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Abstract

All solid materials are formed through nucleation. During this process, atomic or molecular
building blocks assemble to form nuclei in solution or at interfaces, which may subsequently
grow into nanoparticles. The size, structure, composition, and morphology of nanoparticles -
and thus their functional properties — are established during these nucleation and growth
stages. Consequently, a mechanistic understanding of nanoparticle formation is a fundamen-
tal prerequisite for the rational design of nanoparticles with targeted functionality. Despite its
central importance, nucleation and growth in solution are insufficiently understood, partic-
ularly for complex or poorly explored material classes, which continues to limit predictive
control over nanoparticle synthesis.

Metal nitrides are a challenging and comparatively understudied material. In contrast to
many metal oxides, their formation mechanisms in solution remain largely unclear, primarily
due to the demanding synthesis conditions that typically involve high temperatures and/or
pressures. In addition, metal nitrides are often unstable under ambient or operando conditions
and tend to transform into the thermodynamically favored oxide or metallic phase. These
factors complicate both their synthesis and characterization and have so far limited systematic
investigations of their nucleation and growth pathways.

In this thesis, the formation of different metal oxide and metal nitride nanoparticles in solution
is investigated using complementary X-ray techniques. Wide-angle X-ray scattering (WAXS)
techniques resolve the atomic arrangement and crystallographic structure of a nanoparticle,
while small-angle X-ray scattering (SAXS) is sensitive to the nanoparticle size, shape, and
assembly. X-ray absorption spectroscopy (XAS) probes the electronic structure and the local
environment around the absorbing atom. A central contribution of this thesis is the devel-
opment of a versatile reactor that enables in situ WAXS, SAXS, and XAS measurements under
identical reaction conditions at synchrotron sources, providing a comprehensive picture of
the electronic and structural evolution during nanoparticle nucleation and growth.

Thisis here demonstrated for the reaction of iron acetylacetonate to iron oxide (Fe;0,) nanopar-
ticles, where in situ WAXS in combination with XAS reveal the presence of an intermediate
iron acetate cluster prior to crystallization, providing direct insight into multi-step nucleation
and growth pathways. Additional in situ attenuated total reflection infrared spectroscopy
of the iron oxide synthesis in the same reactor shows the thermal decomposition of the
acetylacetonate to acetate, which coordinates to the intermediate iron species.

Building on this methodology, a low-temperature synthesis route for copper palladium nitride
(Cu;PdN) nanoparticles is introduced, and comprehensively studied using in situ WAXS and
XAS to elucidate the reaction mechanism. The resulting Cu;PdN nanoparticles are phase-
pure, stable at ambient condition, and most interestingly exhibit strong cation-site disorder
within the crystal structure. The nanoparticles are further evaluated as electrocatalysts for
the hydrogen evolution reaction, demonstrating good catalytic activity and excellent stability.
At extended reaction times, in situ WAXS reveals the reduction of the nitride nanoparticles into
bimetallic copper palladium (Cu;Pd). Such phase impurities are clearly present yet unnoticed
in most previously reported colloidal Cu;PdN nanoparticles.




Finally, this thesis extends beyond ensemble-averaged measurements by introducing single-
particle SAXS (SP-SAXS) at X-ray free-electron lasers as a powerful approach to resolve struc-
tural heterogeneity within nanoparticle populations. While conventional synchrotron-based
X-ray measurements inherently average over the illuminated sample volume and may obscure
transient, dilute, or low-contrast species, SP-SAXS overcomes this limitation by analyzing
scattering snapshots from individual particles. Applied to the synthesis of cobalt oxide (CoO)
nanoparticle assemblies, SP-SAXS reveals the formation of amorphous organometallic spheri-
cal precipitates that subsequently contract during crystallization into cavernous nanoparticle
assemblies, explaining the emergence of hierarchical CoO structures rather than isolated
nanocrystals.

Overall, this thesis advances synthetic, analytical, and experimental methodologies and
provides new mechanistic insights into the nucleation and growth of metal oxide and metal
nitride nanoparticles.




Zusammenfassung

Alle festen Materialien entstehen durch Nukleation. Wahrend dieses Prozesses entstehen
in Losung oder an Grenzflachen aus atomaren oder molekularen Bausteinen Keime, die an-
schlieRend zu Nanopartikeln heranwachsen konnen. Grof3e, Struktur, Zusammensetzung und
Morphologie der Nanopartikel- und damitihre funktionellen Eigenschaften - werden wahrend
dieser Nukleations- und Wachstumsphasen festgelegt. Ein mechanistisches Verstandnis der
Nanopartikelbildung ist daher eine grundlegende Voraussetzung fiir das rationale Design von
Nanopartikel mit gezielt einstellbarer Funktionalitat. Trotz ihrer Wichtigkeit sind Nukleation
und Wachstum in Losung bislang nur unzureichend verstanden, insbesondere fiir komplexe
oder wenig erforschte Materialklassen, was die Vorhersagbarkeit der Nanopartikelsynthese
einschrankt.

Metallnitride stellen eine besonders anspruchsvolle und vergleichsweise wenig untersuchte
Materialklasse dar. Im Gegensatz zu vielen Metalloxiden sind ihre Bildungsmechanismen in
Losung weitgehend ungeklart, was vor allem auf die anspruchsvollen Synthesebedingun-
gen zuruckzufiihren ist, die typischerweise hohe Temperaturen und/oder Driicke erfordern.
Darliber hinaus sind Metallnitride unter Umgebungs- oder Operando-Bedingungen haufig in-
stabil und neigen dazu, in die thermodynamisch bevorzugte Oxid- oder Metallphase uberzuge-
hen. Diese Faktoren erschweren sowohlihre Synthese als auch ihre Charakterisierung und
haben bislang systematische Untersuchungen ihrer Nukleations- und Wachstumspfade stark
beeintrachtigt.

In dieser Arbeit wird die Bildung verschiedener Metalloxid- und Metallnitrid-Nanopartikel in Lo-
sung mithilfe komplementarer Rontgenmethoden untersucht. Weitwinkel-Rontgenstreuung
(WAXS) liefert Informationen uber die atomare Anordnung und die kristallographische Struk-
tur der Nanopartikel, wahrend Kleinwinkel-Rontgenstreuung (SAXS) sensitiv fiir Grofde, Form
und Assemblierung der Partikel ist. Die Rontgenabsorptionsspektroskopie (XAS) ermdglicht
Einblicke in die elektronische Struktur sowie die lokale chemische Umgebung des absorbieren-
den Atoms. Ein zentraler Beitrag dieser Arbeit ist die Entwicklung eines vielseitigen Reaktors,
der in situ-WAXS-, SAXS- und XAS-Messungen unter identischen Reaktionsbedingungen an Syn-
chrotronquellen erlaubt und damit ein umfassendes Bild der elektronischen und strukturellen
Entwicklung wahrend der Keimbildung und des Wachstums von Nanopartikeln liefert.

Dies wird exemplarisch an der Reaktion von Eisenacetylacetonat zu Eisenoxid-Nanopartikeln
(Fe;0,) gezeigt. In situ-WAXS-Messungen in Kombination mit XAS weisen auf die Bildung
eines intermediaren Eisenacetat-Clusters vor der Kristallisation hin und liefern damit direkte
Einblicke in nicht-klassische Nukleations- und Wachstumsmechanismen. Erganzende in situ-
Messungen der abgeschwachten Totalreflexions-Infrarotspektroskopie der gleichen Synthese
im selben Reaktor zeigen die thermische Zersetzung des Acetylacetonat-Liganden zu Acetat,
das an die intermediaren Eisenspezies koordiniert.

Aufbauend auf dieser Methodik wird ein Niedrigtemperatur-Syntheseweg fiir Kupfer-Palladium-
Nitrid-Nanopartikel Cu;PdN vorgestellt und mittels in situ-WAXS und XAS umfassend unter-
sucht, um den zugrunde liegenden Reaktionsmechanismus aufzuklaren. Die resultierenden

(Cu;PdN)-Nanopartikel sind phasenrein, unter Umgebungsbedingungen stabil und weisen be-




merkenswerterweise eine ausgepragte Unordnung der Kationenplatze innerhalb der Kristall-
struktur auf. Darliber hinaus werden die Nanopartikel als Katalysatoren fiir die elektrochemis-
che Wasserspaltung untersucht und zeigen eine gute katalytische Aktivitat bei gleichzeitig
hoher Stabilitat. Bei verlangerten Reaktionszeiten zeigt in situ-WAXS die Reduktion der Nitrid-
Nanopartikel zu bimetallischem Kupfer-Palladium (Cu,Pd). Solche Phasenverunreinigungen
sind in den meisten veroffentlichen kolloidalen Cu;PdN-Nanopartikeln vorhanden, blieben
jedoch weitgehend unbemerkt.

Abschlie3end geht diese Arbeit Gber ensemble-gemittelte Messungen hinaus und etabliert
die Einzelpartikel-SAXS (SP-SAXS) an Rontgen-Freie-Elektronen-Lasern als leistungsfahigen
Ansatz zur Auflosung struktureller Heterogenitat innerhalb von Nanopartikelpopulationen.
Wahrend konventionelle, synchrotronbasierte Rontgenmethoden zwangslaufig tiber das be-
strahlte Probenvolumen mitteln und dadurch transiente, niedrig konzentrierte, oder kon-
trastarme Spezies unentdeckt bleiben konnen, tiberwindet SP-SAXS diese Einschrankung
durch die Analyse von Streuschnappschissen einzelner Partikel. Angewandt auf die Syn-
these von Kobaltoxid-Nanopartikel-Assemblierungen zeigt SP-SAXS die Bildung amorpher,
organometallischer spharischer Aggregaten, die sich wahrend der Kristallisation zusammen-
ziehen und dabei hohle Nanopartikel-Assemblierungen ausbilden. Dies erklart die Entstehung
hierarchischer CoO-Strukturen anstelle isolierter Nanokristalle. Allumfassend erweitert diese
Arbeit synthetische, analytische, und experimentelle Methodiken und liefert neue mecha-
nistische Einblicke in die Nukleation und das Wachstum von Metalloxid und Metallnitrid-
Nanopartikeln.
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1 Introduction

Over the past three decades, intense interest in nanoscience and nanotechnology has driven
rapid advances in the synthesis and characterization of materials at the nanoscale.>? Materials
are referred to as nanomaterials when they exhibit characteristic length scales of approxi-
mately 1-100 nm in at least one dimension. The distinctive properties of these materials - and
their technological potential - originate from their high surface-to-volume ratio and from their
unique electronic structures that lie intermediate between those of molecules and crystalline
solids.?

The properties of nanoparticles are governed by their size, shape, composition, and crys-
tallographic phase. Liquid-phase synthesis, in which nanomaterials form from a precursor
solution, offers a versatile route to tailor these properties through controlled variation of
synthesis parameters, such as temperature, and precursor type and concentration. Tradition-
ally, such optimization has relied largely on empirical trial-and-error approaches. However,
understanding the underlying formation mechanism in solution enables predictive control
and provides the basis for the rational design of functional nanomaterials.**

Nucleation marks the onset of nanoparticle formation, during which primary building blocks
phase-separate to form nuclei that may subsequently grow into nanoparticles. Since the
foundational treatment of nucleation 150 years ago, the process has remained an active topic
of research and debate.®*° One of the reasons is that nucleation pathways depend strongly
on the specific chemical system and reaction conditions, making it difficult to generalize.!!
Moreover, nucleation and growth span extremely broad temporal and spatial scales, which
continue to pose significant analytical and theoretical challenges for their experimental
investigation and quantitative description.'*3

X-ray methods have proven to be vital tools for investigating nucleation and growth in solution,
as they provide complementary information on different stages of nanoparticle formation.'*
When applied at high-flux synchrotron sources, they allow real-time observation of nanoparti-
cle formation inside a chemical reactor. In this way, in situ X-ray methods enable elucidation
of nanoparticle formation mechanisms in solution, which is a key prerequisite for rationally
controlling syntheses and designing functional and complex nanoparticles.

In this thesis, the formation of different metal oxide and nitride nanoparticles in solution is
investigated using complementary X-ray methods. In contrast to metal oxide nanoparticles,
the nucleation and growth pathways of metal nitride nanoparticles are poorly understood,
largely due to the challenging and comparatively unexplored synthesis routes for these mate-
rials.

Here, new synthesis routes for metal nitride nanoparticles are presented and comprehensively
investigated using in situ X-ray techniques. In addition, a versatile reactor for in situ X-ray
characterization is presented and applied to study the new metal nitride syntheses as well as
established metal oxide synthesis routes, providing new mechanistic insight into the underly-
ing nucleation and growth pathways. Furthermore, a novel single-particle X-ray approach for
studying individual nanoparticles within heterogeneous ensembles is introduced. Altogether,
this thesis advances mechanistic understanding and expands the synthetic and analytical




toolbox for investigating nanoparticle formation.

Structure of the thesis

After this general introduction, Chapter 2 discusses the fundamental concepts of nucleation
and growth theories, followed by a brief review of reported formation mechanisms of various
metal oxide and nitride nanoparticles.

Chapter 3 introduces the X-ray scattering and X-ray absorption spectroscopy techniques em-
ployed throughout this thesis. It begins with a summary of the applied X-ray techniques
and illustrates how they can be used to probe different stages of nanoparticle formation,
highlighting their respective strengths and limitations (Section 3.1). Subsequently, X-ray
generation from different types of sources is summarized (Section 3.2). Finally, the fundamen-
tal principles of X-ray scattering and X-ray absorption spectroscopy methods are discussed
(Sections 3.3 and 3.4).

In Chapter 4, a modular reactor for complementary in situ X-ray scattering and X-ray absorption
spectroscopy is introduced. Its performance is demonstrated using iron oxide nanoparticle
synthesis, where an intermediate pre-nucleation cluster is identified. The content of this
Chapter has been published in Reference 15.

In this context, Chapter Al in the appendix of this thesis presents in situ X-ray scattering studies
of the same iron oxide synthesis with the addition of small amounts of a tin precursor, yielding
tin-doped iron oxide nanoparticles and revealing how tin incorporation alters the iron oxide
crystal structure.

In Chapter 5, a novel synthesis route of phase-pure copper palladium nitride nanoparticles
is presented, and cation-site disorder within the crystal structure is revealed. The reaction
mechanism is comprehensively analyzed using in situ X-ray scattering and X-ray absorption
spectroscopy in the reactor introduced in Chapter 4. The as-synthesized copper palladium
nitride nanoparticles are further evaluated as electrocatalysts for the hydrogen evolution
reaction, demonstrating good catalytic activity and excellent stability. The content of this
chapter has been published in Reference 16.

Building on these findings, Chapter A2 addresses the synthesis of copper nitride nanoparticles,
showing that phase purity can be achieved by introducing acetylacetonate ligands.

In Chapter 6, a novel technique, referred to as single-particle small-angle X-ray scattering (SP-
SAXS), is applied to study CoO nanoassemblies at different reaction times. This SP-SAXS study
provides the missing mechanistic link to explain the formation of nanoassemblies rather than
individual nanoparticles. SP-SAXS makes use of ultrashort and ultraintense X-ray free electron
pulses (Section 3.2.3), enabling the analysis of individual particles. In contrast, conventional X-
ray scattering methods average over the entire illuminated sample volume, which can obscure
the presence of low-contrast particle populations. This limitation is overcome by SP-SAXS.
The content of this Chapter has been published in Reference 17.

Furthermore, Chapter A3 discusses conventional X-ray diffraction and electron microscopy
data of CoO at different reaction times, which reveal the formation of side reaction products.

Finally, in Chapter A4, the fabrication of nanotextured titanium oxide on a sapphire substrate
is discussed.

The thesis concludes with a summary of the main results and an outlook on future develop-
ments of analytical X-ray methods for studying nanoparticle formation at synchrotron and




1 INTRODUCTION

free-electron laser facilities (Chapter 7).

All results presented in this thesis were obtained in collaboration with fellow scientists. The
specific contributions of the author to each study are described at the beginning of the
respective chapter.

Comment on the use of the term we in this thesis: in chapters explaining the theoretical
background, we refers to both the reader and the author of the thesis and is used to guide the
reader through the text. In chapters presenting experimental results, we denotes all authors
involved in the respective study.




2 Nucleation and Growth of
Nanoparticles in Solution

2.1 Classical and nonclassical nucleation theory

The physical and chemical properties of nanoparticles can be tailored through careful control
of the reaction pathways during their formation. Hence, understanding these pathways is
crucial for the rational design of functional nanoparticles. Despite numerous efforts to develop
a universal model for nanoparticle formation, a "one-fits-all" approach is not feasible.!* These
formation pathway models are generally classified into two main theories: classical and
nonclassical nucleation.>*®

Classical nucleation theory describes how monomers - atoms, ions, or molecules - driven by
increasing supersaturation directly aggregate to form a nucleus, which may eventually grow
into a nanoparticle. This process is schematically illustrated by the well-known LaMer model
in Figure 2.1. A stable nucleus is quantified in terms of the Gibbs free energy, AG, as function
of the spherical nucleus radius, r (equation 2.1). The total free energy is the sum of the surface
free energy, AGguiface, and the crystal or bulk free energy, AGpu. The competing terms,
AGquface < 72 and AGyLu o< —73, give rise to a critical nucleus size r., beyond which the
nucleus becomes stable. For small radii (r < r.) the surface free energy dominates, causing
the nucleus to dissolve. However, once the radius exceeds r., the nucleus overcomes the
critical thermodynamic energy barrier AG, = AG(r.) and the nucleus grows.*

AG(T) = ACzsurface(r) + AGbulk(r) (21)

In nonclassical nucleation models, nucleation kinetics is altered by the presence of intermedi-
ate structures, also referred to as pre-nucleation clusters.?’ Those metastable intermediates
evoke local minima in the energy landscape along the nucleation pathway, which can effec-
tively lower the energy barrier for nucleation so it can take place at a level of supersaturation
lower than predicted in classical nucleation.! The next section reviews classical and nonclas-
sical nucleation and growth pathways in solution-based synthesis of selected transition metal
oxides and nitrides.
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Figure 2.1: LaMer diagram. Stage I: The concentration of monomers increases as they are formed or
added to the reaction system reaching a level of supersaturation above the saturation concentration,
C'. Stage II: Once the supersaturation reaches a critical concentration level for nucleation, Cy, the
monomers aggregate to form nuclei. As monomers are consumed in the nucleation process and nuclei
growth, the concentration increase slows down and eventually decreases, dropping below C'y, thus
ending the nucleation stage. Stage IlI: The nuclei grow through the diffusion of monomers, and as
time progresses, the concentration of monomers converges to C's. This figure is inspired by reference
19.
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Figure 2.2: Plot of the Gibbs free energy for the classical and the nonclassical nucleation pathways.
In the classical model, a, the Gibbs free energy exhibits a maximum at the critical radius r., below
which nuclei are unstable and tend to dissolve. Nuclei exceeding r. are stable and tend to grow. In
contrast, the nonclassical model, b, involves one or more thermodynamically stable intermediates
along a multi-step nucleation pathway. This figure is inspired by references 21-23.




2.2 NUCLEATION AND GROWTH OF TRANSITION METAL OXIDES AND NITRIDES IN SOLUTION

2.2 Nucleation and growth of transition metal oxides and
nitrides in solution

The synthetic procedure plays a crucial role in determining the composition, crystal structure,
size, and morphology of nanoparticles. For example, iron oxide can be synthesized from
iron chloride precursors in aqueous solution, typically yielding nanoparticles with broad size
distributions and nonuniform morphologies.?* Increasing the pH or the precursor concentra-
tion leads to the formation of larger nanoparticles,” while decreasing the pH leads to the
formation of iron oxyhydroxide instead of iron oxides.?®

As exemplified by iron oxide, empirical correlations between synthesis parameters and the
properties of the resulting products have been established for numerous transition metal
oxides (TMOs), enabling a comparatively high degree of synthetic control for oxide nanopar-
ticles. In contrast, transition metal nitrides (TMNs) remain far less explored due to their
challenging synthesis. Consequently, mechanistic understanding and predictive control over
nitride nanoparticle formation are still limited. This section first reviews reported formation
pathways of TMOs, followed by a discussion of TMN synthetic methods and their underlying
mechanisms, and relates these pathways to classical and nonclassical nucleation concepts.

In general, one way to achieve monodisperse nanoparticles is by separating a short burst
nucleation phase, followed by slow growth, as described in the classical LaMer model (Fig-
ure 2.1).2" This can be achieved, for example, through "hot-injection" methods,”® where the
monomer species is rapidly added to a solvent at elevated temperatures, causing a sudden
increase in supersaturation. This process has been demonstrated for various TMOs, where the
formation mechanism follows the classical nucleation pathway.?® In the case of iron oxides,
the hot-injection method further allows control over size and morphology through the addi-
tion of co-solvents in different concentrations.?® Similarly, in a semi-classical description of the
formation of monodisperse iron oxide nanoparticles, the thermal decomposition of the initial
iron species during rapid heating results in the formation of an intermediate structure that, in
fact, acts as a monomer in the LaMer model description, forming monodisperse iron oxide
nanoparticles after a burst nucleation.®® In some cases, despite the increasing complexity of
the system, the LaMer model is still applicable, such as in the case of cobalt ferrite.?%3!

