm)

Figure S5: DLS measurements of Al nanoparticles synthesized in the presence of 5 eq. PPh;
applying different concentrations of the precursor and decomposition catalyst.

Synthesis and characterization of the alane precursors

Methods

'H, 13C, 3'P and ?’Al NMR spectra were recorded on a Bruker Avance III HD 400 MHz
spectrometer. 'H spectra were recorded at 400 MHz, 13C at 101 MHz, 3'P at 162 MHz and %’Al
at 104 MHz. All spectra were recorded at room temperature in benzene-ds (Cg¢Dg) or
chloroform-d (CDCls).

A Bruker Vertex 70 ATR-FTIR spectrometer was used for recording the IR spectra. The spectra
were recorded as an average of 16 scans for background and sample in a range from 4000 —
400 cm™ in a resolution of 4 cm!' applying a DIAMOND ATR-QL measurement cell from
Bruker in an atmosphere of flowing Ar.

A titriometric determination of the hydride content of the alane precursors was carried out
according to methods described in the literature for LiAlH,4 '?: The alane (~ 0.5 mmol) to be
determined was dissolved in 10 ml of THF. To this solution 9-fluorenone was added dropwise

(1 M in THF) under stirring until a yellow coloration remained visible.



Materials

Tributylamine (NBus, >98 %) was purchased from TCI Japan (Tokyo, Japan) and trioctylamine
(N(Oct); <92.5%) was obtained from Merck (Darmstadt, Germany). Bis(2-
dimethylaminoethyl)-methylamine (PMDTA, 99 %) and LiAlH, (95 %) were purchased from
Sigma-Aldrich (Munich, Germany). Triethylamine (> 99 %) was purchased from applichem
(Darmstadt, Germany). 1,4-Diazabicyclo[2.2.2]octane (DABCO, 98 %) was obtained from
Alfa Aesar (Ward Hill, USA). AICI; (98.5 %) was from Acros Organics (Geel, Belgium).
Tricyclohexylphosphine (>97 %) was delivered from Carbosynth (Berkshire, United
Kingdom). Toluene, THF, hexane, and diethylether were purified in a MBraun solvent
purification system. All chemicals were used as received unless stated otherwise. The reactions

were carried out under an Ar atmosphere using either a glove box or Schlenk line techniques.

Synthesis of H;AINR;

Triethylamine alane, tributylamine alane and trioctylamine alane were synthesized following
known literature methods®. A typical synthesis was carried out as follows: 1.81 g LiAlH,4 (48
mmol) and 1.89 g AICI; (14 mmol) were slurried in 50 ml of dry toluene. To this suspension
14.2 ml (60 mmol) tributylamine was added dropwise under stirring. The mixture was stirred
over night at room temperature and filtered through a glass frit. The volume of the filtrate
reduced to half of its volume and the resulting solution was stored at - 25 °C overnight. The
resulting white solid was recrystallized from toluene and stored under Ar at - 25 °C. When
Trioctylamine was used, no crystallization could be observed over a period of 3 months. Thus,
the remaining solvent was removed in vacuo resulting in the formation of a colorless liquid,

which was stored at -25 °C under Ar.

Yields: H;AINMe,Et: colorless liquid, 5.4 g (85 % based on Al)
H;AINEt;: colorless liquid, 24.7 g (76 % based on Al)
H;AINBu;: white solid, 10.7 g (80 % based on Al)

H;AINOct;: colorless liquid, yield could not be determined



NMe,Et

_ rt, 12 h _
3 LiAlH4 + AICI, > 4 HzAINMe,Et + 3 LiCl

hexane

Scheme S1: Synthesis procedure for H;AINMe,Et.

'H NMR (C¢Dg; 400 MHz): 0.78 (tr; 3H; H3; J = 4 Hz), 1.94 (s; 6H; H1). 2.29 (q; 2H; H2;
J =28 Hz), 3.98 (br s; AIH) ppm. 3C NMR (C¢Dg; 101 MHz): 9.18 (C3), 44.23 (C1), 53.93
(C2) ppm. 2?AI NMR (C¢Dg; 104 MHz): 140.84 ppm.

H;AINEt;

NEt,

rt, 12 h
3 LiAlH4 + AICI5 > 4 H3AINEt; + 3 LiCl
hexane

Scheme S2: Synthesis procedure for H;AINE;.

1 2
HeAl  —

")

TH NMR (C¢Ds; 400 MHz): 0.86 (tr; 9H; H2; J = 8 Hz), 2.39 (q; 6H; H1; J = 8 Hz), 4.00 (br s;
AlH) ppm. 3C NMR (CgDg; 101 MHz): 9.05 (C2), 48.17 (C1) ppm. 2’Al NMR (C¢Dg;
104 MHz): 140.84 ppm. 6

IR: Al-H: 1762 cm™!.



H3AINBM3

3 4

1
woa, —
~ N

TH NMR (C¢Ds; 400 MHz): 0.78 (tr; 9H; H4; J = 8 Hz), 1.06 (sxt; 6H; H3; J = 8 Hz), 1.48-
1.56 (m; 6H; H2), 2.46-2.51 (m; 6H; H1), 4.28 (br s; AIH) ppm. 3C NMR (C¢Dg; 101 MHz):
13.90 (C4), 20.97 (C3), 26.42 (C2), 55.23 (C1) ppm. Al NMR (C¢Ds; 104 MHz): 163.78

IR: AlI-H: 1753 cm’l.

H;AIN(Oct)

HaAl,
CeH17—N,
CgH47

"H NMR (C¢Dg; 400 MHz): 0.91 (tr; 9H; H8; J = 8 Hz), 1.14-1.31 (m; 30H;
H7+H6+H5+H4+H3), 1.55-1.61 (m; 6H; H2), 2.53-2.57 (m; 6H; H1), 4.25 (br s; AIH) ppm.

Aromatic signals + 2.12 ppm: residual toluene.
BC NMR (C¢Dg; 101 MHz):14.40 (C8), 23.11, 27.94, 29.74, 29.75, 32.24, 55.36 ppm.

IR: Al-H: 1769 cm™!.



Synthesis of H;AINMe;

The synthesis was carried out according the methods reported in the literature*: 0.5 g (13 mmol)
of LiAlH4 and 1.02 g (11 mmol) of NMe; " HCI were placed in a 100 ml Schlenk flask and
cooled to -50 °C. 50 ml of diethylether were added and the reaction mixture was stirred for 4 h
while slowly warming up to room temperature. The solvent was removed in vacuo and 30 ml
of hexane were added to the resulting white residue. The reaction mixture was filtered and the
filtrate was concentrated in vacuo. After storage at —25 °C the resulting white solid was

collected by filtration and dried in vacuo at 0 °C.
Yield: white solid, 847 mg (72 % based on Al)

0°C,4h
LiAIH, + Me3N+HCI > H3AINMej + Hy + LiCl
Et,0

Scheme S3: Synthesis procedure for H;AINMe;.

H3A|\ /

\
"H NMR (C¢Dg; 400 MHz): 1.87 (s; 9H), 4.08 (br s; Al-H) ppm.
13C NMR (C4Dy; 101 MHz): 47.46 ppm. 27Al NMR (C¢Dy; 104 MHz): 140.46 ppm.

IR: Al-H: 1779 cm™!.

Synthesis of H;Al-THF

The preparation was carried out following literature procedures®: 1.09 g LiAlH4 (29 mmol)
were dissolved in 50 ml THF and the resulting mixture was cooled to 0 °C. 1.26 g AICI;
(9 mmol) were added in portions and after the complete addition the mixture was stirred for 3
h at 0 °C. The reaction mixture was filtered and the filtrate was concentrated to dryness. 50 ml
of hexane were added and the mixture was stirred for 30 min. A white solid was removed by
filtration and the filtrate was concentrated in vacuo at room temperature yielding a white solid

which was stored under Ar at -10 °C.

Yield: white solid, 3.62 g (92 % based on Al)

10



0°C,3h
3 LiAIH4 + AICI; > 4 H3Al+(THF) + 3 LiCl
hexane

Scheme S4: Synthesis procedure for H;Al-THF.

1.2
H3AI—O<j

"H NMR (C¢Dg; 400 MHz): 1.12-1.16 (m; 4H; H2), 3.59-3.63 (m; 4H; H1), 4.21 (br s; AIH)
ppm. BC NMR (C4¢Dg; 101 MHz): 25.33 (C2), 69.74 (C1) ppm. 2’Al NMR (C¢Dg; 104 MHz):
119.74 ppm.

IR: Al-H: 1807 cm™!.

Synthesis of [H,AI(PMDTA)]*[AIH]

The synthesis was carried out applying known literature methods®: Briefly, 1.12 g H;AINEt;
(9 mmol) were dissolved in 25 ml of diethylether. To this solution 1.8 ml (5 mmol) of PMDTA
in 15 ml diethylether were added dropwise at 0 °C. The resulting white reaction mixture was
stirred for 2 more hours at room temperature before the solvent was evaporated in vacuo. The

remaining white solid was recrystallized from THF and stored under Ar at -10 °C.