However, in most systems, nonclassical nucleation and growth models become essential
to fully understand the nucleation and growth processes, particularly when more complex
morphologies and structures are involved. Numerical simulations suggest that, under low
supersaturation conditions, a two-step nucleation via an amorphous-to-crystalline transition
is energetically favored over direct crystallization, as described in classical nucleation theory.*
This nonclassical nucleation pathway has been observed in various iron oxide synthesis.32-3
Also, in many systems, iron oxo clusters are shown to form as intermediate structures prior
to nucleation.!:2%35-38 Though, identifying the exact structure of these intermediate species
is challenging, as they exist only transiently, and often can not be isolated. Nonetheless,
understanding these intermediates, is crucial for tailoring the final product. For example,
it has been shown that the addition of a co-polymer causes the initial iron species to form
a complex with the polymer, which subsequently reacts to form a nanoparticle. The co-
polymer then attaches to specific surface sites on the nanoparticle, leading to the formation
of iron oxide rose-like structures.>®*° In another example, acetylacetonate ligation of the
intermediate iron species prevents reduction, resulting in the controlled formation of twin-
structured nanoparticles.?*




2 NUCLEATION AND GROWTH OF NANOPARTICLES IN SOLUTION

Compared to TMOs, solution-based synthesis routes for transition metal nitrides (TMNs) are
much less explored, primarily due to the challenging synthesis conditions that often require
high temperatures and pressures. As a result, analyzing the nucleation and growth processes
for TMNs is more difficult, and reports on their formation mechanisms are scarce. However,
similar to TMOs, reaction mechanisms for TMNs have been identified that follow the classical
or nonclassical models.*+*2

Most TMN fabrication methods rely on sputtering or solid-state reactions. For instance, var-
ious TMNs can be synthesized by solid-state reactions of TMOs at very high temperatures
and pressures in a nitrogen or ammonia atmosphere.**=* In solution-based synthesis, some
studies report the in situ formation of intermediate oxide phases during the heating of the
reaction mixture, which then undergo nitridation at higher temperatures.*®*’ The formation
of an intermediate sulfide phase prior to nitride formation has also been observed.*® Sim-
ilar to TMOs, some studies report the formation of an amorphous intermediate before the
crystalline TMN nanoparticle forms.*-52 These synthesis methods typically require very high
temperatures of >800 °C. The reaction temperature can be drastically reduced by forming
highly reactive intermediates. For example, in the case of copper nitride, an in situ formed
copper azide reacts to form copper nitride at a reaction temperature as low as 200 °C.>13
Additionally, low-temperature solvothermal nitride synthesis can be achieved using primary
amines, which decompose under ammonia elimination, acting as the nitrogen source.*»>*>>
In general, size and morphology control for TMNSs, as it is the case for TMOs, can be achieved
by adjusting the reaction temperature and time, thereby regulating the nucleation and growth
processes, as demonstrated for nickel nitride*! and copper nitride®®.

In summary, the reaction mechanisms behind TMO as well as TMN nanoparticle formation vary
significantly, but they can generally be explained by classical or nonclassical nucleation and
growth models. Understanding these formation pathways is crucial for tailoring their physical
and chemical properties, although these mechanisms are often poorly understood or only
partially elucidated. In situ studies provide valuable experimental insights into the nucleation
and growth phenomena of TMOs and TMNSs. X-ray-based methods, in particular, have proven
to be vital tools, providing valuable information about the electronic and structural evolution
at the atomic and nanoscale.'***" The next chapter discusses the fundamentals of X-ray-
based methods that enable monitoring the formation of nanoparticles in solution.




3 Fundamentals of X-ray-based Methods

The experimental work presented in this thesis relies on several X-ray scattering and ab-
sorption techniques. This chapter provides an overview of the underlying X-ray theory and
introduces the methods used throughout the thesis. Parts of this chapter are paraphrased
from textbooks by Als-Nielsen & McMorrow®®, Willmott®®, Mobilio, Boscherini, & Meneghini®®,
Egami & Billinge®?, Billinge & Jensen®, Newville®?, and Glatzel & Juhin®,

3.1 Following nanoparticle formation with X-ray methods

The different X-ray methods discussed in this chapter provide complementary information on
the various aspects of nanoparticle nucleation and growth in solution. Figure 3.1 schematically
summarizes the X-ray techniques used in this thesis and indicates the stages of nanoparticle
formation at which they are applied. Table 3.1 lists the individual methods, their primary
structural sensitivity, and references the sections of this chapter in which their theoretical
foundations are introduced.

In summary, X-ray absorption near edge structure (XANES) probes the electronic structure
of a material and provides information on the formal oxidation state and local coordination
environment around the absorbing atom. Extended X-ray absorption fine structure (EXAFS)
yields insight into the short-range atomic arrangement surrounding the absorbing atom. Both
XANES and EXAFS are element-specific techniques and can be applied to very dilute systems
and smallstructures, making them particularly well suited for studying early stages of nanopar-
ticle formation, including precursor conversion, cluster formation, and nucleation.>”® The
pair distribution function (PDF) obtained from total scattering (TS) data resolves the local
atomic structure without requiring long-range order and can therefore capture pre-nucleation
species as well as nucleation and growth processes, covering a broad range of formation
stages.® In contrast, powder X-ray diffraction (PXRD) is sensitive to crystalline order and thus
becomes applicable from the onset of crystallization onward, providing information on crystal
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XANES Reaction coordinate”
EXAFS
TS / PDF
PXRD
SAXS
Precursor Cluster Nucleus Nanoparticle Assembly
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Length scales”
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Figure 3.1: Schematic overview of X-ray methods and sensitivity along the nanoparticle forma-
tion pathway.
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structure as well as crystallite size, shape, and growth. Small-angle X-ray scattering (SAXS)
is sensitive to the mesoscale structure, and allows to observe the evolution of particle size,
shape, and assembly of particles.®’

All of these X-ray techniques can be applied in situ at high-intensity synchrotron sources,
enabling real-time monitoring of nanoparticle formation pathways on relevant time scales.!**
However, they inherently average over the illuminated sample volume and may obscure low-
contrast or minority particle populations. In this context, single-particle small-angle X-ray
scattering (SP-SAXS) at X-ray free-electron lasers overcomes this limitation by enabling the
quantitative structural analysis of heterogeneous nanoparticle ensembles.

Table 3.1: Summary of X-ray methods, their accessibility, structural sensitivity, and reference to
corresponding section.

Method  Accessibility Size /Shape  Size/Shape  Structure Structure Electronic  Section
amorphous  crystalline amorphous  crystalline  structure
PXRD Lab. source / Synchrotron ~ No Yes No Yes No 331
TS/PDF  Lab. source /Synchrotron  No Yes Yes Yes No 3.3.1
SAXS Lab. source / Synchrotron  Yes Yes No No No 3.3.2
SP-SAXS  X-ray free electron laser Yes Yes No No No 3.3.2
EXAFS Lab. source / Synchrotron  No No Yes Yes Yes 3.4.1
XANES Lab. source / Synchrotron  No No Local Local Yes 3.4.2

3.2 X-ray generation

This thesis makes use of X-rays generated from different types of sources, namely laboratory
tubes, synchrotrons, and X-ray free electron lasers (XFELs), which are briefly summarized in
this section. In general, X-rays are produced when high-energy electrons are rapidly deceler-
ated or forced to change direction in electromagnetic fields.

3.2.1 Laboratory X-ray sources

In laboratory X-ray sources (X-ray tubes), electrons are accelerated onto a metal target, where
they produce radiation through two mechanisms. First, a broad bremsstrahlung spectrum
arises from the deceleration of electrons in the target, where its maximum photon energy is
given by the applied acceleration voltage. Superimposed on the bremsstrahlung are sharp
characteristic lines. These lines originate when an incident electron ejects an inner-shell
electron from a target atom and the resulting vacancy is filled by an electron from a higher
shell, emitting fluorescence (Figure 3.10). For experiments requiring a monochromatic beam,
the intense Ka line is commonly selected, as it is several orders of magnitude stronger than
the bremsstrahlung.

3.2.2 Synchrotron radiation

Synchrotrons consist of an evacuated storage ring in which high-energy electrons circulate at
relativistic velocities. Synchrotron radiation is produced by bending magnets needed to keep
electronsin the storage ring orbit orinsertion devices such asundulators. The insertion devices
contain arrays of alternating magnets that force electrons to follow oscillating trajectories. In
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undulators, the electrons undergo small-amplitude oscillations causing the coherent addition
of radiation from each oscillation.

3.2.3 X-ray free electron laser

Synchrotron radiation of undulator insertion devices is highly intense, well collimated, and
exhibits a partially monochromatic spectrum. Although the radiation emitted by a single
electron along an undulator is coherent, there is no fixed phase relationship between different
electrons in the synchrotron electron bunches. As a result, the overall emission is only partially
coherent, and synchrotrons do not generate ultrashort pulses. In contrast, XFELs produce
nearly fully coherent, ultrashort X-ray pulses through the self-amplified spontaneous emission
(SASE) process: emitted X-rays from an electron in the undulators causes the electrons in the
electron bunches to modulate into microbunches on the scale of the X-ray wavelength. These
microbunches then emit in phase, leading to exponential amplification of the radiation as the
electrons move downstream.

The quality of an X-ray beam is described by its brilliance:

photons / seconds
(mm? source area) (mmrad?) (0.1% BW)

Brilliance | ]. (3.1)

It is defined as the photon flux normalized by the source size, the beam divergence or col-
limation, and the spectral bandwidth (BW). Laboratory X-ray sources have a relatively low
photon flux and very low brilliance owing to its emittance in every direction, which typically
restricts the investigation of nanoparticle formation to ex situ measurements of quenched
reaction aliquots. In contrast, synchrotron sources provide a brilliance that is several orders of
magnitude higher, enabling in situ observation of nanoparticle formation. X-ray free-electron
lasers (XFELs) deliver yet another several orders of magnitude increase in brilliance compared
to synchrotrons.

3.3 X-ray scattering

X-ray scattering measures the angular distribution of scattered intensity and thereby provides
structural information about the scattering object. At the most fundamental level, the scatter-
ing process can be described classically: the electromagnetic field of an incident X-ray wave
induces sinusoidal oscillations of the electrons in a material. These accelerated electrons
then emit secondary radiation, giving rise to the scattered X-ray wave. A monochromatic X-ray
beam can also be described in terms of photons, each carrying an energy iw and momentum
hk, where h is the reduced Planck constant, w is the X-ray frequency, and k the wavevector.
A scattering event is described by the wavevector

transfer or scattering vector q = k—k’, wherek is Detector
theincident, and k' is the scattered X-ray wavevec-
tor (Figure 3.2). In elastic scattering, also referred
to as Thomson scattering, the energy is preserved
and the magnitude of the incident and scattered
X-rays is the same |k| = |k’| = 27 /A, where X is
the X-ray wavelength. The magnitude of the scat-

Figure 3.2: Schematic of an X-ray scattering
experiment in transmission.
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Figure 3.3: Atomic form factors of selected elements. Data is generated from databases.®®

tering vector is |q| = ¢ = £ sin ©, where 20 is
the angle between k and k'.

The scattering amplitude of an atom is described by the atomic form factor f°(q). A volume
element dr at position r contributes an amount —r( p(r)dr to the scattered field, with an
phase factor of ', which accounts for the phase shift of the scattering contributions from
different volume elements at r:

U(q) = —rof’(q) = —To/ﬁ(r)eiqrdry (3.2)

where ry is the Thomson scattering length, and p(r) the electron density. f° increases with
the atomic number Z. At ¢ — 0 all volume elements scatter in phase and and f°(q = 0) = Z.
As q increases, the different volume elements start to scatter out of phase and f° eventually
approaches 0: f%(q — oco) = 0, as shown in Figure 3.3.

Electrons in atoms, molecules, or bulk materials are bound and have discrete energy levels.
At incident X-ray energies close to the electron binding energies, the scattering amplitude
exhibits resonant behavior. This effect is described by energy-dependent, or dispersion
corrections to f%: The real part f” modifies the scattering amplitude, while the imaginary part
if" accounts for X-ray absorption. The complete atomic scattering length is therefore

fla, hw) = f(a) + f'(hw) + if" (hw). (3:3)

Theresonant, energy-depended interactions captured by f(q, iw) give rise to X-ray absorption
spectroscopies, which are discussed later in chapter 3.4. For the X-ray scattering techniques,
namely wide-angle X-ray scattering and small-angle X-ray scattering, discussed in the following
sections, only elastic scattering is considered, as described by f°. Furthermore, multiple scat-
tering and thermal motion of the atomic nuclei are neglected, as described by the kinematic
and Debye-Waller approximations.

11
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3.3.1 Wide-angle X-ray scattering

The scattering amplitude of an ensemble of atoms is given by summing over the atomic form
factors of all atoms j with the corresponding phase factor:

all atoms

V() = Y flqe® (3.4)

Here the overall prefactor —rg is omitted. The measured intensity in an X-ray scattering
experiment, I(q), is the absolute square of the scattering amplitude ¥(q):

I(q) = [U(@)) =D fa)fi(@)e®, (3.5)

wherer,, =1, — 1.

If the sample is isotropic, the scattering is only depended on ¢ = |q|, and the orientational
average of the phase factor yields sin(gr,,,) /gr,.. Thus Equation 3.5 becomes

Ha) =3 £2g) fo(g) r) 3.6)

)
m

which is known as the Debye scattering equation.

Powder X-ray diffraction

Scattering from crystalline materials, that is materials which exhibit long range periodic
order, leads to constructive and destructive interference of the scattered X-rays. Constructive
interference produces high-intensity peaks, known as Bragg reflections, which form the basis
of structure analysis in X-ray diffraction (XRD). When diffraction is measured on a powder
sample, the scattering is isotropic, and the technique is referred to as powder X-ray diffraction
(PXRD). In elementary treatments, the condition for constructive interference for scattering
on a crystal lattice is described by Bragg’s law (Figure 3.4):

m * A = 2dp; sin ©, (3.7)

where m is an integer, © is the incident (Bragg) angle, and d, is the spacing between a set of
crystal lattice planes indexed by Miller indices h, k, and I. A crystal is defined by its unit cell
and lattice. The set of lattice vectors

Rn = nia; + noas + Nnsas, (38)

where a; are the translation vectors and n; are integers, specifies the position of every lattice
point. The vectors r; define the positions of the atoms within the unit cell. Thus, the position
of any atom in a crystal is given by R,, + r;. This allows to simplify the scattering amplitude
(Equation 3.4) of a crystal, which factorizes into a unit cell term and a lattice sum:

12
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\Pcrystal (q) _ Z ij (CI) ei(rj +Rn)
r; +Rn
unit cell lattice sites (39)

= > fll@e Y gt
J

n

The phase factor in the lattice sum is of order unity unless the scattering vector satisfies

qR,, = 27 * integer, (3.10)

in which case all terms interfere constructively and the lattice sum becomes of order IV, the
number of unit cells. Since a crystal contains an extremely large number of unit cells, the
scattering amplitude vanishes if the scattering condition of Equation 3.10 is not fulfilled. To
find a unique solution for the scattering condition, we introduce the reciprocal lattice, defined
by reciprocal lattice vectors

X
al = o 21 (3.11)
aj - (ag X 3_3)
X
P P Rl S (3.12)
aj - (ag X ag>
X
aj = o717 (3.13)
a - (ag X 8_3)
Any site in the reciprocal lattice is given by
G = haj] + kaj + lag, (3.14)

where h, k, [ are integers, which are the Miller indices as in Equation 3.7. The product of the
lattice vector in reciprocal (G) and in real space (R,,) is

GR,, = 27 % (hny + kng + In3) = 27 * integer, (3.15)

which gives the solution to scattering condition in Equation 3.10. This shows that the scattering
amplitude is non-vanishing if and only if q coincides with the reciprocal lattice vector. This is
known as the Laue condition:

G=q. (3.16)

The Ewald sphere construction provides a geometric visualization of the Laue condition, as
shown in Figure 3.4. The Ewald sphere is drawn with radius |k| and is centered at the origin of
the incident wavevector k. The origin of the reciprocal lattice, (000), is placed at the tip of k.
If a reciprocal lattice point G lies on the surface of the Ewald sphere, the Laue condition is
satisfied and diffraction occurs. The measured intensity /(q) corresponds to the intersection
of the Ewald sphere with the reciprocal lattice, projected onto the detector.

Figure 3.5 compares simulated PXRD patterns of bulk Cu with those of 5 and 2 nm Cu nanopar-

13
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Bragg condition Laue condition

[ e (000)
M M

Ewald sphere

Figure 3.4: Schematic representation of the Bragg and Laue condition. Left: The Bragg condition
describes constructive interference when the path-length difference between waves scattered by
successive lattice planes equals mx\ /2, as highlighted in purple. Right: The Laue condition isillustrated
using the Ewald sphere construction. Diffraction occurs when a reciprocal-lattice vector G lies on the
surface of the Ewald sphere and thus coincides with the scattering vector q.

ticles. As the crystallite size decreases, the Bragg reflections broaden markedly due to the
reduced number of coherently scattering lattice planes. This illustrates how nanoscale dimen-
sions or structural imperfections, such as finite domain sizes, defects, or thermal disorder,
redistribute intensity from sharp Bragg reflections into a diffuse scattering background. While
conventional PXRD primarily captures the long-range periodic component of the structure,
the diffuse component contains additional information that becomes increasingly relevant
for nanomaterials.

The pair distribution function of total X-ray scattering

In PXRD, only the Bragg intensities are analyzed, which limits the method to crystalline ma-
terials exhibiting long-range periodic order. In contrast, total scattering (TS) includes both
Bragg and diffuse scattering and therefore provides access to short-range structural infor-
mation. This makes total scattering particularly valuable for materials that lack long-range
periodicity, such as liquids, cluster, amorphous, nanostructured, complex, or disordered
materials. From Equations 3.2 and 3.4 it is clear that the scattering amplitude is the Fourier
transform of the electron density and thus directly encodes the atomic positions in a material.
Although the measured scattering intensity corresponds to the absolute square of the am-
plitude (Equation 3.5), which removes the absolute phase information and preserves only
phase differences between scattering from different atoms, the atomic structure can still be
recovered by applying a specialized Fourier transform to the total scattering (TS) data. This
yields the pair distribution function (PDF), which is effectively a histogram of interatomic
distances and enables real-space structural analysis.

To understand the PDF, we introduce the radial distribution function (RDF), which is closely
related to the PDF. It is defined as

R(r) = 4mr?p(r), (3.17)

where, p(r) is the atomic number density, and 4% is the spherical shell at a radius 7 to an
origin. Thus, the RDF measures the probability of finding an atom at distance r from the origin.
Alternatively, the RDF can be written explicitly as a sum over all interatomic separations,

14
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Figure 3.5: PXRD simulations of bulk Cu and Cu nanoparticles. Scattering from nanoparticles
results in a broadening of the Bragg reflections (hkl). Cu exhibits the face-centered cubic (fcc) structure.
Its unit cell contains atoms at fractional coordinates (0,0,0), (0,5,%), (5,0,5), and (5,5,0), where a is
the cubic lattice constant. Inserting these positions in the unit cell term of the scattering amplitude
(Equation 3.9) gives A¥stal(q) = 1 4 ¢im(htk) 4 gim(h+l) o gin(k+D) This expression vanishes unless
h, k, [ are either all even or all odd. The first "allowed" reflections are indexed, and the associated
lattice planes are shown in the unit cell representations. The patterns are simulated using GSASII.®°

weighted by the atomic form factors:

1 Fo ) fula) 50
R(r)=5>.) (g O =), (3.18)

v p#r
where r,, = |r, — r,| is the distance between the v and 1" atom, (...) denotes the compo-
sitional average, and § is the Dirac function.