Yield: white solid, 877 mg (84 % based on Al)

|
PMDTA N ]
rt, 2 h N-Asy | AH
H3AINEt; o > [H,AI(PMDTA)TAIH4] + NEt3 | 7 \H HJ >
2 L J

Scheme S5: Synthesis procedure for [H,AI(PMDTA)]*[AIH]-.

IR: Al-H: 1662 cm™! + 1826 cm’!
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Synthesis of H;Al-DABCO

The synthesis was carried out applying known literature methods’. 1.02 g DABCO (9 mmol)
were dissolved in 30 ml of toluene. To this solution 2.33 g of H;AINEt; (17 mmol) were added
in portions under stirring. The resulting mixture was stirred for 2 h at room temperature. The
solvent was evaporated in vacuo and the resulting white solid was washed with diethylether and

stored under Ar at —10 °C.

Yield: white solid, 2.49 g (97%). The product was obtained as a mixture of H;AINEt; and
H;AI'DABCO

DABCO
i, 2 h
H;AINEL; > H,Al(DABCO) + NEt;
Et,0

Scheme S6: Synthesis procedure for H;AI'DABCO.

IR: Al-H: 1691 cm™! + 1762 cm’!

—— H,AI'DABCO

|——DbABCO

—— H,AINEt,
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Figure S29: ATR-FTIR spectra of H;AI' DABCO, H;AINEt; and DABCO.
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Synthesis of H;Al-PCy;

Protocols reported in the literature were applied®: Briefly, a solution of 1.5 g of PCy; (5 mmol)
in 10 ml of diethylether was bubbled with HCI under stirring for 30 min. A white solid was

formed and the solvent was removed in vacuo.

Yield: 1.63 g (97 %)

PCys o » PCy;+(HCI)

Scheme S7: Synthesis procedure for PCy;-HCI.

'"H NMR (CDCls; 400 MHz): 1.29-2.57 (m; 33H; Cy), 7.81 (d; 1H; P-H; J = 492 Hz). 3'P
NMR (CDCls; 162 MHz): 31.35 (d; J =491 Hz) ppm.

To a mixture of 302 mg LiAIH4 (8 mmol) and 1.6 g PCy;-HCI (5 mmol) was added 70 ml of
diethylether at -78 °C. The mixture was stirred over night while warming up to room
temperature. The formed solid was filtered off and the filtrate was concentrated to dryness. The

resulting white solid was recrystallized from diethylether and stored under Ar at -10 °C.
Yield: white solid, 490 mg (32 % based on Al)
-781t0 0 °C, 12 h

LiAIH, + PCys+(HCI) > 4 H3AIPCyj; + LiCl + H,
Et,0

Scheme S8: Synthesis procedure for H;Al-PCys.
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'H NMR (C¢Dg; 400 MHz): 0.98-1.08 (m; 9H; Cy), 1.42-1.59 (m; 15H; Cy), 1.81-1.87 (m;
9H; Cy), 4.26 (br s; AIH) ppm. 3'P NMR (C¢Dg; 162 MHz): 3.57 ppm. 2’ Al NMR (Cg¢Ds;
104 MHz): 118.67 ppm. IR: Al-H: 1750 cm’!

Synthesis of H;Al-IMes

The synthesis was carried out applying known literature methods®!°. Under an atmosphere of
air, 58 ml (0.5 mol) glyoxal (40 % w/w in H,O) were added to 54 g (0.4 mol) of 2,4,6-
trimethylaniline in 200 ml of methanol. 0.5 ml of formic acid were added dropwise and the
reaction mixture was stirred over night at room temperature. The formed yellow solid was

collected, washed with 50 ml of methanol and dried in vacuo.

Yield: yellow solid, 54 g (92 %)

_/:N
NH, © cat. HCOOH N
. N\ 120
\ EtOH
o

Scheme S9: Synthesis procedure for N!,N2-dimesitylethane-1,2-diimine.

'H NMR (CDCls; 400 MHz): 2.16 (s; 12H; HS), 2.30 (s; 6H; H1), 6.91 (s; 4H; H3), 8.11 (s;
2H; H7) ppm. 3C NMR (CDCls; 101MHz): 18.34 (C5), 20.91 (C1), 126.70 (C4), 129.13
(C3), 134.40 (C2), 147.60 (C6), 163.63 (C7) ppm.