Specifically, we analyze TS data by means of the reduced PDF, G(r), which is related to the
RDF through

— 4 p(r) y(r), (3.19)

where ~(r) is the characteristic shape function of the scattering object. Although the RDF
is more intuitively to interpret, the reduced PDF, G(r) (hereafter referred to simply as the
PDF), is commonly used for several reasons. It does not require assumptions about particle
size and shape contained in y(r), provides a direct measure of structural coherence, exhibits
uncertainties constant to r, and oscillates around 0, making it more reliable for modeling and
visualization. Most importantly, the PDF is obtained directly from the measured intensity. It is
calculated by Fourier transforming of the total scattering structure function S(q), defined as

1(q) = (f(¢)*) + (f(q))?
O 520

In practice, the measured intensity needs to be corrected for incoherent contributions such
as inelastic (Compton) scattering, multiple scattering or fluorescence. In Equation 3.20, I(q)

S(q) =

15
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— Bulk
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Figure 3.6: PDF simulations of bulk Cu and Cu nanoparticles. The first four interatomic distances
in the fcc Cu unit cell are indicated and correspond to the highlighted peaks in the simulated PDFs.
Compared to bulk Cu, the finite size of 5 and 2 nm nanoparticles leads to a progressive damping of the
PDF peak amplitudes at larger r, reflecting the limited extent of structural coherence. The patterns are
simulated using DiffPy-CMI."!

represents the coherent scattering fraction, which can be readily corrected using established
ad hoc approaches.”® Theterm ( f(¢q)?) + (f(q))? is known as the monotonic Laue scattering. It
arises from imperfect cancellation of intensity under destructive interference when scatterers
of different strengths are present, and it vanishes for single-species systems. Including this
term ensures the correct normalization of the total scattering structure function so that the
average (S(q)) approaches unity.

The PDF, G(r), is calculated by the sine Fourier transform over the experimentally accessible
g-values. Figure 3.6 shows simulated PDF patters of bulk Cu and Cu nanoparticles.

G =2 / " 4(S(g) — 1) sin(gr)dg. (3.21)

dmin

Ideally, the PDF is calculated over a very large ¢-range which improves the real-space reso-
lution. The limited g-range introduces Fourier ripples with a period of 27/ ¢yax, Which may
render small structural features indistinguishable. For this reason, TS data is typically acquired
at very high X-ray energies and with short sample-to-detector distances since ¢  sin ©/A. In
practice, TS measurements commonly reach ¢,,..-values of ~15-30 A—! whereas PXRD data
usually extends to ~6-12 A=1.

Thesecond termin Equation 3.19 originates from scattering at small g-values, corresponding to
structural correlations on length scales much larger than interatomic distances.” It therefore
contains information about particle size and morphology, as discussed in the next section.

3.3.2 Small-angle X-ray scattering

To understand scattering at small g-values, we rearrange Equation 3.5 by assuming for sim-
plicity monotonic and isotropic scattering:
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Iq) = *(@) YD " = Nf(q) + (@) DY e, (3.22)

v uFv

where N is the total number of atoms. We now replace the sum over i1 # v by an integral of
the atomic number density p, over the volume of the atomic arrangement V. In addition, as
X-ray scattering ultimately arises from deviations in electron density from its average, we add
and subtract the average density p.;. The expression for the scattered intensity then becomes

I(q) = Nf () + f*(0) > /V (o (rup) = pa] €4+ AV,

N

-~

1570 (q)

+ f*(q) PatZ/ elare dv,,.
—~ Jv

~
ISAXS(

(3.23)

q)

where p, (1,,,)dV,, is the number of atoms or moleculesin the volume element dV), at a distance
1., from the reference atom at r,. For non-crystalline materials, p,(7,,,) — pa beyond a
few interatomic spacings, hence the first term in Equation 3.23 is sensitive to short range
order (SRO). In contrast, the limit ¢ — 0 corresponds to long real-space distances, and
since ¢ x sin O, this limit occurs at small scattering angles. This is the small-angle X-ray
scattering (SAXS) regime, which provides information about the size and morphology rather
than atomic-level positions.

As in Equation 3.22, the remaining sum over v can be replaced by an integral, giving

PA%(g) = f*(q) / pate™ AV, f2(q) / pare " AV, (3.24)
Vv Vv

which becomes

2

I3ARS( (3.25)

/ pa(r) € AV,
Vv

q) =

where we have introduced py = fpa.: which when multiplied by ry gives the scattering length
density.

When the scattering length density of the particle pg , and the solvent pq ¢ is uniform, the
scattering from a single particle is

2

3¥3(q) = (pap — psio)’ / e dv, (3.26)
14
By introducing the single particle form factor
1 ,
F(q) = — / e dVp. (3.27)
VP VP

Equation 3.26 become
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Figure 3.7: SAXS simulations of 2 and 5 nm spherical nanoparticles. The polydispersity indicates
the standard deviation of a Gaussian size distribution expressed as a percentage of the mean diameter.
The patterns are calculated based on Equation 3.28 and 3.29.

3358 (q) = Ap*VE|F(g)*. (3.28)

The form factor depends on the size and shape of the particle through the integral over its
volume Vp, and can only be analytically evaluated in a few cases. For example, the form factor
of a sphere with radius R is

1 R 2 T
F(q) = 0 / / / elareost 12 6in 6 dOdpdr
P Jq 0 0

= /R 4WM ridr = 3 {Sin(gR) — qRcos(¢R)
Vo Jo qr Q3R3

(3.29)

Figure 3.7 shows simulated SAXS patterns of monodisperse and polydisperse spherical nanopar-
ticles. The spherical form factor exhibits oscillations, from which the particle size can be
determined. With increasing polydispersity, these oscillations become progressively smeared
out, and the scattering approaches the characteristic g~ decay.

Single-particle small-angle X-ray scattering

In single-particle small-angle X-ray scattering (SP-SAXS) millions of scattering snapshots of
individual particles, delivered in a dilute aerosol, are acquired and averaged into classes.
Each class yields the SAXS pattern of a distinct particle population. Hence the classification
disentangles the scattering contributions from different particle contributions enabling the
precise, quantitative structural analysis of heterogeneous particle populations. Conceptually,
SP-SAXS is closely related to established techniques such as single-particle imaging (SPI)"3,
coherent diffractive imaging (CDI)"*, and serial femtosecond crystallography (SFX)™. Technical
details are given in the corresponding chapter 6.3.
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Figure 3.8: Absorption coefficient of selected elements. The absorption coefficient i is normal-
ized by the atom’s density p. For Pd, the absorption edges are labeled. The data are taken from
databases.”®""

3.4 X-ray absorption

X-ray absorption spectroscopy (XAS) measures how the X-ray absorption of a system changes
as a function of the incident photon energy. The underlying process is the photoelectric
effect, in which an X-ray photon expels an core-level electron creating an core-hole in the
absorbing atom. This hole is then filled by an higher level electron, either under the emission
of a fluorescence photon or Auger electron. Quantitatively, the absorption is described by the
absorption coefficient x via Lambert-Beer’s law:

I=1y-e ", (3.30)

where I and I, are the transmitted and incident intensities, and d is the thickness of the
sample.

The absorption coefficient 1 is proportional to the imaginary part of the atomic form factor
f" (Equation 3.3) and varies approximately with the inverse third power of the photon energy.
This trend is interrupted by sharp, step-like increases in absorption that occur when the
photon energy reaches the binding energy of a core electron, as shown in Figure 3.8. These
discontinuities are known as absorption edges. The edges are labeled with capital letters (K,
L, M, ...) according to the principal quantum number (n =1,2,3,...) of the initial electronic state.
Except of the K-edges, all edges exhibit energetically closely lying sub-edges associated with
nondegenerate quantum states which are indexed (1,2,3, ...) to denote different possibilities
of coupling the nonzero orbital- and spin- angular-momentum components of the electronic
states. Thus, the K-edge corresponds to excitation of an 1s electron, while the Ly, Ly, and L3
edges arise from excitation of the 2s, 2p, », and 2p3, electrons, respectively.

The absorption edge is divided into two regions, each governed by different electronic transi-
tions (Figure 3.9). In the region around the absorption edge, one obtains the X-ray absorption
near edge structure (XANES) which arises mainly from excitations into unoccupied bound
states. XANES typically extends from few eV below the edge jump to a few tens of eV above
it. At higher photon energies, the absorption edge often exhibits a series of oscillations. This
extended X-ray absorption fine structure (EXAFS) is due to excitations into the continuum.
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Figure 3.9: X-ray absorption spectrum of copper(ll) oxide. The edge position Fj is defined by the
maximum slope of the rising edge. The region around the edge corresponds to the XANES regime
and arises predominantly from excitations into unoccupied bound states. The intense feature in the
XANES region is referred to as the whiteline, a term originating from detection on photographic strips
in early experiments. The spectral region below the edge is known as the pre-edge. At higher photon
energies, the EXAFS region is observed, characterized by oscillations resulting from interference of the
photoelectron excited into the continuum. Data is taken from databases.”

3.4.1 Extended X-ray absorption fine structure

The dominant process giving rise to EXAFS is the outgoing photoelectron, which can be de-
scribed as a spherical wave emitted from the absorbing atom and scattered by the neighboring
atoms. The EXAFS oscillations arise from the interference between the outgoing and backscat-
tered photoelectron waves. Depending on the photoelectron energy, this interference is
constructive or destructive, leading to oscillations in the absorption coefficient ;1 as a function
of incident photon energy. In the EXAFS region, 1. is composed of a smooth background and
an oscillatory part. The normalized oscillatory path is defined as:

() — po(E)

E) = ,
X(E) Ao

(3.31)
where 11 is a smooth background function representing the absorption of an isolated atom,
and Ay is the normalization factor approximated by the magnitude of the jump in absorption
at the edge position E.

The frequencies of the normalized EXAFS oscillations are related to the distances between
the absorbing atom and its neighbors. The amplitudes of the normalized EXAFS oscillations
contain information on the number and kind of neighbor atoms.

The EXAFS signal is analyzed using the EXAFS equation:

o —2k20']2-
(=3 (l/;])%g sin[2kR; + 6;(k)] . (3.32)

J

where the energy E is converted to the photoelectron wavevector k.
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2m(E — Ey)

k= 2

(3.33)
The EXAFS equation sums over scattering contributions of the neighboring atoms j. NV is the
number of neighboring atoms at distance R, and o2 is the disorder in the neighbor distance.
N, R, and o2 can be determined knowing the scattering amplitude f(k) and the phase-shift
d(k). Furthermore, since these scattering factors depend on the atomic number, EXAFS is also
sensitive to the atomic species of the neighboring atom.

The EXAFS signal can be modeled based on a structural model to determine the local atomic
environment around the absorbing atom. This can be done either directly in k-space or real
space by modeling the Fourier transform of x (k).

3.4.2 X-ray absorption near edge structure

XANES is strongly sensitive to the formal oxidation state and coordination chemistry of the
absorbing atom. In contrast to EXAFS, there is not a simple analytical expression that de-
scribes the XANES signal. Nevertheless, in a fingerprint approach phases can be identified
by comparing a measured spectrum to reference spectra. More qualitatively, XANES features
can be interpreted in terms of electronic transitions associated with photoexcitation upon
X-ray absorption. The transition probability F,,, for an electron to be excited from the initial
ground state |g) to an excited state |n) is evaluated by transition matrix elements, called
Fermi’s golden rule.

o o [(g]Oln)[* (3.34)

where O is the transition operator in the Dirac formalism. XANES spectra can be interpreted
within a theoretical framework by modeling the absorption intensity using Fermi’s golden
rule. Fermi’s golden rule gives rise to electric dipole and quadrupole transitions that signifi-
cantly contribute to the XANES, whereas the dipole transition dominates the XANES signal.
Wether or not a transition has zero probability can often be evaluated using simple symmetry
considerations of the electronic states. These considerations give selection rules to determine
"allowed" and "forbidden" transitions. The symmetry of an orbital is described by its parity
(—1)!, where [ is the angular quantum number. A positive parity means the orbital is inversion
symmetric. Hence, s- and d-orbitals have a positive parity, while p- and d-orbitals have a
negative parity and are antisymmetric. Dipole transition operator itself is antisymmetric
which dictates that the initial and excited states must have opposite symmetries for the transi-
tion being allowed. For example, an sp?-orbital is incompatible with an inversion-symmetric
state. In general, the selection rule of a electric dipole transition states that the difference
of the angular quantum number of the initial and excited state is one (Al = £1), while an
electric quadrupole transition is allowed for Al = 0, £2. Hence, in the case of a excitation of
a 1s electron (K-edge), only orbitals with p-orbital angular momentum can be reached from
electric dipole transitions, while d-orbitals are reached for electric quadrupole transitions.

This framework provides the basis for interpreting XANES spectra. For example, the K-edge
in 3d transition metal ions is a few tens of eV above the Fermi level and arises from intense
electric dipole 1s — p transitions. The excited photoelectron has low kinetic energy and thus
a large mean free path, which results in strong multiple scattering from neighboring atoms
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Figure 3.10: Total energy diagram illustrating electronic transitions of Cu(ll). Solid arrows indicate
absorption transitions from the ground state |g) to excited states |n). Dotted arrows indicate the
subsequent fluorescence decay from the excited states to the final states | f).

at high coordination shells. Hence, the XANES signal is sensitive to both the electronic and
atomic structure, making the interpretation highly challenging.5* The position of the K-edge is
primarily governed by the ionization potential and thus reflects the effective charge density at
the absorbing atom. An increased charge density typically leads to a lower ionization potential
and a corresponding shift of the absorption edge to lower photon energies. In general, this
sensitivity is complex and the charge density is influenced from kind, distance, and number
of ligands. Weak spectral features are often observed below the main absorption edge. For 3d
transition metals, these so-called pre-edge features originate predominantly from quadrupole-
allowed 1s — 3d transitions, which accounts for their low intensity. Additionally, pre-edge
features can arise from nonlocal electric dipole transitions from orbital mixing with p-orbitals
from the ligand atoms, or from on-site electric dipole transitions due to local p-d mixing.

Figure 3.10 illustrates the electronic transitions of Cu(ll). The Cu K-edge absorption is dom-
inated by electric-dipole-allowed 1s — 4p transitions, which give rise to the intense edge
feature. Aweaker pre-edge feature originates from the quadrupole-allowed 1s — 3d transition.
In contrast, Cu(0) and Cu(l) do not exhibit pronounced pre-edge features at the K-edge, as their
3d orbitals are fully occupied. Following core-level excitation, the system can relax radiatively
when the 1s core-hole is filled by a 2p or 3p electron, resulting in the emission of a K or K3
fluorescence photon, respectively.

3.4.3 High energy resolution fluorescence detected X-ray absorption
spectroscopy

The extremely short lifetime of a core-hole leads to a Lorentzian spectral broadening as
dictated by Heisenberg’s uncertainty principle. As a consequence, the energy resolution of
conventional XAS is fundamentally limited by core-hole lifetime broadening. This limitation
can be overcome by probing the absorption process via a selected fluorescence emission
line. The measured fluorescence intensity provides a good approximation of the absorption

22



3 FUNDAMENTALS OF X-RAY-BASED METHODS

[ p— Conventional XAS
1o} — HERFD-XAS
1.0¢f
€08
g 0.10
< 06
0.2r 0.00 f— . .
0.0 ‘ . 89?6 8978 . 8980
8980 8990 9000 9010 9020
Energy (eV)

Figure 3.11: Conventional compared to HERFD X-ray absorption spectra of copper(ll) oxide. The
HERFD spectrum exhibits a significantly improved energy resolution which enables to properly resolve
pre-edge, rising edge, and whiteline features. The inset shows a zoom on the pre-edge. Data is taken
from databases.”®"?

coefficient, while yielding a significantly enhanced energy resolution. This improvement
arises because the secondary hole created during the radiative relaxation process (|n) — | f)
in Figure 3.10) typically has a much longer lifetime than the initial core hole. This approach
is known as high-energy resolution fluorescence detected X-ray absorption spectroscopy
(HERFD-XAS). Figure 3.11 compares conventional and HERFD-XANES spectra.
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4 Modular In Situ Reactor for X-ray
Scattering, Spectroscopy, and ATR-IR
Studies of Solvothermal Nanoparticle
Synthesis

The content of this chapter was published in Journal of Synchrotron Radiation 33, 1, (2026) by
Sani Y. Harouna-Mayer, Melike Gumus Akcaalan, Jagadesh Kopula Kesavan, Tjark R. L. Groene,
Lars Klemeyer, Sarah-Alexandra Hussak, Lukas Grote, Davide Derelli, Francesco Caddeo, Cecilia
Zito, Paul Stiitzle, Dorota Speer, Ann-Christin Dippel, Blanka Detlefs, Yannik Appiarius, Axel
Jacobi von Wangelin, Dorota Koziej.

My contribution to this work comprises: analysis of PXRD and TS, X-ray transmission calculations,
and review of reactors for in situ SAXS, WAXS, and XAS measurements.

4.1 Abstract

Understanding the chemical processes that occur during the solvothermal synthesis of func-
tional nanomaterials is essential for their rational design and optimization for specific appli-
cations. However, these processes remain poorly understood, primarily due to the limitations
of conventional ex situ characterization techniques and the technical challenges associated
with in situ studies, particularly the design and implementation of suitable reactors. Here,
we present a versatile reactor suitable for in situ X-ray scattering, X-ray spectroscopy and
infrared spectroscopy studies performed during solvothermal synthesis under autoclave-like,
inert conditions. The reactor enables precise control of the temperature between -20°C and
200 °C, pressures up to 8 bar, magnetic stirring, and injection of gas or liquids. The reactor’s
capabilities are demonstrated by comprehensively studying the solvothermal synthesis of
magnetite nanoparticles from iron acetylacetonate in benzyl alcohol through in situ X-ray
scattering and spectroscopy, and ATR-IR spectroscopy.

4.2 Introduction

Solvothermal synthesis is a versatile, fast, energy-efficient and scalable method for producing
a wide range of materials in which chemical reactions between precursor(s) and solvent
take place in a closed reaction vessel at elevated temperatures and pressures. Although
it is widely used for synthesizing materials or composites, e.g. for electronic devices and
energy conversion, the underlying reaction mechanisms that govern key properties such as
crystallinity, particle size and morphology are often poorly understood.®%-82 In conventional
laboratory experiments, the understanding of these mechanisms is typically limited to ex situ
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4 REACTOR FOR IN SITU X-RAY STUDIES

analysis of the final products or quenching the reaction at different reaction times. However,
a deeper insight into these processes is crucial for the rational design of materials with tailor-
made properties.838°

For this reason, solvothermal synthesis can be studied in situ, by using high flux X-ray ra-
diation from synchrotron light sources, allowing real-time monitoring of the reaction and
providing a comprehensive insight into the chemical steps involved.}*8® This approach re-
quires specialized reaction vessels equipped with heating capabilities and additional features
tailored to the specific reaction and technique being used. X-ray methods are particularly
effective for in situ investigation of solvothermal synthesis as they provide valuable infor-
mation about nucleation, growth and formation of intermediate states. For example, X-ray
absorption spectroscopies (XAS) probe the electronic structure and the chemical environment
of the absorbing atom.>” Wide-angle X-ray scattering (WAXS) methods, such as powder X-ray
diffraction (PXRD) and total scattering (TS), provide insights into the atomic structure while
small-angle X-ray scattering (SAXS) enables to study particle size, polydispersity, morphol-
ogy, and assembly.8"% A single technique can mostly not capture the full complexity of the
reaction mechanisms across multiple length and time scales. It is rather the simultaneous
application of different techniques in a multimodal or complementary approach that enables
a more comprehensive understanding - e.g. by linking electronic, atomic, and morphological
evolution throughout the reaction.®-°! However, each X-ray technique imposes distinct and
often conflicting demands on the reactor design and specifications.

In order to meet these demands, several key challenges must be addressed when designing a
tailor-made reactor for in situ X-ray studies:

(1) Window material. The material must be X-ray transparent at the required energies, chemi-
cally inert, and stable at elevated temperatures and pressures. It should also exhibit a low or
easily subtractable background signal. Various materials are used depending on the technique
and required reaction conditions:

« Polyimide is flexible, highly X-ray transparent and chemically inert, making it a common
choice for both XAS and scattering experiments conducted under moderate conditions.??-%4

« Polyether ether ketone (PEEK) offers excellent X-ray transparency along with high chem-
ical and mechanical stability and is thus suitable for use at elevated temperatures and
pressures. While it performs well in XAS setups, its semicrystalline structure produces
strong background signals, making it less suitable for scattering experiments,93:95%

+ Fused silica is also chemically inert and can withstand high temperatures and pres-
sures, but it offers somewhat lower mechanical stability and a slightly reduced X-ray
transparency compared to PEEK. Though, it has a low background signal for accurate
background subtraction in scattering data. It is the commonly preferred window mate-
rial for PXRD and TS experiments 69798

« Sapphire is suitable for the extreme temperatures and pressures of PXRD experiments.
Its single crystal reflections can be avoided by masking the detector or angular adjust-
ments. However, sapphire is not favorable for TS experiments due to its strong diffuse
scattering signal.t”-9%100

« Berylliumis used in some experimental setups for its exceptional X-ray transparency and
mechanical stability. However, its high toxicity necessitates strict safety protocols.%>101:102

(i1) Geometry of the reactor and (iiz) precise control over reaction parameters such as tem-
perature, pressure, and (possibly) injection of reagents or gases to the chemical reactions
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inside the reactor. It is highly desirable to mimic the laboratory setups of preparative-scale
chemical reactions, as variations in temperature or pressure profiles and sample volume can
significantly influence the reaction mechanism and outcome. At the same time, the reactor
must meet the space constraints of the beamline to allow in situ analytical experiments. Most
in situ setups for X-ray scattering use capillaries, where small sample volumes are heated with
hot air blowers or resistive heaters.®"9%1% This approach requires little space and allows rapid
heating and good control over the reaction parameters. It can also be extended with gas or
liquid injection devices. However, such setup usually does not allow stirring of the reaction
solution and the small volumes are usually not sufficient for post-synthesis analysis. Other
setups use large reaction reservoirs from which small aliquots of the solution are circulated
through a capillary for measurement, thereby mitigating beam damage.?”1%® Bulky setups
adapting commercial microwave reactors for the technical requirements of in situ measure-
ments have also been reported.’®*1% (1) Safety of the beamline environment, especially
when working at extreme conditions or with hazardous or toxic materials such as Be.'%?