14



Under an atmosphere of air, 5 g of (17 mmol) N!N2-dimesitylethane-1,2-diimine were
dissolved in 120 ml of ethylacetate and 0.55 g (18 mmol) paraformaldehyde were added. 2.5
ml (20 mmol) TMSCI dissolved in 15 ml of ethylacetate were added dropwise and the reaction
mixture was heated to 70 °C for 2 h. The formed solid was collected by filtration, washed with

ethylacetate and dried at 100 °C.
Yield: very slight yellow solid, 2.6 g (45 %)

TMSCI

(H,CO), cl
70 C,2h N — N

EtOAc

Scheme S10: Synthesis procedure for 1,3-bis-(2,4,6-trimethylphenyl)imidazolium chloride.

7 —_
/:\+C|
NN
6 g
172
3 4 5

'"H NMR (CDCl;; 400 MHz): 2.19 (s; 12H; H5), 2.34 (s; 6H; H1), 7.03 (s; 4H; H3), 6.91 (s;
4H; H3), 7.58 (s; 2H; H7), 11.03 (s; 1H; H8) ppm. *C NMR (CDCls; 101MHz): 17.82 (C5),
21.28 (C1), 124.37 (C6), 130.09 (C3), 130.77 (C2), 134.22 (C4), 141.49 (C7) ppm.

1 g (3 mmol) of 1,3-bis-(2,4,6-trimethylphenyl)imidazolium chloride were dispersed in 40 ml
of THF. 150 mg (6 mmol) NaH and a grain of KO'Bu were added and the resulting mixture was
stirred over night at room temperature. The remaining solid was filtered off and the filtrate was
concentrated in vacuo. The product was precipitated by adding 40 ml of Hexane, collected by

filtration and dried in vacuo.

Yield: white solid, 687 mg (75 %)

15
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/—\+C cat. KOBu
N\?N I’t 12 h

Scheme 11: Synthesis procedure for 1,3-bis-(2,4,6-trimethylphenyl)imidazolylidene (IMes).

7
_N
N
5 X
172 8
345

"H NMR (C¢Dg; 400 MHz): 2.16 (s; 18H; H1+H5), 6.49 (s; 2H; H7), 6.81 (s; 4H; H3) ppm.
BC NMR (C¢Dg; 101MHz): 18.07 (C5), 21.04 (C1), 120.56 (C7), 135.46 (C6), 137.28 (C4),
139.28 (C3), 219.18 (C8) ppm.

To a solution of 201 mg (0.7 mmol) of 1,3-bis-(2,4,6-trimethylphenyl)imidazolylidene in 20 ml
of toluene were added 1.3 ml (0.7 mmol) of a 0.5 M solution of H;AINMe;Et in toluene. The
mixture was stirred for 2 h at room temperature and then dried in vacuo yielding a white to light

yellow solid.

Yield: white solid, 154 mg (66%)

HsAINMe,Et N/ _\N
rt 2h %
toluene |
AlHs

Scheme S12: Synthesis procedure for H;Al-IMes.
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8
1 2572 AlH,

"H NMR (C¢Dg; 400 MHz): 2.04 (s; 12H; HS), 2.07 (s; 6H; H1), 6.49 (s; 2H; H7), 3.79 (br s;
AlH), 6.04 (s; 2H; H7), 6.74 (s; 4H; H3) ppm. 3C NMR (C¢Dg¢; 101MHz): 17.63 (C5), 21.09
(C1), 122.50 (C7), 129.48 (C4), 130.02 (C2), 135.04 (C3), 139.55 (C6) ppm. >’Al NMR
(C¢Dg; 104 MHz): 117.54 ppm. IR: Al-H: 1741 cm™!.

Synthesis of N,N,N',N -tetraoctylethylendiamine (TOEDA)

The synthesis was carried out applying known literature methods!!. In an atmosphere of air,
1,45 ml (22 mmol) of ethylendiamine were dissolved in 5 ml of methanole/ hexane (50/50 v/v)
and 15 ml of triethylamine were added. 15 ml (87 mmol) of 1-bromoctane were added dropwise
and the reaction mixture was heated to reflux for 4 days. The formed solid was filtered off and
the filtrate was concentrated to dryness. The viscous residue was dissolved in toluene, and the
pH was adjusted to 7 using HC1/ NaOH. The organic phase was washed three times with 50 ml

of H,0, dried with MgSO, and the solvent was removed in vacuo.

NEt3 ’\_\_\—\
H N/\/NH2 AN N NN B Ad reflux, 4d J_/_/_/
2

EtOH/ hexane

N

Scheme S13: Synthesis procedure for N,N,N",N’-tetraoctylethylendiamine (TOEDA).
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N_08H17

1

C8H17_N\
CgH17

'"H NMR (CDCl;; 400 MHz): 0.86 (tr; 12H; H9; J = 8 Hz), 1.25-1.40(m; 48H;
H2-+H3+H4+H5+H6+H7), 2.38 (tr; 8H; H2), 2.48 (s; 4H; H1) ppm. 3C NMR (CDCls;
101MHz): 14.14 (C9), 22.74, 27.27, 27.69, 29.41, 29.69, 31.96, 52.41(C1), 54.95 (C2) ppm.

From the selected precursors the hydrogen content was determined by NMR spectroscopy and
from a titriometric method (Table S2)! 2, in order the determine the excatct amount of Al
introduced into the reaction mixtures. The titriometric method was used in addition to the NMR
integration for the determination of the hydride content, since the hydridic protons are typically
resulting in broad '"H NMR signals making their integration difficult. However, in our studies
a good agreement between the two methods could be achieved. The observed hydride content
typically is slightly below the expected value of three, most likely based on the formation of a

few 2:1 complexes.

Table S2: Overview of the Al precursors applied for the synthesis of Al nanoparticles.

Donor Precursor M, H/AI' H/AI?
atom [g/mol]
H;AINMe, 89.12 2.54 2.66
H;AINEt; 131,19 2,64 2,73
N H;AINEtMe, 101,14 2,76 -

H;AIN"Bu; 215,35 2,39 2,35

H3;AIN"Oct; 383,67 2,60 2,18
polymeric  H3;AI'DABCO 142,17 2,27 -
ionic H;AI'PPMDTA 233,30 2,23 ---

0] H;Al'THF 110,11 1,72 2,28
P H;Al-PCy; 310,43 2,87 2,60
C H;Al'IMes 33443 2,44 2,35

Ititriometric method, 2NMR integration
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Supporting information

Synthesis of submicron aluminum particles
via thermal decomposition of alkyl aluminum
precursors in the presence of metal seeds
and their application in the formation of
ruthenium aluminides.

Thomas Klein, Guido Kickelbick®
Inorganic Solid State Chemistry, Saarland University, Campus C4.1, 66123 Saarbriicken

E-mail: guido.kickelbick@uni-saarland.de
Homepage: www.uni-saarland.de/lehrstuhl/kickelbick.html

Figure S1. Images of the reaction flask after the synthesis a) without and b) with the presence of metal
nanoparticle seeds.
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Figure S2. (a) TEM image of AlI(Ni) particles, showing the synthesized Al particles as well as the Ni
seed particles; (b) particle size distribution obtained by measuring 100 particles.
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Figure S3. EDX measurements of Al submicron particles from Ag seeds synthesized via thermal
decomposition of TIBAI in Ph20O.

Figure S4. TEM image of a triangular Al platelet synthesized from Ag seeds.
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Figure S5. DLS measurements of Al particles synthesized via thermal decomposition of TIBAL in Ph,O
using different metal nanoparticles as seeds in hexane. The particles were capped by oleic acid unless
stated otherwise.
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Figure S6. XRD measurement and Rietveld fit of the oxidized submicron Al particles measured after a
TG measurement under an atmosphere of synthetic air.
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Figure S7. PXRD measurements and Rietveld refinement of the reaction product obtained from Ru-
powder and oleic acid capped Al particles after heating up to 800 °C under an atmosphere of flowing
argon. The formation of Al,Os is clearly visible (highlighted in grey), likely to be caused by the presence
of the additional oxygen contained within the oleic acid.
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Figure S8. a) DLS measurements of Ag seeds in diphenylether: shown are the number weighted results
b) normalized UV/VIS spectra of Ag seeds in diphenylether.



(a)- (b) 4s.
=] 3 y — Al(Fe)
e 10 g 0010 3 141 Al(Ru)
2 o8] 3 = 1.21——AI(Ni)
€ 0.005 =
§ o6 F B 10 Al(Ag)
c s
-; 0.44 E 0.000 100 0 -100 g D'Bi__—/_,_-—————’"\//
-% 0.2 chemical shift (ppm) .E 0.6
E; 0.0 AJ A Q 0.4*//\
‘ - - - o
2000 1500 1000 500 0 0.2 : : .
chemical shift (ppm) 4000 3000 2000 1000

wavenumer (cm™)

Figure S9. a) ATR-FTIR spectra and b) SPE-MAS-NMR of uncapped submicron Al particles
synthesized via thermal decomposition of TIBAL in Ph,O using different metal nanoparticles as seeds.
The inset shows the enlarged spectra around 0 ppm. Syntheses were carried out using a metal:Al ratio
of 1:80.