Table 4.1 summarizes selected literature reports on reactors enabling in situ analysis by XAS,
WAXS, and SAXS.

In an effort to address the aforementioned diverse requirements of a modular and versatile
reactor, we developed a tailor-made setup for complementary experiments at synchrotron
facilities. The reactor is compatible with a wide range of X-ray techniques, including XAS, PXRD,
TS, and SAXS, and supports solvothermal synthesis under inert, autoclave-like conditions.
By exchanging the reactor inlet, the setup can be tailored for XAS experiments using a PEEK
inlet or for scattering using glass inlets with various wall thicknesses - balancing background
contribution and pressure resistance up to 8 bar The system allows magnetic stirring and
precise control of the heating ramp rate and reaction temperatures up to 200 °C or cooling to
—20 °C via Peltier elements. Additional inlet modifications also support gas or liquid injection
and integration of a fiber optic attenuated total reflection (ATR) probe for simultaneous ATR
infrared spectroscopy (ATR-IR) measurements. The reactor achieves sub-minute time resolu-
tion for in situ XAS and ATR-IR, and one-second resolution for X-ray scattering experiments.
This reactor has already been employed in several studies investigating the solvothermal
synthesis of alloy®®, metal oxide®!, metal sulfide®®!% and metal nitride'® nanoparticles. In
these studies, we leveraged the reactor’s modular design and versatility across different X-ray
techniques - exploiting, for instance, its low-background configuration for precise tracking
of precursor conversion®, its autoclave-like properties for spatially resolved synthesis at
liquid-liquid interfaces at elevated pressure and temperaturel®, and its air-tight conditions
for sensitive materials'®. Table S4.1 summarizes all the previous reactor designs. Here, we
further demonstrate the reactor’s versatility by investigating as model system the partial
reduction reaction of iron(lll) acetylacetonate to Fe;0, magnetite nanoparticles in benzyl
alcohol at 180 °C¥7, using in situ PXRD, TS, XAS, and ATR-IR. Moreover, we also added cooling
and injection capability to the cell, broadening its application range.
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Table 4.1: Overview of reactors suitable for in situ XAS, WAXS and SAXS measurements during
solvothermal synthesis. The sample volume is categorized as small (e.g. capillary-based setups),
medium (e.g. reactors with inlets), or large (e.g. flow reactors with external reservoirs). The classifica-
tion reflects the typical sample quantity accessible for reaction monitoring or postmortem analysis.
The “+” in the temperature column indicates the temperature employed in the respective study, rather
than the maximum operational temperature, which was not specified in the respective report.

Ref. Methods T...x Pmax Window Wall Sample Stirring ?
material thickness volume
(mm)
108 WAXS 230 28 Steel 2.0 Medium  Yes
95 XAS 200 250 PEEK, Be 1.0,0.5 Medium Yes
101 XAS 600 14 Be 0.75 Small No
99 WAXS, 1000 138 Al;03, SiO,, - Small No
SAXS Polyimide
109 XAS 400 3.5 Polyimide 0.3-1.2 - No
300 40 SiOs
100 WAXS, 450 400 Al,O3 0.06-0.8 Small No
SAXS SiO,
110 WAXS 450+ 20 SiOy 0.01 Small No
111 WAXS 225 207 Be - Medium No
112 WAXS, 48 - Glassy carbon - - No
SAXS,
XAS
93 WAXS, 180+ - PEEK 0.5 Medium No
XAS
103 SAXS - - SiO; 0.01 Large Yes
113 WAXS, 180 - Si0,, Al 1.0-1.5,0.1 Medium No
XAS
114 WAXS, 350 - PTFE - Large Yes
XAS,
IR
115 WAXS 1000 35 SiO, >0.1 Small No
116 WAXS 700+ - SiOy - - No
97 WAXS 700+ - SiO2 0.05 Large Yes
117 WAXS, 327 40 SiOy 0.2 Small No
SAXS,
XAS
118 WAXS 500+ - SiOs 0.02 Small No
119 XAS 1200 2000 Glassy carbon, - Large No
Be
Thiswork  WAXS, 200 8 SiO,, PEEK 0.2-0.5 Medium Yes
SAXS,
XAS,
ATR-IR

4.3 Reactor design

The reactor setup features a compact and user-friendly design optimized for safe operation.
The assembled cross-sectional illustration of the reactor, including all dimensions, is shown
in Figure 4.1(a). For a comprehensive understanding of the system’s operating principle, it
is beneficial to focus on the main elements individually. The detailed representation of the
assembly is given in Figure 4.1(b). The reactor can be divided into three main components, i.e.
the housing, the inlet, and the insulators.
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The back and front center pieces were carved out of the aluminum housing in a conical shape
to achieve an opening angle of 45° enabling data acquisition in transmission geometry -
e.g., for high-q total scattering (TS) data - or in reflection geometry, e.g., high-energy resolu-
tion fluorescence detected X-ray absorption spectroscopy (HERFD-XAS). Figure S4.1 shows
a schematic of the reactor including the X-ray beam path for transmission geometry, e.g.
for scattering experiments, and for reflection geometry, e.g. for HERFD-XAS experiments.
The opening angle of 45° corresponds to a maximum instrumentally accessible g-value of
Umax,inst = 38 A foran X-ray energy of 100 keV. max inst Values depend on the X-ray energy as
well as the instrumental set-up including the opening angle of the reactor or sample environ-
ment, and the detector size and position. The corresponding qax inst Values for different X-ray
energies and sample-to-detector distances are summarized in Table S4.2. Heating elements
are vital for the thermal performance of the reactor setup, as they influence the heating of the
aluminum housing, the inlet, and the reaction solution. These factors determine the heating
rate, final temperature, and temperature stability. They surround the inlet and are driven
with a 24 V-50 W power supply (EA-PS 5040, Elektro-Automatik) in parallel connection. The
generated dielectric heating is distributed across the area that surrounds the inlet, evenly via
the thermal conductivity of the aluminum. The temperature is measured by a PT1000 model
sensor (Honeywell) positioned close to the inlet and connected to an LS335 temperature
controller. The measured temperature is instantly read from the temperature controller to a
computer and monitored via a Python script.

The inlet works as a custom-made container for the reaction solution accommodation. It is
used with a cap and a perfluoro elastomer (FFKM) O-ring to provide an air-tight environment.
The inlet design offers two material options: polyether ether ketone (PEEK, Bieglo) and glass.
The material is selected according to the measurement technique, and the X-ray window
wall thickness can be adapted to the reaction requirements. PEEK is a favorable material for
spectroscopy measurements due to its high X-ray transparency. Glass material is preferred
for scattering experiments due to its low background signal although its utilization presents
challenges regarding mechanical stability. In careful tests, we observed that determination of
the optimum glass thickness as a balance between satisfactory data collection and structural
integrity at high-pressure conditions is quite challenging. To this end, we designed glass and
PEEK inlets with 0.2, 0.3, and 0.5 mm wall thicknesses. The results demonstrate that 0.2 mm
thickness of the PEEK inlet and 0.3 mm thickness of the glass inlet gave the most satisfactory
data for the spectroscopy and scattering experiments at relatively high pressures, respectively.
Figure 4.1(c) shows the various inlet and cap configurations for specific X-ray techniques and
experimental requirements, with total and scan zone volumes, which are as follows:

(¢) Glass inlet for scattering experiments under air-tight, autoclave-like conditions at elevated
temperatures and pressures with a wall thickness of 0.3 mm.

(47) Thin-walled (0.05 mm) glass vial embedded in a copper body for weak background scatter-
ing contributions. The corresponding PEEK cap features a spring, which prevents the fragile
thin-walled glass vial from breaking upon closure and provides a modest degree of sealing,
though not fully airtight as in the standard glass inlet (7).

(#47) PEEK inlet for XAS measurements with a wall thickness of 0.2 mm.

(iv) Amodified hollow-screwed PEEK cap that enables the pressure sensor to measure pressure
from a close position to the solution.

(v) A modified hollow Brass cap allowing the injection of reagents during the experiment
through a septum.
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(vi) A modified hollow Brass cap for a fiber-optical ATR-IR probe implementation, enabling
multimodal ATR-IR measurements.

Further details about the reactor tailored for cooling, photographs of the caps designated for
pressure and IR measurements is given in the supporting information. A PEEK inlet can be
used for X-ray scattering; however, due to its polycrystalline nature, it introduces high residual
background scattering. This trade-off is acceptable for strongly scattering crystalline samples,
where the sample scattering intensity is sufficient to outweigh the residual background from
PEEK.»

The insulation and the sealing elements complete the air-tight environment, working as the
supportive components. A tightly fastened aluminum component, mounted on top of the
aluminum housing, assures complete sealing of the reactor. Top, bottom, and side PEEK insu-
lators enhance the heat retention within the system by minimizing thermal exchange between
the aluminum and surrounding air as much as possible. Properties such as high thermal sta-
bility, low thermal expansion coefficient, dimensional stability, and low thermal conductivity,
which make PEEK a perfect thermal insulator, support all the thermal requirements of the
closed system.

To ensure ahomogeneous colloidal dispersion, a micro stirrer (Variomag Thermo Scientific™),
is installed on the aluminum bottom plate directly beneath the aluminum housing. A micro-
magnetic stirring bar is located within the inlet, providing homogeneous mixing of the solution
during the in situ measurements. This ensures a constant concentration of the scatterers
across the cell and high data quality.

(a) Assembled reactor (b) Exploded view of the reactor

-

-

(c) Overview of the inlets and caps

-
Top insulators —
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i g
Sealing element

' (I) Glass inlet
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Figure 4.1: Design of the reactor. (a) Cross-sectional rendering of the assembled reactor. (b) Exploded
schematic showing individual components. (c) Photograph of the interchangeable inlet modules for
different experimental configurations, V1 and Vg indicate total volume and scanning area volume,
respectively. W and L state the width and length of the scanning area.
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4.4 Performance of the reactor

We demonstrate the performance and versatility of the reactor through a series of characteri-
zation and reaction studies. First, we evaluate its thermal response, pressure stability, and
X-ray transparency (Figure 4.2). We then estimate the signal-to-noise ratio of PXRD pattern of
nanoparticle dispersions at different particle concentrations (Figure 4.3)). Finally, we investi-
gate the model system, the solvothermal synthesis of magnetite nanoparticles, in detail using
a combination of complementary in situ techniques: PXRD and PDF analysis of TS data (Figure
4.4)), ATR-IR (Figure 4.5)), and HERFD-XAS (Figure 4.6)). By combining all analytical data from
these methods, we propose a reaction mechanism of the nanoparticle formation and pos-
tulate intermediate states during the transformation of iron(lll) acetylacetonate, Fe(acac),,
to magnetite, Fe,0,, in benzyl alcohol*”’. These results highlight the reactor’s capability to
integrate multiple methods, providing a comprehensive understanding of complex reaction
pathways.

Figure 4.2(b) shows photographs of the glass inlet during the Fe;0, nanoparticle synthesis.
The color change of the reaction solution from reddish Fe(acac), in benzyl alcohol (BnOH)
to black Fe;0, is clearly visible during the heating ramp to 180 °C. Figure 2(c) depicts an
IR image of the reactor window, illustrating uniform heat distribution in the BnOH-filled
inlet at 180 °C. We further measure the temperature and pressure profiles during heating:
the BnOH-filled inlet reaches 3.8 bar at 180 °C, while the water-filled inlet reaches 7.9 bar at
150 °C - both without breaking the glass inlet with a 0.3 mm wall thickness, as shown in Figure
2(d). To assess the suitability of the glass inlet for X-ray experiments, we calculate its X-ray
transmission both empty and filled with the common solvents water, ethanol, and BnOH. The
results indicate reasonable transmission for X-ray energies above 20 keV, as shown in Figure
4.2(e). For comparison, Figure S4.6 shows the X-ray transmission of glass and PEEK inlets with
different wall thicknesses, providing guidelines for selecting suitable inlets. Details on the
transmission calculations are given in the experimental section.

The glassinlet configuration offers good pressure stability and airtightness, enabling solvother-
mal synthesis under autoclave-like conditions for in situ scattering experiments. However,
the relatively thick inlet walls give rise to a substantial scattering background. One major
challenge of in situ scattering studies is the strong background signal, as scattering arises from
all components in the beam path. To isolate the signal of the chemical species of interest,
contributions from the solvent, reactor walls, and beamline environment must be carefully
subtracted. In most PXRD experiments, background subtraction is relatively straightforward
due to the strong diffraction signal of crystalline phases. However, for weakly scattering
systems such as nanoparticles or dilute dispersions or solutions, background subtraction
becomes significantly more demanding. This is especially true for total scattering experiments,
where often non-periodic structures or small nanoparticles are being investigated and data is
collected at high scattering vectors (typically qmax > 15 A™), where scattering is weak and noisy.
Moreover, standard baseline correction methods are not applicable in TS experiments, as both
Bragg and diffuse scattering must be preserved, making accurate and precise background
subtraction essential. Figure 3(a) illustrates this by comparing PXRD patterns of commercial
copper(ll) oxide (CuO) nanoparticles (7.4 nm diameter) at concentrations of 0.2, 0.05, and
0.02 mmol mL™ in ethanol, highlighting the dominant background relative to the nanoparti-
cle signal. Additionally, we estimate the signal-to-noise ratio (SNR) for each concentration
(Figure 3(b-e)), demonstrating that the reactor with glass inlets can still provide reasonable
PXRD data even at very low particle concentrations.

We further test the reactor by studying the solvothermal synthesis of Fe,0, from Fe(acac), in
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Figure 4.2: Thermal, pressure and transmission characteristics of the glass inlet with 0.3 mm wall
thickness. (a) Front view rendered image of the reactor (b) Photographs showing the solution color
change during Fe;0, formation from Fe(acac); in BnOH upon heating. (c) IR image showing uniform
heat distribution of the BnOH-filled inlet at 180 °C. (d) Temperature and pressure profiles during the
heating of water and BnOH to 150 °C and 180 °C, respectively. (e) Simulated X-ray transmission of the
inlet, empty and filled with the solvents water, ethanol (EtOH) and BnOH as a function of the X-ray
energy.

BnOH at 180 °C.1%" This reaction is fast, scalable, and allows tailoring the size, morphology, and
even synthesis of heterostructures.??>122 The organic reaction pathways during the synthesis
of metal-oxides in benzyl alcohol, including Fe;0,, are well-known and have been assessed in
previous studies via gas chromatography-mass spectrometry (GC-MS) and nuclear magnetic
resonance (NMR) analysis of the final reaction mixture. In particular, it has been proposed
that benzyl acetate and 4-phenyl-2-butanone form via the reaction of benzyl alcohol with
Fe(acac),. Furthermore, during the reaction, one third of Fe(lll) species are reduced to Fe(ll)
by dehydrogenative oxidation of 4-phenyl-2-butanone into 4-phenyl-3-buten-2-one. The
complete organic transformation pathway is reported in literature.1?® However, in situ studies
providing mechanistic insights that focus on the metal center, e.g. formation of intermediate
complexes and monitoring the nucleation and growth of the nanoparticles, are scarce.'?*

Based on our in situ scattering data, we propose a reaction mechanism, schematically illus-
trated in Figure 4.4(a). Initially, Fe(acac), is dissolved in BnOH with the Fe(lll) center octahe-
drally coordinated by three acetylacetonate ligands, each coordinating through both oxygen
atoms. Upon reaching 180 °C, an intermediate ferric acetate complex, [Fe;(1;—0)(AcOR),
(ROH),], forms. In this complex, three Fe(lll) centers are linked to a central coplanar p;-oxo
ligand. Acetate groups (AcOR) bridge pairs of Fe(lll) centers and are further coordinated by
water or alcohol molecules (ROH), maintaining an octahedral coordination. Here, R denotes
either a hydrogen atom or a benzyl group. The iron complex with coordinated acetate and
water is well known in literature.*®® With continued heating, the intermediate transforms into
crystalline Fe;0, nanoparticles.

Figure 4.4(b,c) show the temperature profiles and heatmaps of the obtained in situ PXRD
patterns and PDFs, respectively. The reaction solution is ramped at 10 °C min™, with the time
point of 0 min defined as the moment when the reaction temperature of 180 °C is reached.
Both datasets clearly reflect the sequential transformation through the three structural stages
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Figure 4.3: PXRD of CuO nanoparticles (7.4 nL diameter) dispersed in ethanol at concentrations
of 0.2, 0.05, and 0.02 mmol mL™ and signal-to-noise ratio (SNR) estimations. (a) PXRD of the
CuO dispersions compared to the background pattern which is the ethanol filled inlet. (b) Overlay
of background-subtracted and normalized PXRD patterns for CuO dispersions showing increasing
noise with decreasing concentration. (c-e) Rietveld refinements for each concentration. To estimate
the SNR, we first normalize each pattern to 1 at the most intense Bragg peak (~2.7 A1), The SNR
is then calculated as the inverse square of the standard deviation (SD) of the difference between
the experimental data and the Rietveld fit. To avoid influence from imperfections in the fit, regions
containing strong Bragg reflections are excluded from the SD calculation as highlighted in (a).
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depicted in Figure 4.4(a). To illustrate the reaction kinetics, we calculate a Pearson correlation
map of the in situ PXRD data. The resulting map (Figure S4.7) visualizes the degree of similarity
between the PXRD patterns at the different reaction times. The structural changes indicated
by the two nodes along the diagonal in the Pearson correlation map points at two transitions:
one shortly after 0 min and a second around 25 min. Figure 4.4(d,e) show representative PXRD
and PDF patterns for the three reaction stages: the initial molecular complex (bottom), the
intermediate (middle), and the final Fe;O, product (top). Rietveld refinement of the PXRD
pattern of the final product confirms the phase purity of Fe;0,. The non-crystalline nature of
the initial and intermediate states excludes conventional PXRD refinement; however, their
structures can be analyzed via PDF. The initial state is modeled using the structure of Fe(acac),
while the intermediate state at 5 min reaction time is best described using a three-phase
refinement with Fe(acac)s, [Fe;(1;—0)(AcOR)s(ROH),]*, and Fe;0, in a 1.00:0.92:0.70 scale
ratio. Based on the reported Fe(acac), decomposition mechanism in benzyl alcohol forming
benzyl acetate,'?® we propose the actual intermediate is a ferric acetate complex coordinated
with benzyl acetate and benzyl alcohol ligands. However, for the PDF refinement, we employ
the literature-reported structure [Fe,(p;—0)(AcO)4(H,0);]", which contains acetate and water
ligands.!?® We note that PDF analysis cannot unambiguously distinguish between acetate
and benzyl acetate ligands, or between coordinated water and benzyl alcohol, due to the
prevalence of short-range interatomic correlations involving Fe and the surrounding BnOH
solvent. Nevertheless, the excellent agreement between the modeled and experimental PDFs
(Figure 4(e)) strongly supports the structural assignment of the intermediate as a ferric acetate
complex. The refined parameter of the Rietveld and PDF refinements are given in Table S5.3
and S5.4, respectively.

To assess the time resolution achievable with the reactor setup, Figure S4.8 compares PXRD
and PDF data averaged over varying exposure times. These tests demonstrate that high-quality
data can be obtained with exposures as short as 5s during the early, low-scattering stages
of the reaction, and down to 1s for the strongly scattering crystalline final product. Overall,
these results highlight the capability of the reactor to provide high-quality PXRD and PDF data
at low time resolution despite significant background scattering from the glass components.

The PDF refinement of the intermediate state assumes the thermal decomposition of acety-
lacetonate ligands into acetate. To track the formation of organic by-products in the liquid
phase during the reaction, we perform in situ ATR-Fourier transformed infrared (FTIR) spec-
troscopy using the reactor equipped with an ATR-IR fiber probe. In situ ATR-FTIR difference
spectra collected during the reaction and reference spectra for comparison are displayed in
Figure 4.5. Already during the heating process, we observe a decrease in absorption in the fre-
quency region around 1000 cm™, which we assign to the v/(C-0) stretching vibration of BnOH.
Furthermore, we observe a decrease in absorption around 1600 cm™, which we attribute to
the bending vibration 6(H-O-H) of residual water present in the sample at ambient conditions.
As the temperature increases, this water evaporates and transitions into the gas phase, leaving
the liquid phase and thus causing the observed signal loss. With further heating, a broadening
and increase in absorption around 1225 cm™, which we assign to the emergence of v(C-0)
vibrations characteristic of an acetate functional group. We correlate this increase with the
formation of benzyl acetate, supported by additional vibrational modes around 1739 cm™
(v(C=0)), 1026 cm™ and the symmetric and asymmetric bending vibrations (§(CH,)) at 1361
and 1380 cm™, respectively. These observations are consistent with the reported formation of
acetates during acetylacetonate decomposition.*** In addition to vibrational modes attributed
to benzyl acetate formation, we also identify a vibrational mode at 1717 cm™ (v(C=0)), due to
the contribution of acetone in the reaction mixture, which is formed alongside benzyl acetate.
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Figure 4.4: In situ PXRD and PDF analysis of the reaction to Fe;0,. (a) Schematic of the reac-
tion mechanism as determined by PXRD and PDF refinements. The initial complex Fe(acac), forms
[Fe;(p;—O0)(ACOR)4(ROH),]" after reaching the reaction temperature of 180 °C which further reacts to
the final product Fe;0,. (b,c) Temperature profile and heatmap of PXRD and PDF data, respectively.
(d,e) PXRD Rietveld and PDF refinements of the initial complex before heating, Fe(acac),, the interme-
diate complex, [Fe;(1;—0)(ACOR)s(ROH);1*, at 5 min after reaching the reaction temperature of 180 °C
and Fe;0,. Since Rietveld refinement requires a crystalline structure only the refinement of Fe;0,, is

shown for PXRD.
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Figure 4.5: In situ ATR-FTIR analysis of the reaction of Fe(acac); to Fe;0, in BnOH, compared to
reference spectra of acetone and benzyl acetate, Fe(acac), dissolved in BnOH at room temperature,
and BnOH at 180 °C.

The assigned vibrational modes are listed in Table S4.5. For comparison, additional reference
spectra are shown in Figure S4.9. These ATR-FTIR findings for the synthesis of Fe;0, support
the formation of a ferric acetate complex as an intermediate. They also demonstrate the
capabilities of our reactor to acquire ATR-FTIR spectra with a spectral resolution of 4 cm™ and
a temporal resolution of less than 1 min during solvothermal synthesis.

Finally, we investigate the Fe,0, solvothermal synthesis using XAS with the PEEK inlet config-
uration. Figure 4.6(a) presents Fe K-edge high-energy resolution fluorescence detected X-ray
absorption near-edge structure (HERFD-XANES) spectra, showing a shift of the absorption
edge to lower energy - indicating a partial reduction of Fe*" in the initial and intermediate
complexes to a mixed-valence Fe**/Fe** state in Fe,0,. Concurrently, the whiteline double
peak observed in the initial state transitions into a single, broader feature in the final product,
while the pre-edge intensity increases, indicating changes in Fe coordination symmetry and
oxidation state. These spectral features closely resemble previously reported XANES spec-
tra of Fe(acac);'%%*" and Fe,0,'%%'%  supporting the identification of the initial complex as
Fe(acac); and confirming the formation of Fe;0, as the final product.

To analyze these changes quantitatively, we perform multivariate curve resolution by alter-
nating least squares (MCR-ALS)*3° of the in situ HERFD-XANES dataset, which extracts three
distinct Fe species, consistent with the PDF findings. Figure 4.6(b) shows the evolution of
the three species during the reaction. Figure 4.6(c) shows the MCR-ALS recovered spectra.
In Figure 4.6(d) we present results from FEFF simulations*! based on the structures deter-
mined from the PDF analysis. Since Fe;0, comprises octahedral and tetrahedral sites in a
2:1 ratio, the simulation of Fe;0, shows the linear combination of FEFF simulations with the
octahedral and tetrahedral Fe as the absorbing atom in a 2:1 ratio. Since Fe;0, contains Fe
atoms in both octahedral and tetrahedral coordination sites in a 2:1 ratio, the simulation of
Fe,0, was performed as a linear combination of FEFF simulated spectra calculated with Fe in

35



4.5 CONCLUSION

octahedral and tetrahedral sites as the absorbing atom, weighted accordingly at a 2:1 ratio.
The simulations match well with the MCR-ALS recovered spectra. Figure S4.10 shows the FEFF
simulated XANES spectra together with density of states (DOS) calculation of the Fe, O, and C
s, p ,and d states.
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Figure 4.6: In situ Fe K-edge HERFD-XANES analysis of the reaction to Fe;0,. (a) /n situ HERFD-
XANES data. (b) Concentration profiles of three distinct Fe species extracted via MCR-ALS. (c) MCR-ALS
recovered spectra. (d) FEFF simulations based on structures determined from in situ PDF analysis,
confirming the initial species as Fe(acac),, the intermediate as [Fe;(p;—O)(AcOR)4(ROH),]*, and Fe; 0,
as the final product.

Overall, these results showcase the excellent performance of the reactor for in situ analyses
such as high-resolution XAS and WAXS, as well as ATR-FTIR measurements, and demonstrate its
capability to provide detailed electronic and structural insight during solvothermal synthesis.

4.5 Conclusion

We present a versatile reactor system optimized for in situ X-ray scattering and X-ray absorption
spectroscopy analysis of solvothermal reactions. The reactor supports techniques such as XAS,
WAXS, and SAXS under inert, autoclave-like conditions. Its modular design features exchange-
able inlets tailored to specific experimental requirements: PEEK for X-ray spectroscopy, and
glass inlets for X-ray scattering. Additional configurations enable gas or liquid injection and
integration of an ATR-IR fiber probe for simultaneous ATR-FTIR measurements. The reactor
enables precise temperature control (-20 °C to 200 °C) with cartridge heaters or Peltier ele-
ments and magnetic stirring. The compact geometry is compatible with synchrotron beamline
constraints and supports data acquisition in both transmission and reflection geometries. We
demonstrate the reactor’s performance by investigating the synthesis of Fe;0, nanoparticles
from Fe(acac), in benzyl alcohol as shown in Figure 4.7. By linking findings from in situ PXRD,
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PDF of TS, HERFD-XANES, and ATR-FTIR, we comprehensively study the reaction pathways and
reveal ferric acetate as an intermediate structure. This study underlines the potential of our
reactor platform to provide mechanistic insights into solvothermal reactions and nanoparticle
formation processes in real time, paving the way for rational synthesis design.

PXRD
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Initial complex Intermediate complex Magnetite nuclei : ¥
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Figure 4.7: Schematic overview of the reaction pathway leading to magnetite (Fe;0,) nanoparti-
cles (NPs). The mechanism is elucidated using a combination of in situ techniques made possible by
the versatile reactor setup. ATR-IR spectroscopy monitors the evolution of organic species throughout
the reaction. XAS and PDF analyses reveal the conversion of the initialiron(lll) acetylacetonate complex
to the intermediate ferric acetate complex, followed by the formation of the magnetite phase. PXRD
measurements track the emergence of the magnetite crystal structure and nanoparticle growth.

4.6 Experimental section

Chemicals

All chemicals were purchased from commercial sources and used without further purification:
Fe(acac), (Sigma Aldrich, 99.9 %), benzyl alcohol (Sigma Aldrich, 99.8 %), copper(ll) oxide
(Sigma Aldrich, 99.999 %), ethanol (VWR chemicals, >99.9 %). Fe(acac), and benzyl alcohol
were stored and handled in the glove box under inert atmosphere (Ar 6.0 purity, c(H,0) <0.1
ppm, c(0,) <0.1 ppm).

Synthesis

In a typical synthesis, a stock solution is prepared in the glove box by adding Fe(acac),
(353.2mg, 1.0 mmol) to 5 mL of benzyl alcohol and stirring until the iron salt was completely
dissolved. Subsequently, a quantity of 80 pL) was transferred to the inlet of the reactor. After
assembling the reactor, it was taken out of the glovebox and heated to 180 °C with a heating
rate of 10 °C min™ under vigorous stirring. After the desired reaction time at 180 °C the reactor
was cooled to room temperature.

X-ray transmission calculations

X-ray transmission was calculated by first determining the X-ray absorption coefficients of
the respective materials using the Xraydb Python library’®’" and applying Lambert’s law to
compute the transmission.




4.6 EXPERIMENTAL SECTION

Attenuated Total Reflection Fourier Transformed Infrared (ATR-FTIR) Spectroscopy

A ThermoFisher Nicolet iS20 equipped with a liquid N2-cooled MCT detector, combined with a
6.3 mm high-temperature diamond ATR-probe (art photonics, Berlin, Germany), was used for
in situ ATR-IR measurements. Difference spectra were acquired using 32 scans and a spectral
resolution of 4cm™, resulting in a time resolution of 48 s. To minimize thermal effects on
the absorbance, a background of benzyl alcohol preheated to 180 °C was used for the in situ
analytical experiments. Spectra of reference compounds were acquired in absolute mode
with a background of fiber in air.

In situ High-Energy Resolution Fluorescence Detected X-ray Absorption Near Edge Structure
(HERFD-XANES)

The in situ HERFD-XAS was measured in the PEEK inlet with 0.2 mm wall thickness. The data
was acquired at the ID26 beamline!3? at the European Synchrotron Radiation Facility (ESRF) in
Grenoble, France. HERFD-XAS measurements were performed by measuring the intensity of
the Fe Ko main line using a Ge(440) crystal in Rowland geometry®33 while scanning the incident
energy across the range of 7.10 to 7.22 keV with a step size of 0.1 eV An Si(111) monochromator
was used, and the overall energy resolution was ~1.4 eV. To minimize radiation damage, the
incident X-ray beam spot is moved onto the reaction cell after each scan, as shown in Figure
S4.12 and S4.13. Each HERFD-XAS spectrum was collected over 35s.

The HERFD-XAS datasets were processed utilizing a custom Python script. The absorption
edge position was determined, and the edge jump was normalized using the LARCH-XAFS
software module.®* Spectroscopic data underwent smoothing via a Savitzky-Golay filter and
additional processing with the NumPy and SciPy libraries. A comparison between the raw
and processed data is depicted in Figure S4.14.

In situ Pair Distribution Function (PDF) analysis of In Situ Total Scattering (TS) and Powder X-ray
Diffraction (PXRD)

In situ TS and PXRD was measured in the glass inlet with 0.3 mm wall thickness. The data were
acquired at beamline P21.1 at PETRA Il at Deutsches Elektronen-Synchrotron DESY, Hamburg,
Germany.'* Two-dimensional scattering patterns were recorded every 1 s at an X-ray energy of
101.39 keV (A =0.1222 A™) using an X-ray area detector (PerkinElmer XRD1621, Varex Imaging
Corp.) with 2048x2048 pixels and a pixel size of 200x200 pm. A LaB, powder standard packed
into the fused silica inlet of the in situ reactor was used to calibrate the sample-to-detector
distance: 0.390 m for in situ TS measurements of Fe;0, synthesis and 1.541 m for ex situ PXRD
of CuO. For the TS data, (qamp aNd preaq Values were calibrated as 0.0494 A and 0.0374 A%,
respectively. PDF data were processed with qin = 1.1A™, quax = 14.2 A7 quayings = 24.0A7%,
and r,0y = 0.9. Azimuthal integration and calibration were carried out using pyFAI***, and
PDF refinements were performed using diffpy-CMI"*. Rietveld refinements were conducted
with GSAS-11°. A detailed description of the data processing and PDF analysis procedures is
available in the literature.®
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in-situ-cell.

S4 Supporting information

The overview of present and previously reported reactor designs, along with a comparison of
their heating performance, durability, and cost, is shown in Table S4.1. The heating rate is one
of the most critical parameters for achieving controlled reaction conditions. The PEEK and
all-glass inlets show almost identical heating profiles and only slight differences in cooling
profiles. For scattering applications using a glass vial embedded in a PEEK holder, as employed
in reference 98, heat transfer to the solvent is somewhat reduced due to the insulating air gap
between the two materials.

The PEEK and all-glass inlets have the same volume of 1.25 + 0.03 mL 1.25(3) mL. The volume
deviation is primarily determined by the precision of the machining. The reaction solution is
continuously stirred, further ensuring the homogeneity of both the precursor solution and
the temperature.

Regarding durability, the metal housing provides comparable mechanical stability across all
designs, while the glass components are inherently more fragile than PEEK. However, the all-
glassinlet, owingtoits greater wall thickness, is considerably more robust than the thin-walled
glass vials used in other setups, while remaining suitable for scattering experiments.

The primary cost of an inlet arises from material expenses, with PEEK being more expensive
(6 Euro/inlet) than borosilicate glass (10 cents/inlet). Nevertheless, the overall contribution of
to the total cost remains modest due to the limited material quantity used and its reusability.
All components of the cell were machined within a few working days. The machining of the
inlets takes up to 2 hours, where most of the time is needed for setting up the machine.

Overall, our reactor meets the requirements for a versatile, durable, and cost-efficient in situ
design, providing stable thermal performance and flexible inlet options for a wide range of
synchrotron-based experiments.
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S4 SUPPORTING INFORMATION

Table S4.1: Comparison of present and previous reactor designs.

Reference Materials Heating element number / position Durability
relating to the heating condition
1 Staniuketal.® PEEK inletin Brass housing ~ Two heating elements connected tothe  High
housing from the bottom
2 Groteet.al”® PEEK inletin Brass housing ~ Two heating elements connected tothe  High
housing from the bottom
3 Derelliet.al.® Glass vial + PEEK inlet in Two heating elements embedded inthe  Low
Brass housing housing
4 Klemeyer et.al.%6:106 Glass vial + PEEK inlet in Four heating elements embedded inthe ~ Medium
Aluminum housing housing
5  Harouna-Mayeret.al.l®  Glass vial + PEEK inletin Four heating elements embedded in the ~ Medium
Aluminum housing housing
6  Presentwork - PEEK inlet Four heating elements embedded inthe - High
- Glassinlet housing - Medium
- Glass vial + Copper inlet - Medium/Low

in Aluminum housing

(a) . (b) .

Glass inlet PEEK inlet
S,
-
\
~

Figure S4.1: Cross section of the reactor including the X-ray beam path. (a) Transmission geometry
used for scattering experiments. (b) Reflection geometry used for HERFD-XAS measurements.

~rg )
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Table S$4.2: Instrumentally achievable maximum g-values (qmax,inst) at different X-ray energies and
sample-to-detector distances (SDDs), assuming a quadratic 2D area detector with a height (DH) of
500 mm and the primary X-ray beam centered on the detector. Only the detector region with full
azimuthal coverage is considered, i.e., the corners are excluded. qyax inst iS defined by the maximum
scattering angle 20 ax inst @S Amax,inst = 47/ A SIN(2Omax inst/2), Where X is the X-ray wavelength.
At low SDD and large DH, 20,,ax,inst €quals the reactor opening angle (45° in our case); otherwise, it
is determined by the SDD and DH: 20 = arctan(DH/2/SDD). We calculate qmax,inst Values for X-ray
energies of 5, 10, 20, 50, and 100 keV, and for SDDs of 250, 500, 1500, and 3000 mm. At an SDD of
250 mm, 20 pax inst €quals 45° based on the above considerations. For shorter SDDs, qmax,inst Would
be limited by the reactor opening angle.

Energy (keV) )‘(i\) SbD (mm) 2(")max,inst (o) Qmax,inst (i\_l )

5 2.480 250 45.0 1.9
500 26.9 1.2
1500 9.5 0.4
3000 4.8 0.2
10 1.240 250 45.0 3.9
500 26.9 2,3
1500 9.5 0.8
3000 4.8 0.4
20 0.620 250 45.0 7.8
500 26.9 4.7
1500 9.5 1.7
3000 4.8 0.8
50 0.248 250 45.0 194
500 26.9 11.6
1500 9.5 4.2
3000 4.8 2.1
100 0.124 250 45.0 38.8
500 26.9 23.3
1500 9.5 8.4
3000 4.8 4.2

The reactor was adapted to the cooling application and used with an injection cap for reactions
operating at sub-zero temperatures and under inert conditions. For the updated version, the
essential modification was to incorporate the Peltier element (Adaptive-ETC-128-14-06-E)
into the design to cool the system temperature down to -20 °C. The cooling places further
requirements, like cooling the hot side of the Peltier element to avoid overheating and achieve
better performance. This requirement is met by placing water-cooled copper blocks next
to the Peltier elements by taking advantage of copper’s excellent thermal conductivity. The
water cooling that cycles inside the copper blocks was provided with a chiller (Hei-Chill series-
Heidolph) set at 5 °C. As in the previous design, the reactor temperature was monitored using
a sensor mounted on the brass body, whereas the temperature of the Peltier element was
controlled by a thermoelectric cooler (TEC) (Meerstetter Engineering TEC-1167) through a
side-mounted sensor embedded in the copper block.

In terms of thermal insulation, polypropylene (PP) insulators are positioned on the front, back,
and top sides of the brass housing to decrease the thermal leakage from the system to the air.

As for the inlet preference, both glass and PEEK inlets can be used in the reactor. An N,
connection, which is embedded in the housing, blows vertically through the inlet’s X-ray
window. Thereby, possible frost that can negatively affect the measurement is prevented by
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displacing the air moisture from the window surface. Figure S2 presents the configuration
where the Peltier cooling-incorporated reactor is used with the glass inlet equipped with a
brass injection cap.

(a) Front view of the Peltier cooling-incorporated reactor (b) Back view of the Peltier cooling-incorporated reactor
Syringe injecton @— ——» * *
Polypropylene top —

insulator

Sealing element

PEEK side

! Injection cap
insulators

b<7 Polypropylene back insulator
Peltier elements

Glass inlet

Copper Peltier

Temperature sensors
cooling

PTFE pressure

4 absorber
Polypropylene front

insulator
O-ring
PEEK bottom insulator ———~%
| ——— N, connection
Magnetic stirrer

Bottom fixation X! &7 Water cooling tubing

Figure S4.2: The rendered image of the Peltier cooling-incorporated reactor. (a) Exploded front view.
(b) Exploded back view.

Temperature (°C)

0 10 20 30 40 50 60
Time (min)

Figure S4.3: Temperature profile of the reactor equipped with Peltier cooling, showing the heating
ramp to 80 °C followed by active cooling to -20 °C.

As mentioned earlier, the IR-adapted cap can be used with an ATR-IR fiber cable, allowing the
cable tip to contact the solution directly and get adequate data. The IR cap consists of two
components, a hollow brass screw fastener and a hollow PEEK component. The fiber cable
passes through the hollow brass fastener and is screwed to the hollow PEEK cap, and these
pieces are sealed into the inlet via an O-ring. Similarly, the pressure sensor is also threaded
into a hollow PEEK cap, allowing the sensor to measure the pressure close to the solution
interface. The pressure sensor head is wrapped in polytetrafluoroethylene (PTFE) tape first to
avoid any loose connection that can affect the pressure measurement. Then, it is screwed to
the cap and sealed through an O-ring to the inlet.
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(@) (b)

Hollow Brass screw for
fastening

Hollow PEEK cap

for IR Hollow PEEK cap for

measurement pressure
measurement

FT-IR fiber tip Pressure sensor

Figure $4.4: (a) The picture of Brass + PEEK cap equipped with an optical ATR-FTIR fiber probe. (b)
The picture of a PEEK cap with a pressure sensor.
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Figure S4.5: Measured temperature profiles of the reactor during heating of BnOH to 180°Cin (a) a

glass and (b) a PEEK inlet. The setpoint represents the programmed heating profile of the controller,
which regulates the heating.
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Figure S$4.6: X-ray transmission of (a) the glass and (b) PEEK inlet at wall thicknesses between 0.1 and
0.5 mm. The inlet shows a zoom between 2 and 25 keV X-ray energy.

Table S4.3: Refined structural parameters from Rietveld analysis of the final stage of the reaction.

RW}’ (%)
a(A)

Size (nm)
Fe3t U;so (A2
Fe2 U;so (A2
02~ Usso (A?)

)
)

4.34
8.449
4.3
0.0130
0.0096
0.0066
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Table S4.4: Refined structural parameters from PDF analysis for the initial, intermediate, and final
stage of the reaction.