Ag Nanoparticles

Figure S10 shows the TEM images, XRD and TG measurements of the Ag nanoparticles used as seeds
for the synthesis of the Al nanoparticles. The particles have a spherical shape, a size of 61 nm and a
narrow particle size distribution. The Ag silver content determined from TG measurements of the
particles is about 75 %.
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Figure S10. a) TEM image of oleic acid capped Ag nanoparticles used as seeds for synthesis of Al
nanoparticles b) particle size distribution obtained from TEM images by measuring 100 particles c)
TGA measurements of oleic acid capped Ag nanoparticles using a heating rate of 20 K/min under an
atmosphere of N2:0; 32:8 d) PXRD measurement and Rietveld refinement of the oleic acid capped Ag
nanoparticles.



Ni Nanoparticles

The Ni nanoparticles show a mean radius of 8+1 nm and a narrow particle size distribution (Figure S11a
and S11b). The crystallite size determined via Rietveld refinement was 10(1) nm (cf. Figure S11c). The
organic content determined via CHN-analysis was as low as 4.3 %. This low value was confirmed by
TG measurements were a mass loss of 0.8 % was observed up to a temperature of 200 °C (Figure S11d).
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Figure S11. a) TEM image of TOP capped Ni nanoparticles used as seeds in the synthesis of Al
nanoparticles b) particle size distribution obtained from TEM images by measuring 202 particles c)
PXRD measurements and Rietveld refinement of TOP capped Ni nanoparticles used as seeds in the
synthesis of Al nanoparticles d) TGA measurement of TOP capped Ni nanoparticles used as seeds in
the synthesis of Al nanoparticles (20 °C/min) in an atmosphere of synthetic air (N2:0, 32:8).



Ru Nanoparticles

Figure S12 shows the TEM images and XRD measurements of the Ru nanoparticles used as seeds in the
synthesis of submicron Al particles and for the formation of Ru aluminides. The particles are consisting
of small crystallites with sizes of about 2-3 nm (Figure S12a). However, strong agglomeration to clusters
with sizes > 100 nm is clearly visible. This formation of agglomerates is due to their synthesis via a
mechanochemical approach without any stabilizer present. The crystallite size determined via Rietveld
refinement (Figure S12b) is 2(1) nm.
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Figure S12. a) TEM image of Ru nanoparticles used as seeds in the synthesis of submicron Al particles
and for the formation of Ru aluminides b) PXRD measurements and Rietveld refinement of the Ru
nanoparticles used as seeds in the synthesis of submicron Al particles and for the formation of Ru
aluminides.



Commercial Ru powder

The Ru powder (Figure S13) obtained from abcr (Karlsruhe, Germany; nominal size 60 um) consisted
of particles of irregular shapes with irregular surfaces. The mean diameter determined from light
microscopic images was 57+12 um. The crystallite size determined from Rietveld refinement was found
to be 172(6) nm.
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Figure S13. a) SEM images and b) light microscopic images of commercial Ru powder used for the
synthesis of aluminides c) particle size distribution obtained from the light microscopic images by
measuring 100 particles d) PXRD measurement and Rietveld refinement of the commercial Ru powder.

Commercial Al powder

The Al powder (Figure S14) obtained from abcr (Karlsruhe, Germany; nominal size <325 mesh)
consisted of particles with irregular shapes, where some of the particles had quasi-spherical shapes,
while others were elongated in one direction. They had smooth surfaces and the mean diameter was
14+7 pm as determined from the SEM images. The crystallite size determined from Rietveld refinement
was found to be 318(16) nm.

The AI° content of the commercial Al powder determined via the back titration method was calculated
to be around 99 %. The higher Al° content compared the synthesized Al particles is also clearly seen in
the TG measurements showing only a mass gain of around 1 % in the first mass gain step at 600 °C.
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Figure S14. a) SEM images of commercial Al powder used for the synthesis of aluminides b) particle
size distribution obtained from the SEM images by measuring 100 particles ¢) PXRD measurement and
Rietveld refinement of the commercial Al powder d) TGA measurement of commercial Al powder
(10 K/ min; N2O; 32:8).
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