Reaction stage Initial stage Intermediate stage Final stage

Reactiontime -15min 5 min 75 min

Ry (%) 43.9 19.0 19.8
Fe(acac), Relative scale  1.000 1.000 0.000

55 (A?) 1.591 1.591 -

Fe Uy, (A2) 9.530x10~* 2.077x10~* -

0 Usy, (A2) 1.506x1072 1.000x10~* -

Cy Uiy (A2) 3.354x1072 9.211x1073 -

Cy Ui (A2) 1.000x10~! 2.165x1072 -

Cs3 Uiy (A2) 1.966x1073 9.961x 102 -
[FesO(AcO)g(H20)3]t  Relative scale  0.000 0.922 0.000

5o (A2) - 3.369 -

Fe Uy, (A2) - 1.365x102 -

0 Uiy, (A2) - 1.000x 107 * -

C U, (A?) - 3.399x 102 ;
Fe,0, Relative scale  0.000 0.703 1.000

a (A) - 8.859 8.437

55 (A?) - 2.370 0.823

Fe Uy (A?) - 1.783x107! 8.782x 1073

Fe U, (A2) - 5.192x 104 1.645x1073

Fe U, (A2) - 6.333x1073 2.466x1073

0 Uy, (A?) - 2.610x107 1 1.622x1072

0 Uys (A2) - 2.626x 1072 1.413x1072

Table S4.5: Assigned vibrational modes observed in the in situ ATR-FTIR spectra.

Peak position (cm~1)

Vibrational mode Assigned to

1739
1717
1380
1361
1225

v(C=0)
v(C=0)
5as(CH3)
55(CH3)
v(C-0)

Benzyl acetate

Acetone
Methyl
Methyl

Benzyl acetate
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Figure S4.7: Pearson correlation map of the in situ PXRD data. Pearson correlation mapping quantifies
the similarity between diffraction patterns collected at different time points, providing a visual rep-
resentation of structural evolution during the reaction. Correlation coefficient values close to 1 (red)
indicate high similarity, whereas low correlations (blue) indicate strong differences. The maps clearly
reveal three distinct reaction stages corresponding to the precursor complex, the intermediate phase,
and the final Fe;0, product. The first transition occurs shortly after 0 min, and the second around 25
min as indicated by the nodes along the diagonal. The Pearson correlation map was calculated for
PXRD pattern between i, of 1.9 A~! and guax of 25.0 AL,
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Figure S4.8: PXRD and PDF data collected at -15, 5, and 60 minutes reaction time. Data are averaged
over 1to 60 individual patterns, each acquired with a 1 s exposure time.
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Figure S4.9: in situ ATR-FTIR analysis of the reaction of Fe(acac), to Fe;0, in BnOH, compared to
reference spectra of Fe(acac), dissolved in BnOH, BnOH at room temperature, and at 180 °C, dibenzyl
ether, benzyl acetate, ethyl acetate, acetone, benzaldehyde, acetic acid, and formic acid.
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Figure S4.10: FEFF simulated XANES spectra and their corresponding density of states (DOS) of s, p
and d states of (a) Fe(acac)s, (b) [Fe(1t3—0)(AcO)4(H,0)5]1", and (c) Fe;0,.
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Figure S4.11: Eigenvalue profile of MCR-ALS analysis.
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Figure S4.12: Schematic of the scanning pattern across the X-ray window used for XAS measurements
to minimize beam damage. Repeated exposure of the same sample area is avoided by collecting
spectra at different sample positions along a defined trajectory with step sizes Ay and Az along the
horizontal and vertical axes of the sample window.
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Figure S4.13: Beam damage study on Fe(acac);. (a) Fe K-edge HERFD-XANES spectra of Fe(acac),
powder recorded at room temperature over 30 consecutive scans (12 s each) at the same sample
position on the sample. (b) Fe K-edge HERFD-XANES data of Fe(acac)3 in benzyl alcohol (BnOH)
recorded at room temperature over 5 consecutive scans (42 s each) at different sample positions. The
upper panelsin (a) and (b) show the HERFD-XANES spectra while the lower panels show the difference
of the spectra at the respective time ; and the first spectra at 0 min . The spectra recorded at the
same sample spot (a) show beam damage evident by the shift of the absorption edge and the decrease
of the white-line intensity. The spectra recorded at different sample spots (b) show no strong spectral
changes. This demonstrates that scanning across different sample positions, as illustrated in Figure
S12, effectively enables avoiding beam damage. These scanning conditions were used for the in situ Fe
K-edge HERFD-XANES measurements.
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Figure S4.14: In situ Fe K-edge HERFD-XANES data before (a) and after (b) processing as discussed in
the experimental section.
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5 In Situ X-ray Study on Cation-Site
Disordered Cu;PdN Nanoparticles for
Hydrogen Evolution Electrocatalysis

The content of this chapter was published in Small 21, 33, (2025) by Sani Y. Harouna-Mayer,
Jagadesh Kopula Kesavan, Francesco Caddeo, Lian Belgardt,Chia-Shuo Hsu, Lars Klemeyer,
Lizzi Kipping, Melike Gumus Akcaalan, Tjark R.L. Groene, Andrea Képpen, Heshmat Noei, Olivier
Mathon, Ann-Christin Dippel, and Dorota Koziej.

My contribution to this work comprises: synthesis of Cu;PdN nanoparticles, anaylsis of HRTEM,
SAED, STEM:EDX, and UV-Vis spectrosopy data; measurement and analysis of PXRD data and
in-situ TS data; and review of TMNs as electrocatalysists for the HER.

5.1 Abstract

Transition metal nitrides (TMNs) are emerging as a promising class of materials for application
in optoelectronics as well as energy conversion and storage, but they remain rather unex-
plored, mainly due to a lack of mechanistic understanding of their synthetic pathways. Here,
a one-pot synthesis is demonstrated, which yields 3 nm phase-pure Cu;PdN nanoparticles
after the reaction of Cu methoxide and Pd acetylacetonate in benzylamine for 5 min at 140 °C.
The structure of the initial complexes and their conversion to Cu;PdN are revealed by in situ
X-ray absorption spectroscopy measurements and elucidate nucleation and growth of the
nitride nanocrystals by in situ total X-ray scattering measurements. Interestingly, extended
X-ray absorption fine structure double-edge refinement reveals the presence of short-range
cation-site disorder in the anti-perovskite structure of Cu;PdN, which has not been observed
before in the Cu;PdN system. Additionally, the synthesized Cu;PdN nanoparticles are tested
for the electrocatalytic hydrogen evolution reaction, revealing an overpotential as low as 7,
=212 4+ 11 mV measured at 10 mAcm™.

Cation-site disorder

51



5.2 INTRODUCTION

5.2 Introduction

Transition metal nitrides (TMNs) are a versatile class of materials that exhibit properties of
covalent compounds, ionic crystals and transition metals.**!3"138 The incorporation of the
nitride (N3~) anion into the metal sublattice causes expansion of the parent metal lattice and
metal d-band broadening.’*%"1*! These unique electronic and bonding characteristics give rise
to numerous applications particularly in energy conversion and storage.*#4138142.143 Recent
studies explored several TMNs as materials of interest for electrochemical energy conver-
sion, focusing on the influence of morphology'*1%, defect engineering!*’~*° heteroatom
doping®®1>! heterostructuring'®>*>3 or alloying>*>> on their electrochemical performance.
Despite the progress, challenges remain, such as achieving scalability, stability in aqueous
media or cost-effective and green synthetic methods, since TMN synthesis typically involves
steps at high temperatures and/or pressure.***3 Further, the synthesis of TMNs involves reac-
tion pathways that are still poorly understood. A deeper understanding of the synthesis and
reaction mechanisms is crucial to fully explore the TMN space and develop TMN materials
with desired chemical and physical properties with respect to their application 3156157

Among TMNs, Cu;N has emerged as a promising material since it is non-toxic and earth-
abundant, showing potential for cost-efficient solar energy conversion, catalysis and opto-
electronics.’®® Cu;N exhibits the anti-ReOj, structure with corner-shared N-centered Cu-N octa-
hedra. The vacant cubic central position can be occupied by a dopant such as Pd forming e.g.
Cu;PdN which changes the electronic structure from semiconducting to semimetallic.'>%-163
Cu;PdN has been proposed to be a node-line semimetal and topological superconductor.*¢4-16¢
Further, Cu;PdN shows good electrochemical catalytic activity and stability for nitrate reduction*®’,
CO, reduction'®®1%° 0, reduction'™ and formic acid oxidation'". So far there are no reports
on its activity for the hydrogen evolution reaction (HER). Independent of the application,
Cu;PdN exhibits superior catalytic activity and/or stability over the Pd deficient Cu;N*"17 as
well as N deficient Cu,Pd*®1" or Pd*¢"17%171 counterparts.

All reported solvothermal synthetic approaches for Cu;PdN follow the same route: Cu(NO;),
-3 H,0 and Pd(acac), form 10 - 20 nm sized Cu;PdN nanoparticles (NPs) after 5 - 60 min at
230-250°Cin oleylamine (OAm) and 1-octadecene or hexadecane (Table S5.1).5%167-171 The
reaction temperature can be decreased to 190 °C if Au, Pt and Pt-Fe;0, NP seeds are used.!
In the reported synthesis route, OAm is expected to be both reductant and nitrogen source.
First, OAm is oxidized by the nitrate and Cu(ll) to a primary aldimine which reacts with extant
OAm to a secondary aldimine, releasing ammonia. Consequently, ammonia reacts with Cu(l)
forming Cu;PdN.>® This mechanism has been proposed based on the analysis of the reaction
byproducts using 1H nuclear magnetic resonance (NMR), which is sensitive to the organic
species present at the end of the reaction, but does not give exhaustive information on the
nature of the metal complexes leading to the formation of the Cu;PdN NPs. Moreover, limited
information is given on the phase purity of Cu;PdN NPs obtained with the OAm route, since the
published PXRDs patterns display a peak shape anisotropy that likely indicates the presence
of bimetallic Cu;Pd impurities>>167-172

Here, we report a rapid, one-pot synthesis route that yields phase pure, highly crystalline 3 nm
Cu;PdN NPs. Unlike aforementioned reports on Cu;PdN synthesis,>>1¢"-172 we can decrease
the reaction temperature to 140 °C by replacing copper (lII) nitrate trihydrate with copper
(1) methoxide and dissolving it, jointly with palladium (1) acetylacetonate, in benzylamine
instead of OAm. Similar to the Cu;N synthesis,>* benzylamine acts as ligand, reductant and
nitrogen source.
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5 IN SITU X-RAY STUDY ON Cu;PdN

First, we perform Rietveld refinement and extended X-ray absorption fine structure (EXAFS)
analysis of ex situ PXRD and X-ray absorption spectroscopy (XAS) data, respectively, to demon-
strate phase purity and to examine the local structure around Cu and Pd in the anti-perovskite
CusPdN crystal structure. We find that the as prepared 3 nm Cu;PdN NPs display cation-site
disorder, with the Cu and Pd atoms being distributed at the corners and at the face centers of
the cation fcc sublattice, with partial occupancy. This is the first time that cation-site disorder
is reported for the case of colloidal TMNs with the anti-perovskite structure 1”175

Additionally, using in situ high-energy resolution fluorescence detected X-ray absorption
near-edge structure (HERFD-XANES) and pair distribution function (PDF) analysis of TS, we
investigate the reaction pathways involving the Cu and Pd starting complexes during the
synthesis of Cu;PdN in benzylamine. HERFD-XANES is a powerful, element-specific technique
that probes the emergence of the electronic structure of a material and monitors the coor-
dination of metal centers during the synthesis, including the formation and transformation
of metal-organic complexes and intermediates into the desired crystalline nanomaterial,
thereby shedding light on the reaction mechanism.%17® Meanwhile, PDF analysis investigates
the atomic structure of a material and thus allows to monitor the nucleation and growth
of Cu;PdN NPs.%® Hence, in situ HERFD-XANES complemented by in situ PDF provides both
electronic and structural insights, giving a comprehensive picture of the synthetic pathways
together with the appearance of a metallic Cu;Pd impurities for extended reaction times.

Finally, we test the electrocatalytic properties of the as synthesized Cu;PdN NPs for the HER,
showing good catalytic activity with an overpotential of 710 = 212 + 11 mV measured at
10 mAcm™2 and excellent stability with no change of the overpotential after 10000 linear
sweep voltammetry (LSV) cycles. Figure 5.1 shows a schematic representation of the work
conducted in this report.

5.3 Results and Discussion

We perform the solvothermal synthesis of Cu;PdN nanoparticles by reacting Cu(OCH,), and
Pd(acac), in benzylamine, which acts both as the solvent and nitrogen source. The reaction
is carried out at 140 °C under inert atmosphere in a custom-made heating cell that enables
precise control of reaction parameters such as the reaction temperature, reaction time, ramp
rate and stirring of the reaction solution. The reaction yields Cu3PdN nanoparticles with sizes
of ~3.5 nm for reaction times of 5 to 15 min as shown in Figure S5.1. Figure 5.2a shows a high
resolution transmission electron microscopy (HRTEM) image of the Cu;PdN nanoparticles
after 5 minutes reaction time. The identified lattice spacing of 1.94,2.2 Aand 2.7 A correspond
to the (200), (111), and (110) planes, respectively, and are highlighted in Figure 5.2b. The
corresponding selected area electron diffraction (SAED) pattern displays diffraction peaks
with position and intensities consistent with the anti-perovskite crystal structure of Cu;PdN
as shown in Figure 5.2c. The elemental color mapping with overlay and line scan confirm
that the nanoparticles are composed of Cu, Pd and N atoms and their signals overlap uni-
formly as shown in Figure 5.2d and 5.2e. We determine the composition of the as-synthesized
nanoparticles by elemental analysis to be Cu, - 06 PdN, - 00, consistent with the expected
Cu;PdN stoichiometry, where the high nitrogen content is attributed to surface-bound ben-
zylamine. Figure 5.2f shows the UV-vis spectra of Cu;PdN nanoparticles. Unlike previous
study that reported an indirect bandgap of 0.2 eV, we observe a direct optical bandgap of
0.61eV. The discrepancies may arise due to the particle size being four times smaller and,
more importantly, the absence of impurities in our sample.>® Further studies of the optical
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Figure 5.1: Schematic illustration of the present work. The reaction of Cu(ll) methoxide and Pd(ll)
acetylacetonate, which yields Cu;PdN nanoparticles after 5 min at 140 °C in benzylamine, is studied us-
ing in situ X-ray absorption spectroscopy (XAS) and in situ total scattering (TS). The synthesized Cu;PdN
nanoparticles are tested for their electrochemical (EC) catalytic activity of the hydrogen evolution
reaction (HER).

properties are beyond the scope of this work. The thermogravimetric analysis (TGA) of the
obtained Cu;PdN nanoparticles in nitrogen atmosphere (Figure S5.2) depicts a weight loss at
low temperature below 160 °C due to the removal of residual organics and a second one at
temperature above 250 °C likely due to the reduction of Cu3PdN to bimetallic/metallic.>®

Cu;Pd might form as a secondary phase during the synthesis of Cu;PdN, thus we first check the
phase purity of the obtained Cu;PdN nanoparticles via Rietveld refinement of the PXRD pat-
terns, as shown in Figure 5.2g. The PXRD patterns of Cu;PdN and Cu,;Pd are very similar, with
subtle differences in peak intensity and position, since both structures share the same space
group and exhibit a slightly different lattice parameter as illustrated in Figure S5.3. In Figure
S5.4, we simulate two-phase PXRD patterns with different phase ratios of Cu;PdN:Cu;Pd. The
presence of a Cu;Pd impurity generates a peak-shape anisotropy, which is most prominently
visible at the most intense (111) reflection at around 20 = 41° (assuming Cu K-alpha radiation,
q=2.9A1). This peak shape anisotropy is present in most of the PXRD patterns of previously
reported Cu,PdN syntheses>>-167-172 confirming that the presence of Cu,Pd impurity is often
overlooked. The PXRD patterns of our Cu;PdN nanoparticles prepared with a reaction time of
5,10 and 15 minutes are reported in Figure S5.5 and confirm the absence of Cu,Pd impurities.
The Cu;Pd phase appears only after reaction times longer than 15 minutes, as also confirmed
by our in situ TS study discussed below.

The nitride phase purity of synthesized Cu;PdN NPs is further confirmed by the X-ray pho-
toelectron spectroscopy (XPS). The core level Cu 2p, Pd 3d and N 1s spectra of synthesized
Cu;PdN NPs are depicted in Figure 5.2h-j. The Cu binding energies (BE) of the main peaks at
932.69 eV and 952.54 eV are assigned to Cu 2ps, and Cu 2p, », respectively, and these binding
energies are related to the monovalent Cu (1) species.>>*""1"! |n addition to the main Cu (I)
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Figure 5.2: Ex situ characterization of Cu;PdN NPs grown after 5 min reaction time. a HRTEM
of Cu;PdN NP agglomerate. b Zoom of a showing polydisperse spherical NPs. ¢ SAED of a Cu;PdN
assembly. d STEM:EDX elemental mapping of Cu, Pd and N and an overlay of the mapped elements
on the original STEM image. e EDX elemental line profiles of the area highlighted in c showing evenly
distributed Cu, Pd and N. f UV-vis absorption spectrum of Cu;PdN NPs redispersed in N-methyl-2-
pyrrolidone with its corresponding Tauc plot, assuming a direct allowed transition as an inset. The
dotted red trace shows the extrapolation of the linear fit shown as a solid red trace. g PXRD Rietveld
refinement. XPS core-level spectra of h Cu 2p, i Pd 3d and j N 1s. Scales: a: 10 nm; b: 1 nm; c: 2 1/nm; d:
10 nm.

peaks, a less intense peak at 934.66 eV and 955.03 eV and the presence of a very weak-intense
satellite peak around 941 - 946 eV are related to Cu (ll), which is found in all the other reports
of Cu;PdN.>>*"17! The Pd 3d5,, and 3d; » core level components at 335.23 eV and 340.46 eV,
respectively, are related to Pd (0)/Pd (I). The secondary weak intense peaks at 335.97 eV and
341.49 eV are related to the Pd (I1).2%” From the peak fitting analysis, the Cu (II) and Pd (11)
contributions are around 13.5% and 7.9 %, respectively. The N 1s core level spectrum is
deconvoluted into two peaks at 397.47 eV and 399.63 eV are related to the metal-nitrogen
bond and residual benzylamine bound to the surface of the Cu;PdN NPs, respectively.

To further confirm the phase purity, we perform EXAFS analysis, which allows to determine
the local structure around the absorbing atom.!’" In addition to being an element-specific
technique, EXAFS is well suited for multielement materials, allowing to obtaining insights
such as atomic rearrangements, defects and disorders.

The attempt to refine the ex situ EXAFS data of both Cu and Pd K-edges using the ordered
anti-perovskite crystal structure does not yield a satisfactory agreement, as shown in Figure
S5.6. A careful look at the Fourier-transformed Pd K-edge data compared with the simulated
spectrum (Figure S5.7) reveals the presence of a peak around 1.6 A might be originating from
the scattering contribution of Pd-N distances in the first coordination shell of Pd atoms. This
is a clear indication of the presence of a partial short-range cation-site disorder in the Cu;PdN
NPs, where the Cu and Pd atoms are located at the corners and at the face centers of the cation
fcc sublattice, with partial occupancy, as shown in Figure 5.2j. This result is further supported
by the oxidation state of the Cu cation. In the ordered structure, the average oxidation state of
Cuis+1°° and itis expected to be <+1 for the structure with cation-site disorder. The maximum
of the first derivative of Cu K-edge XANES of Cu,PdN in Figure S5.8 is slightly higher (8979.7
eV) than the reference Cu foil (8979.0 eV) and lower than the Cu3N (8980.28 eV). Furthermore,
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Figure 5.3: EXAFS fits showing the cation-site disorder. a Cu K-edge EXAFS fit. b Pd K-edge EXAFS fit.
¢ Ordered and d cation-site disordered antiperovskite unit cell of Cu;PdN.

when compared to the literature value for Cu;N and Cu,0 (8980.5 eV) in which the oxidation
state of Cu is +117817° our sample’s edge position is slightly at lower energy (AE = 0.8 eV). This
clearly emphasizes that the average oxidation state of Cuin Cu;PdN is <+1, which further hints
to the presence of cation-site disorder in our Cu;PdN NPs. We therefore perform a double-edge
EXAFS refinement, utilizing both Cu K-edge and Pd K-edge EXAFS data which allows to resolve
the local structure around the Cu and Pd atom and to quantitatively assess the cation-site
occupancy. The multi-shell fitting method employed uses the physical constraints given by
the crystallographic structure, which includes the lattice parameter and the Cu-Pd and Pd-Pd
distances. The many-body amplitude reduction factor (S?) and the energy origin shift (AE)
were considered as fixed parameters.'® Further details of the EXAFS analysis is given in the
supporting information. The Fourier-transformed EXAFS spectra, and their best fits are shown
in Figure 5.3a and 5.3b and in Figure S5.6. It is important to note and it is common that the
cation-site disorder induces a local distortion partially, leading to the short Cu - Pd bond
length of 0.08 - 0.1 A in the second shell without affecting the lattice symmetry.'8* The EXFAS
fit of our Cu;PdN NPs confirms the presence of partial short-range cation-site disorder where
about 25 % of the Pd atoms exchanged their lattice position. The interatomic distances, the
disorder fraction (1-x) and Debye-Waller factors obtained from the fit can be found in Table
S5.3. This short-range cation-site disorder occurs mainly due to low cation mobility, fast
growth rate at the low temperature and short reaction times employed during the synthesis,
which favors the formation of the disordered over the ordered structures.'8? The short- and
long-range disorder have already been experimentally observed and theoretically predicted
in 11-IV-N, wurtzite-derived structures!™183-18¢ (e.g MgSnN,, ZnGeN,) and other TMNs,!87-189
The cation-site disorder in the nitride system is highly beneficial and allows to control and
tune the properties such as band gap, ion and thermal conductivity.1%%1%! Nevertheless, it is
important to highlight that this type of cation-site disorder has not been reported before for
the case of colloidal anti-perovskite structured nitride systems, especially in Cu;PdN.

The analysis of ex situ PXRD and EXAFS measurements demonstrates the phase purity of
the obtained Cu;PdN NPs and reveals cation-side disorder within the anti-perovskite crystal
lattice. To elucidate the reaction pathways leading to the Cu;PdN NPs as in 5.4a, we employ
in situ Cu K-edge HERFD-XANES and PDF of in situ TS data. Figure 5.4b shows the in situ Cu
K-edge HERFD-XANES data. The initial spectrum, blue trace, shows the Cu species in the
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initial reaction solution at room temperature. The last spectrum, purple trace, shows the
final product Cu;PdN after 10 min at 140 °C. The reaction solution is heated up to the reaction
temperature of 140 °C with a heating rate of 10°Cmin™. The time at which the reaction
temperature is reached is defined as 0 min. The room temperature XANES spectrum exhibits a
pre-edge peak at 8977 eV, feature A in Figure 5.4b, which is the fingerprint of Cu?* originating
from the quadrupole-allowed 1s-3d transition.?®!% Feature B at the rising edge, at 8983 eV, is
due to the 1s to unoccupied 4p transition.?®21% A clear, intense rising edge transition feature is
evident for a square-planar coordination.'®*1% At elevated temperature, the pre-edge feature
A, disappears, while the white-line intensity, feature D, decreases, and the edge energy is
shifted towards lower energy as indicated by the arrows in Figure 5.4b. Thisis a clearindication
of the reduction of Cu®* to Cu®*. Further, we attribute the simultaneous increase in the intensity
of feature B to a linear coordination of Cu* with two N as present in Cu;PdN, which confirms
the formation of the nitride phase.!*

We apply the multivariate curve resolution by multivariate curve resolution by alternating
least squares (MCR-ALS) method to the in situ HERFD-XANES data and extract the evolution of
two distinct Cu components during the reaction, indicating that the initial Cu complex directly
reduces to the final Cu;PdN phase with no intermediates, as soon as the reaction temperature
reaches 140 °C, as shown in Figure 5.4c. Their corresponding eigenvalue profile is shown in
Figure S5.11, while the full-time series of individual Cu K-edge HERFD-XANES spectra, including
their MCR-ALS contributions, can be found in Figure S5.12. By comparing the recovered spectra
with FEFF'*! simulations, we attribute the starting Cu complex formed when Cu(OCHs,), is
dissolved in benzylamine (BnNH,) to [Cu,(BnNH,),(OCH,),]*, Figure 5.4d, left panel. In this
complex, two Cuions are bridged and coordinated with two amine molecules and two methoxy
groups in a square planar configuration, as visualised in Figure 5.4a. In addition to FEFF, the
structure of the Cu complex is confirmed by EXAFS refinement of the initial spectrum, as
shown in Figure $5.13, in which the first coordination around Cu is 2 0 atoms at 1.92 Aand 2 N
atoms at 1.98 A. This complex is similar to the one reported already when Cu(l) is dissolved in
methanol and BnNH, at room temperature.'*® Moreover, we identify the Pd complex present
in the reaction solution at room temperature and Cu;PdN 10 min after reaching 140 °C by ex
situ Pd K-edge XANES in Figure 5.4d, right panel. When the Pd(acac), is dissolved in BnNH,,
the acetylacetonate ligand is released and the Pd** ion center is coordinated with four BnNH,
molecules in a square-planar configuration, forming [Pd(BnNH,),]*, Figure 5.4a." The Cu
K-edge and Pd K-edge XANES spectra of the initial precursors and final product, together with
their corresponding FEFF simulated spectra, are shown in Figure 5.4d. The FEFF simulated
spectra of Cu;PdN are based on a 2x2x2 supercell (Figure S5.14), which allows for introducing
partial cation-site disorder without site occupancies.

We complement the in situ HERFD-XANES results with in situ PDF analysis as shown in Fig-
ure 5.4e. Consistent with the HERFD-XANES, PDF analysis shows the prompt formation of
Cu;PdN NPs upon reaching the reaction temperature of 140 °C, indicated by the emergence
of distinct features at high r and the shift of the first peak from ~2.1 to 2.0 A and the second
peak from ~2.9 to 2.7A. The first and second peaks are highlighted in green and orange,
respectively, in Figure 5.4e, and the evolution of the peak position is displayed in Figure
S5.16. The first and second shell interatomic distances, corresponding to the first and second
peak in the PDF, are consistently highlighted in the representation of the starting complexes
[Cu,(BnNH,),(OCH,),]** and the Cu;PdN unit cell in Figure 5.4a. Here we assume the ordered
anti-perovskite structure without cation-disorder since the PDF hardly has sensitivity to the
cation-disorder in a high symmetry structure like Cu;PdN, as shown by PDF simulations in
Figure S5.17. The in situ PDF data is compared to PDF simulations of the starting complexes
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Figure 5.4: In situ XANES and PDF analysis of the reaction to Cu;PdN. a Schematic of re-
action mechanism. The Cu(OCH;), and Pd(acac), precursors dissolve in benzylamine to form
[Cu,(BnNH,),(OCH,),]1** and [Pd(BnNH,),]* complexes, respectively, which form Cu;PdN upon heat-
ing. The first shell and second shell around the metal atoms are highlighted by green and orange
circles, respectively. b In situ Cu K-edge HERFD-XANES data and c corresponding MCR-ALS analysis
of the in situ Cu K-edge HERFD-XANES show the formation of Cu;PdN from the Cu starting complex
without intermediates. d XANES spectra of the starting complexes and cation-site disordered Cu;PdN
at Cu K-edge and Pd K-edge compared to FEFF simulations. The left panel shows the recovered spectra
of the Cu starting complex and final product Cu;PdN from MCR-ALS analysis. The right panel shows ex
situ XANES spectra of Pd starting complex and Cu;PdN. The spectra are in good agreement with the
FEFF simulations of the respective structures. e In situ PDFs G(r). The in situ PDF data is compared to
PDF simulations of the Cu and Pd starting complexes and Cu;PdN phase in dashed black traces.

and the Cu;PdN phase shown as dashed traces in Figure 5.4e. The initial PDF, blue trace,
matches the superposition of the PDF simulations of the Cu and Pd complex, and the last PDF,
purple trace, matches the PDF simulation of phase-pure Cu;PdN as shown in Figure 5.4e. In
Figure S5.16¢ we analyze the in situ PDF by a linear combination of the initial PDF and the
final PDF, which shows consistent reaction pathways to the MCR-ALS findings of Cu K-edge
HERFD-XANES. Figure S5.18 shows the full time-series of the individual PDFs. A detailed de-
scription of the analysis procedures and data processing routines are given in the Supporting
Information.

For reaction times exceeding 15 min at 140 °C, in situ time-resolved PDF refinements (Fig-
ure S5.19-S5.21) reveal a further reduction of Cu;PdN to the bimetallic Cu,Pd phase, which
completes within 40 min. The phase transformation is indicated by a peak shift to lowerr,
corresponding to a decrease in the lattice constant as nitrogen atoms leave the crystal lattice.
In this context, our ex situ PXRD and EXAFS characterization, combined with in situ XANES
and PDF analysis, provides a comprehensive view of the reaction pathway during synthesis,
highlighting that an accurate control of the reaction parameters is needed to achieve phase
pure Cu;PdN NPs.

Phase purity is particularly important when evaluating the electrocatalytic performance of
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a material. For example, Cu;PdN has shown superior electrochemical activity for processes
such as CO, reduction®® and formic acid oxidation'"* compared to the metallic Cu,Pd phase.
Interestingly, the electrocatalytic performance of Cu;PdN NPs for the HER, the cathodic com-
partment of a water splitting cell, has not been reported so far. We therefore deposited our
Cu;PdN NPs on a glassy carbon electrode and tested their electrochemical performance for
the HER in acidic media, using a 0.5 M H,SO, aqueous solution as the electrolyte. For com-
parison, the bare glassy carbon electrode and 20 wt% Pt/C deposited on glassy carbon with
the same catalyst loading were also tested under the same conditions. The linear sweep
voltammetry (LSV) scan in Figure 5.5a reveals an overpotential of 1719 =212 4+ 11 mV measured
at 10 mA cm™ and an onset potential of 1, =67 & 12 mV defined at 1 mA cm™. The Tafel plot
in Figure 5.5b displays a slope of 125 mV/dec suggesting that the HER on Cu;PdN follows the
two-step Volmer-Heyrovsky mechanism:1%

H30" + le” = Hags + HoO (Volmer reaction) (5.1)

H30" + Hogs + le- = Hy + HoO (Heyrovsky reaction) (5.2)

where in the first step (5.1) protons are discharged to form adsorbed hydrogen (H.q4s) followed
by the electrochemical desorption of an H, molecule during the second step (5.2). A Tafel
slope close to 120 mV/dec is often attributed to the Volmer reaction being the rate-determining
step, although recent studies also suggest that such a slope can be obtained for the Heyrovsky
reaction being the rate-determining step when the surface of the catalyst is highly covered
with adsorbed hydrogen species.'®® We also determine the double layer capacitance (Cy) of
the electrode from cyclic voltammetry measurements as shown in Figures 5.5c and S5.22,
suggesting that the Cu;PdN NPs display a high number of active site and an electrochemically
active surface area (ECSA) about 21 times higher than the bare glassy carbon electrode. We
further assess the stability of the Cu;PdN NPs during HER operation as shown in Figure 5.5d.
We perform 10000 repeated LSV cycles and recorded a small cathodic shift of about 5 mV
after refreshing the electrolyte, suggesting that the Cu;PdN NPs show remarkable stability
during HER operation. The stability of Cu;PdN NPs in the electrolyte and during long-term
electrochemical tests is further confirmed by PXRD and XPS measurements, Figure S5.24
and S5.25. We further investigate the charge transfer kinetics at the electrode-electrolyte
interface via electrochemical impedance spectroscopy (EIS). In Figure 5.5e we show a typical
Nyquist plot, displaying the presence of a single semicircle with decreasing diameter moving
to more cathodic potentials, which suggests that the process is dominated by a charge transfer
resistance with the absence of additional processes such as diffusion and mass transport
limitations. We model the data with a simple equivalent circuit comprising a resistor (Rs) in
series with a parallel combination of a charge transfer resistance (Rcr) and a constant phase
element as shown in Figure S5.23. Figure 5.5f shows the dependence of the obtained Ror
as a function of the applied potential. At the overpotential of 17,0 =212 mV, Ret drops to 9.5
2, indicating an efficient charge transfer resistance at the catalyst-electrolyte interface. We
further obtain a Tafel plot utilizing the Rt extracted from the EIS fitting (inset in Figure 5.5f),
revealing a slope of 125 mV/dec, which is identical to the one obtained with the voltammetric
analysis. This indicates that the HER at the surface of Cu;PdN proceeds under pure charge
transfer kinetics, without limitations arising from mass transfer diffusion.

Figure 5.5g presents a comparative overview of the overpotentials and Tafel slopes reported
in the literature for various nitrides during HER. The activity of the Cu;PdN NPs obtained in
this study compares favorably with that of other reported metal nitrides, as the overpotential
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of most tested nitrides falls within the range of 100 - 250 mV. It is noteworthy that many of the
reported nitrides are either supported on a porous substrate (e.g. Ni,N on nickel foam?®) or
are synthesized as composites (e.g. Mo,N-Mo,C?%172%3), These strategies effectively lower the
overpotential required for the HER, by utilizing a catalyst support with a very large surface area
or by leveraging the synergistic catalytic properties of composite heterostructures. Adopting
these approaches could further enhance the performance of Cu;PdN in future studies. Never-
theless, our findings indicate that phase pure Cu;PdN NPs are a promising electrocatalyst for
the HER in acidic media.

5.4 Conclusion

This study presents the one-pot synthesis of phase-pure, highly crystalline Cu;PdN NPs with
an average size of 3 nm using benzylamine as a solvent at 140 °C, which is, so far, the lowest
reported reaction temperature for Cu;PdN synthesis. The Rietveld refinement of the ex situ
PXRD patterns demonstrates the phase purity of the obtained Cu;PdN NPs, shedding light
on the occurrence of Cu,Pd impurities often overlooked in previous reports. Crucially, the
double-edge EXAFS analysis reveals the occurrence of disorder in the anti-perovskite crystal
lattice, with about 25 % of the Pd atoms interchanging their position with adjacent Cu atoms,
generating a disordered structure with partial cation-site occupancy. The significantly smaller
size of the synthesized Cu;PdN NPs, less than half of the previously reported colloidal Cu;PdN,
provides a high surface area, making them highly suitable for application in electrocatalysis.
We showcase that Cu;PdN is suitable for the HER, revealing remarkable stability and an
overpotential of 212(11) mV at 10 mA cm™ which is comparable to many other reported nitride
catalysts. Supporting Cu;PdN on porous substrates with a large surface area such as Ni foam
could be a strategy to further lower the overpotential required for the HER. Furthermore,
additional in situ/operando investigations are needed to unveil the HER mechanism at the
surface of Cu;PdN NPs.

We further monitor the reaction pathway leading to the formation of Cu;PdN NPs in benzy-
lamine, employing in situ HERFD-XANES and PDF analysis of in situ TS data. We observe that
the solvation of the Cu and Pd precursors leads to the formation of [Cu,(BnNH,),(OCH,),]**
and [Pd(BnNH,),]** as starting complexes which then directly react and convert to Cu;PdN
immediately after reaching the reaction temperature of 140 °C. For an extended reaction
time (>15 min), further reduction of Cu;PdN to bimetallic Cu;Pd occurs, emphasizing that a
meticulous control of the reaction parameters can prevent the formation of impurities.

In conclusion, our study offers comprehensive insights into the structural and mechanistic
aspects of Cu;PdN NP formation. The ability to control the cation-site disorder through param-
eters such as heating rate, reaction temperature and time or precursor concentrations could
enable to tailor properties like the band gap, electronic conductivity and electrocatalytic
activity. Additionally, tuning those reaction parameters could impact the size and size distri-
bution of the Cu;PdN NPs. The methodologies and findings presented here can be applied to
other TMNs, opening avenues for optimizing their properties and expanding their potential
applications in energy conversion and beyond.
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Figure 5.5: Electrocatalytic performance of Cu;PdN NPs for the HER. a Typical LSV curve of Cu;PdN
NPs deposited on glassy carbon, compared with Pt-C and bare glassy carbon electrode, measured at a
scan rate of 10 mV/s. b Tafel plot obtained from the LSV curves. ¢ double layer capacitances obtained
from the half-slope of the capacitive currents extracted from cyclic voltammetry measurements at
increasing scan rates. d LSV scans before and after 10000 LSV cycles to assess the stability of the elec-
trode. e Nyquist plot obtained via EIS measurements. f Dependence of the charge transfer resistance
obtained by fitting the EIS data, along with the Tafel plot obtained using the RCT extracted from the
impedance fitting (inset). g Comparison of the obtained overpotential and Tafel slope, highlighted
with a colored bar and bold label, with other transition metal nitrides from the literature; missing data
points are noted as n.a.: not available.?90-222
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5.5 Experimental Section

Chemicals

All Chemicals were purchased from commercial sources and used without further purification:
Cu(OCH,;), (Thermo Scientific, 98%), Pd(acac), (Sigma Aldrich, 99%), benzylamine (Sigma
Aldrich, 99%), hexane (Sigma Aldrich, 99%), N-methyl-2-pyrrolidon (VWR, 99.8%), H,SO, (Carl
Roth, 96%), methanol (VWR, 99.8%), NAFION (lon-Power, 5% in methanol). All chemicals used
for the syntheses were stored and handled in the glove box under inert atmosphere (Ar 6.0,
c(H,0)>0.1 ppm, c(0,) > 0.1 ppm).

Synthesis

In a typical synthesis, a stock solution is prepared in the glove box by adding Cu(OCH,), (37.7
mg, 0.3 mmol) and Pd(acac), (30.5 mg, 0.1 mmol) to 5 mL of benzylamine and stirring until all
precursors are dissolved. Subsequently, a quantity of 2.5 mL was transferred to the inlet of the
heating cell. Instead, for in situ reactions, a quantity of 0.3 mL was transferred to the respective
reaction container for in situ XAS or in situ TS, respectively, as explained below. Consequently,
the reaction container was assembled in the heating cell, taken out of the glovebox and heated
to 140 °C with a heating rate of 10 °C min™* under vigorous stirring. After the desired reaction
time at 140 °C the heating cell was cooled to room temperature. After the synthesis, the NPs
were washed 3 times with hexane and centrifuged for 10 min at 10000 rpm. After the last
centrifugation step, the nanocrystals were dried under nitrogen flow. The NP dispersion for
HRTEM, STEM:EDX, STEM and UV-vis characterization were prepared by redispersing the NPs
in N-methyl-2-pyrrolidon after the last centrifugation step and discarding the supernatant
before drying under nitrogen flow to prevent agglomeration of the synthesized NPs.

Heating cell

The synthesis is carried out in a custom-made heating cell which enables precise control of
the ramp rate, reaction temperature and reaction time, allows for stirring and operates under
solvothermal conditions. The heating cell consists of a metal body and isolating polyether
ether ketone (PEEK) (Bieglo) elements. Four heating elements (Cartridge heaters, 24V, 50 W,
Maxiwatt) and a temperature sensor (Pt1000, Honeywell) were used to control the temperature
with a temperature controller (Model 336, Lakeshore Cryotronics) and a power supply (EA-PS
310060-340, Elektro-Automatik). For the reaction, the heating cell is mounted on top of a
magnetic stirring motor (Cimareci, Thermo Scientific). The reaction takes place in a PEEK inlet
as reaction container. The heating cell is also used for in situ XAS and in situ TS experiments.
In situ XAS experiments take place in a PEEK inlet with 0.2 mm wall thickness in reflection
geometry. In situ TS experiments take place in a fused silica inlet with 0.5 mm wall thickness
in transmission geometry. The heating cell is discussed in detail in the literature.®® We note
that the synthesis is also feasible in a conventional autoclave. The reaction requires vigorous
stirring in addition to an inert atmosphere which can be achieved by placing the reaction
solution and a stirring magnet in the autoclave and heating the autoclave in an oil bath on a
magnetic stirring plate. However, precise control over the reaction time is not possible in the
conventional autoclave.

In situ High Energy Resolution Fluorescence Detected X-ray Absorption Near Edge Structure
(HERFD-XANES)

In situ Cu K-edge HERFD-XANES measurements were performed at ID26'%? and ID24%2% beam-
lines of the European Synchrotron Radiation Facility (ESRF), Grenoble, France. The incident
x-ray energy was chosen using the reflection from the Si(111) double crystal monochromator
(DCM) and varied from 8970 to 9060 eV at ID26 (radius of curvature R =1 m) and 8970-9040 eV
at ID24-DCM (R=10.5 m). The spectra were acquired in HERFD mode, using a 5-analyzer crystal
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spectrometer in Johann geometry. To detect the maximum intensity of the Cu Koy emission
line (8046 eV), we used five spherically bent Si(444) crystals'*® aligned at the Bragg angle of
79.4°. The HERFD-XANES spectra were recorded in a continuous scan mode every 20-25 s in the
energy range of 8970-9060 eV with a step size of 0.2 eV. The overall energy resolution is about
1.70 eV of FWHM at the Cu Kar; emission line. The beam spot size was about 200x200 um?, and
the beam position on the cell was moved after 2-5 scans to avoid sample damage due to the
long exposure to x-rays. The details of the beam damage study can be found in the SI. The ex
situ powder samples were measured as pellets diluted with cellulose.

In situ Total Scattering (TS) and Pair Distribution Function (PDF) analysis

Insitu TS data was acquired at beamline P21.1 of PETRAIIl at Deutsches Elektronen-Synchrotron
DESY, Hamburg, Germany. Scattering images were recorded every 1 s at an x-ray energy of
101.39 keV A\ =0.1222 A) using a 2D X-ray detector (PerkinElmer XRD1621, Varex Imaging Corp.)
with 2048 x 2048 pixels and a pixel size of 200x200 pm? and a sample-to-detector distance
of 0.604 m, obtained from a calibration with a LaB, powder standard packed into the fused
silica inlet of the heating cell. A detailed description of the PDF analysis procedures is given in
the supporting information. The code used for data processing of the PDF data is available at
https://gitlab.rrz.uni-hamburg.de/BAS0906/shm_2024_cu3pdn.

X-ray photoelectron spectroscopy (XPS)

The XPS system employed in this work is located in the DESY NanoLab (https://jlsrf.org/
index.php/lsf/article/view/140)in Hamburg, Germany. Itis equipped with a monochro-
mated Al Ka source (hv = 1486.6 eV) and a Phoibos 150 hemispherical energy analyzer with a
base pressure of 1.5 x 107 mbar. The pristine Cu;PdN powder sample is directly deposited
on the carbon tape. The sample on the glassy carbon (GC) electrode (1x1 cm?) after the elec-
trochemical test is washed 5 times with deionized water and 3 times with ethanol. After
drying, the samples are then loaded into the UHV chamber and measured after evacuation.
The details of the deposition of Cu;PdN on the GC electrode is given in the section of Elec-
trochemical characterization. The XPS data are analyzed using the Casaxps software. The
surface contaminated aliphatic carbon C 1s peak at 284.41 eV is used to calibrate the binding
energies. The GL30 (Gaussian 70% & Lorentzian 30%) type profile is used as a fitting function
after subtracting the Shirley type background.

Electrochemical characterization

The working electrode for the electrochemical measurements was prepared by deposition of
the NPs onto an L-shaped glassy carbon electrode with a surface area of 0.78 cm?. Specifically,
40 pL of a2 mg/mL dispersion of Cu;PdN in methanol were drop-casted for six times onto the
glassy carbon electrode. Afterwards, a NAFION solution was prepared by mixing 290 pL of
methanol with 2 xL of a 5% NAFION dispersion in methanol. 40 uL of the obtained NAFION
dispersion were drop-casted onto the glassy carbon electrode with the Cu;PdN nanoparticles
for three times. All the electrochemical measurements were conducted in 0.5M H,SO, em-
ploying the typical three-electrode configuration using a graphite rod and an Ag/AgCl (3M KCl)
as counter and reference electrodes, respectively. Prior to the measurement, the electrolyte
was degassed by flushing Ar for about 15 minutes. The polarization curves were recorded by
liner-sweep voltammetry at a scan rate of either 10 or 1 mV/s in a potential range of 0to -1V
vs. RHE. All polarization curves were not corrected for iR drop. The double-layer capacitances
(Cq1) were estimated by cyclic voltammetry using a previously reported method.?** Cyclic
voltammetry scans were carried out in a 60 mV potential window around the open circuit
potential, where no Faradaic processes occur, with variable scan rates, from 10 to 100 mV/s.
The double-layer capacitances (Cq) were extracted from the half slope of the linearly fitted
curves of the capacitive currents (Janodic — Jeathodic) VErsus the scan rates. EIS measurements
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S5 SUPPORTING INFORMATION

were carried out in a potential window from 0 to -0.35 V vs. RHE with a potential step of 20
mV, an AC sinus amplitude of 10 mV (mean square root voltage V,,,s = 7.07 mV), a frequency
range of 100 kHz - 0.1 Hz and an equilibration time of 30 s between each potential step. The
EIS spectra were fitted using the software EC-Lab from Biologic. For all the electrochemical
measurements, the potentials acquired with the Ag/AgCl reference electrodes were converted
to the RHE scale using the equation E (V vs. RHE) = E (V vs. Ag/AgCl (3 M KCl)) + 0.197 + 0.059 x
pH. All electrochemical measurements were recorded using a Biologic SP-150 potentiostat.

Powder X-ray Diffraction (PXRD) & Rietveld Refinement

PXRD patterns were acquired on a Bruker Advanced D8 with Cu Ka-radiation of 8.0478 keV
(A = 1.5406 A). Rietveld refinements and PXRD simulations were carried out with GSASII.®®
Instrumental parameters have been retrieved by refining a LaBg standard.

High-Resolution Transmission Electron Microscopy (HRTEM)

HRTEM images were collected using a JEOLJEM-2200FS (JEOL Ltd.) with an acceleration volt-
age of 200 kV. The synthesized sample was dispersed in N-methyl-2-pyrrolidon and deposited
on a gold grid.

STEM:EDX
STEM:EDX images were collected using a Regulus 8220 (Hitachi High Technologies Corp.) with
an acceleration voltage of 30 kV and the BFSTEM acquisition mode.

UV-vis
UV-visible spectra were collected with a Cary 60 UV-vis spectrometer (Agilent Technologies
Inc.) in a quartz cuvette. The sample was dispersed in N-methyl-2-pyrrolidon.

Elemental analysis

The Cu concentration was determined using Flame Atomic Absorption Spectroscopy (F-AAS)
with a Soolar S Series spectrometer (Thermo Scientific). The Pd concentration was deter-
mined using Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES) using a
Spectro Arcos spectrometer (SPECTRO Analytical Instruments GmbH). The N concentration
was determined using a EuroEA3000 CHNS-O Analyzer (EuroVektor S.p.A.).

Statistical analysis
The details of the data processing, treatment of every technique used in this work are explained
in their respective subsections in the supporting information.
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S5 Supporting information

Table S5.1: Review of Cu;PdN solvothermal synthesis routines.

Reference Precursors Solvent/ Temp. Reaction Morphology Particle size/ Degassing
Ligand time Composite Crystallite size/
Lat. par.
Vaughn et Cu(NO3), -3H,0 & l-octadecene & 240°C 5min to Quasi-cubic 16(2) nm 10min @
al. 2014170 Pd(acac), OAM 15min 8nm 120°C
3.82A
Jia et al Cu(NO3), -3H,0 & 1l-octadecene & 250°C 30 min Spherical 11.3(25)nm 10min @
201617 Pd(acac), OAM 11.2nm 120°C
Lord 17e2t al. Cu(NO3), -3H,0 & l-octadecene & 190°C 30min Heterostructures/ - 60 min @
2019 Pd(acac), + metal NP OAM Cu3PdN @ Pt/Pd 120°C
seeds
Li et al Cu(NO3), -3H,0 & l-octadecene & 245°C 20 min Quasi-cubic 20(2) nm -
2021169 Pd(acac), 0AM -
Jia lth8 al. Cu(NO3), -3H,0 & l-octadecene & 230°C 15min Spherical / 16 nm 5min @
2021 Pd(acac), OAM oGO 4.0(46) nm 120°C
3.81A
Parvizian et Cu(NO3), -3H,0 & hexadecane & OAM 240°C 5min to Cubic 10.2nm 30min @
al. 2022%% Pd(acac), 60 min 4.5(11)nm 50°C
3.83A
Yao et al. Cu(NO3), -3H,0 & l-octadecene & 240°C 15min Spherical / 18nm 10min @
202317 Pd(acac), OAM on activated 120°C
carbon
This work Cu(OCH3), & benzylamine 140°C 5min to Spherical 3.5(10) nm -
Pd(acac), 15min 3.5(10) nm
3.83A

10 min
= .
4 T T
:: g )
15.0 Time: 5 min 20 | Time: 10 min Time: 15 min
Mean: 3.41 nm Mean: 3.42 nm 10 | Mean: 3.48 nm
12.5 } StdDev: 0.99 nm StdDev: 0.68 nm StdDev: 0.59 nm
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Figure S$5.1: STEM images and size distribution of Cu;PdN grown for 5, 10 and 15 min reaction time at
140 °C. Number of measured particles (n): 5 min: 103, 10 min: 107, 15 min: 56. Scalebar 50 nm.
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Figure S5.2: TGA performed under a nitrogen atmosphere of Cu;PdN 15 min reaction time at 140 °C.
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Figure $5.3: Simulated PXRD pattern of Cu;PdN, Cu;Pd, Cu and Pd. All patterns are simulated with
GSASII®® using Cu Ka-radiation (\ = 1.5406 A) and a crystallite size of 5 nm.
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Figure $5.4: Simulated two-phase PXRD pattern of Cu;PdN and Cu;Pd at varying phase ratios. All

patterns are simulated with GSASII®® using Cu Ka-radiation (\ = 1.5406 A). Cu;PdN and Cu,Pd phases

are simulated with a crystallite size of 5 and 3 nm, respectively. The simulated two-phase PXRD patterns

comprise individual computed patterns of the two phases with the respective crystallite size which are
added with the respective phase ratios.

EXAFS Cu K-edge EXAFS Pd K-edge XRD 5 min
—— 10 min
—— 15 min
A A El
E E &
s S =
st — i)
= x 5
£
0 1 2 3 4 5 6 0 1 2 3 4 5 6 2 4 6 8
r@A) rd) qA)

Figure $5.5: Waterfall plot of EXAFS Cu K-edge, EXAFS Pd K-edge and PXRD of Cu;PdN grown for 5, 10
and 15 min reaction time at 140°C.

EXAFS refinements

The cation-site disorder in Cu;PdN nanoparticles is determined by EXAFS refinement on
ordered and disordered structural models, as shown in Figure S5.6. Below we describe the
refinement procedures for the ordered and disordered models. More details on the EXAFS data
processing and the refinement procedure are available in the section Technical information
on XANES and EXFAS analysis. Cu;PdN exhibits the anti-perovskite structure which consists
of corner-shared, N-centered Cu-N octahedra with a Pd atom in the central cubic position.
In the ordered case, the local coordination around Cu in the first shell is Cu-N at 1.91 A; the
second shell is composed of Cu-Cu and Cu-Pd coordination at 2.70 A and the third shell is
Cu-Cu coordination at 3.86 A. In the case of Pd, the first coordination is Pd-Cu at 2.70 A, second
coordination is Pd-N at 3.25 A and the third shell coordination is Pd-Pd at 3.86 A. Based on
these components including the multiple scattering components, the Cu and Pd K-edge data
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were fitted in the case of ordered structure and fits are shown in Figure S5.6. In the case of
disordered structure, two crystallographic models are considered. They are (i) ordered anti-
perovskite structure: as explained above and (ii) fully disordered anti-perovskite structure: Pd
and Cu are fully displaced their positions. The scattering components of both structures are
used as linear combination to fitthe data. i.e. S3 - xand S2 - (1-x) and xis considered as a refining
parameter. Obviously, the Cu- N, Pd - N, Cu - Cu and Pd - Pd scattering components are not
common to both edges. The Debye-Waller (DW) factors for multiple scattering components
are fixed to twice the single scattering ones which is necessary to limit the free parameters
for the fit. The DW factors for some of the components in the second and third coordination
shell are high due to the cation disorder. It is also seen in figure S5.7 that the intensity of the
peaks in the simulated spectra is high compared to the experimental data. The scattering
components used for the fit and their corresponding distance variation parameter and DW
factors with graphical representations are listed in Table S5.2. The refinement results of all
the three samples are shown in Table S5.3 and the spectra with best fits in R-space and in
k-space are shown in Figure S5.6.
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Figure $5.6: Double-edge Cu K-edge and Pd K-edge EXAFS fit of Cu;PdN using the disordered and
ordered anti-perovskite structure of Cu;PdN for NPs grown for 5, 10 and 15 min reaction time at 140 °C.
Refined parameters are shown in Table S5.2 and S5.3
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Figure S5.7: Comparison of experimental and FEFF-simulated Fourier-transformed Cu K-edge and
Pd K-edge EXAFS data of ordered Cu;PdN. The simulated data is multiplied by a factor of 0.25. A clear
peak at 1.6 A, indicated by an arrow arising from the Pd-N coordination in the Pd K-edge experimental
spectrum, emphasizes the presence of the cation site disorder. The low intensity of the peaks related
to the second and the third coordination in the experimental data, compared to the simulated ones,
due to the high DW values, further confirms the disorder in the cation lattice.

Figure S5.8: First derivative XANES spectra of Cu;PdN grown for 5, 10 and 15 min reaction time at
140 °C compared with the reference Cu;N and Cu foil.

—&— (Cu foil reference
—e— (CusN reference
Cu3PdN 5 min
—<— CusPdN 10 min
—— Cu3PdN 15 min
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Table S5.2: The scattering paths used to fit the corresponding Cu and Pd K-edge EXAFS data in the
case of the disordered structure. The graphical description is Cu: orange; Pd: cyan; N: green.

No Scattering Edge Degen %Rpath Distance Debye- Graphical
path (legs) eracy (A) variation Waller description
(n) parameter factor
1 Cu-N1-Cu Cu 2 1.91 Ary o =
2 Pd-N1-Pd Pd 2 2.00 Ary Tha1 =
3 Cu-Cul-Cu Cu 12 2.69 Ars 082 =
4 Cu-Pd1-Cu Cu& 8 2.71 Ary 0.3 —
Pd
5 Cu-Pdl-Cu Cu& 4 2.63 Ars 0 —
Pd
6 Pd-Pdl-Pd  Pd 4 273 Arg T =
7 Pd-N2-Pd Pd 8 3.34 V3 Ar, OBas =
8  Pd-Pd2-Pd Pd 6 3.83 V2 Ary Thas =
9 Cu-Nl1-Cu2-Cu Cu& 4 3.83 V2 Ar, 20844 ==
Pd
10  Cu-N1-Cu2- Cu& 2 3.83 V2 Ary 2044 —0=
N1- Cu Pd
N
11 Pd-N1-Cul-Pd Pd 48 3.97 2 Arg 2034, —
12 Pd-Cu2-Pd Cu& 24 4.70 V3 Ary 0&us —
Pd
13 Cu-Cu3-Cu Cu 16 4.70 V3 Arg 026 =
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Table S5.3: EXAFS refined parameters. The error is given by the standard deviation of the refined
parameter and shown in the parentheses. Cu K Eg is calculated from the maximum of the first derivative
of the corresponding XANES spectra.

Sample/Results 5 min 10 min 15 min
CuKE (eV) 8979.60 8979.59 8979.65

x (%) 69.3(39) 76.5(43) 75.7(44)
Reu-ni (A) 1.908(7) 1.909(6) 1.917(2)
021 0.0039(6) 0.0048(5) 0.0046(5)
Rpa_n1 (A) 2.001(6) 1.999(9) 2.004(8)
o4 n1 0.0035(17)  0.0038(25)  0.0040(78)
Reu-pd1 (A) 2.641(7) 2.630(7) 2.635(6)
02 pdi 0.0050(6) 0.0047(7) 0.0048(6)
Reu_cu1 (A) 2.711(11) 2.726(18) 2.724(16)
02 cu1 0.0242(10)  0.0249(18)  0.0266(15)
Reu_pd1 (A) 2.697(16) 2.689(19) 2.700(8)
02 pd1 0.0098(7)  0.0107(7)  0.0114(7)
Rpdpd1 (A) 2.731(23) 2.730(22) 2.738(30)
024 pa1 0.0092(8) 0.0079(8) 0.0075(7)
Rpd-nz (A) 3.240(71) 3.262(55) 3.300(17)
0E4na 0.0121(27)  0.0132(24)  0.0143(23)
Reu-cu2 (A) 3.862(32) 3.861(31) 3.872(42)
02ucu 0.0131(36)  0.0113(31)  0.0135(44)
Reu_cus (A) 4.705(14) 4.707(16) 4.718(27)
02y cus 0.0241(29)  0.0248(25)  0.0265(23)
Rpd_cuz (A) 4.718(27) 4.722(31) 4.728(37)
024 cu 0.0169(11)  0.0179(11)  0.0176(12)

PXRD and Rietvled Refinement Analysis

We test the hypothesis of cation disorder with PXRD. First, in Figure S5.9, we compare sim-
ulations for PXRD patterns of the ordered Cu;PdN structure without atomic displacements
(approach A), the Cu;PdN structure with fully displaced Cu and Pd atoms (approach B), and
fully displaced N atoms (approach C) and partially displaced Cu/Pd or N with adjusted atomic
site occupancy to match the ratio of the displacement as determined by the EXAFS fit. We
note that the structure of displaced Cu/Pd and displaced N, approach B and C, respectively,
is identical in the first coordination shell but varies beyond. The simulated patterns exhibit
little changes in relative peak intensity, most notably for peak (100) at q=1.6 A" and (110)
at q=2.3A, corresponding to 20 = 23° and 20 = 33°, respectively, considering Cu K-alpha
radiation. The peak intensity (100) and (110) notably decreases in the case of the displaced
Cu and Pd model. Our PXRD pattern and literature reports display a similar pattern.>>167-172
However, the peak intensities in PXRD patterns are influenced by atomic displacement pa-
rameters (ADP), which are typically included in Rietveld refinement procedures to account
for the uncertainty of the atomic position within the crystal lattice due to thermal vibration
or static disorder.®! In Figure S5.10, we conduct Rietveld refinements using the ideal Cu,PdN
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Figure $5.9: PXRD simulations of Cu;PdN with no displacements, partially and fully displaced Cu & Pd

or N atoms.

structure and partially displaced N atoms or Cu and Pd atoms. Table S5.4 lists the refined
parameters. The refinements demonstrate good agreement across all models, although the
refinement with partially displaced N atoms has unphysical ADP values indicating unlikely N
displacement. Hence, with Rietveld refinements alone we cannot differentiate between the
ordered Cu;PdN and the disordered structure, i.e. the displacement of Cu and Pd, but exclude
the potential displacement of N atoms.

Table S5.4: Retrieved Parameters of Rietveld Refinement Results of Cu;PdN at 5, 10 and 15 min reaction
time at 140 °C. *Displaced atom. The displacement takes place in {a/2, a/2, 0} from the original position
of the atom for Cu, Pd and N. Unphysical values are marked in red.

5 min 10 min 15 min
Displacement - Cu/Pd N - Cu/Pd N - Cu/Pd N
Rw (%) 3.813 3.757 3.716 4.956 4587  4.825 3.873 4.063 3.995
X2 4167 4054 39.62 1153 9854 1089 57.33 63.29 61.15
a(A) 3.838 3.838 3.838 3.847 3.838  3.847 3.833 3.833 3.833
size (nm) 2.6 2.7 2.7 33 33 3.3 2.7 29 29
Uiso Cu (A72) 0.0030 0.0070 0.0038 0.0041 0.0112 0.0083 0.0041 0.0102 0.0059
Uiso Pd* (A72) 0.0224 0.0257
Uiso Pd (A72) 0.0385 0.0288 0.0393 0.0358 0.0115 0.0269 0.0447 0.0027 0.0411
Uiso Cu* (A72) 0.0286 0.0137 0.0168
Uiso N (A72) 0.7424 0.2763 0.2267 0.5781 0.0780 0.0055 0.0623 0.0712 0.7641
Uiso N* (A72) 27.10 1.956 -119.5

Technical information on XANES and EXAFS analysis

The XANES and EXAFS data shown in this report have been acquired at different beamlines as

listed in Table S5.5.
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Figure $5.10: Rietveld refinements of Cu;PdN at 5, 10 and 15 min reaction time at 140 °C. The patterns
were refined using GSASII®®. Refined parameters are listed in Table S5.4

Table $5.5: Summary of the beamlines and synchrotrons utilized for collecting XAS data, as referenced
in the figures of this report.

Method Beamline, Synchrotron
Figure 5.1 Cu K-edge HERFD-XANES 1D24, ESRF
Figure 5.3 Cu & Pd K-edge EXAFS BM23, ESRF
Figure 5.4 Cu K-edge HERFD-XANES D24, ESRF
Pd K-edge XANES P64, DESY
Figure S5.5  Cu & Pd K-edge EXAFS BM23, ESRF
Figure S5.6  Cu & Pd K-edge EXAFS BM23, ESRF
Figure S5.7  Cu & Pd K-edge EXAFS BM23, ESRF

Figure S5.8  Cu K-edge XANES BM23, ESRF
Figure S5.12 Cu K-edge HERFD-XANES 1D24, ESRF
Figure S5.13  Cu K-edge EXAFS P64, DESY

Figure S5.15 Cu K-edge HERFD-XANES D26, ESRF

In situ HERFD-XANES data were preliminarily viewed using the PyMCA software package?®*®
and processed using a self-written Python code based on available packages. The data
was imported using Silx*?", treated with a Whittaker filter’?® and further processed with the
NumPy?® and SciPy?° packages. Ex situ powder samples XANES data were pre-treated using
the Athena?3! of the Demeter software package.

The pretreatment process for all EXAFS spectra was performed using the Athena program
of the Demeter IFEFFIT software package, and the data were analyzed Artemis code of the
Demeter software package?®! using simulated scattering paths calculated by FEFF 6.0. The
Fourier transform of the EXAFS spectra were obtained in therange of 3-13.5Aand 3-18.5A™!
with k3 weight for both Cu Kand Pd K-edge data, respectively. The data were fitted in R space in
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the range of 1 - 4.7 A. The many-body amplitude reduction factor (S2 (Cu)=0.955,S3 (Pd)=0.935
) and the common energy origin shift (AEy(Cu) = 5.05, AE,(Cu) = 4.68) were fixed to the values
obtained from a fit of the Cu and Pd foils spectra, respectively. The fitting parameters were
the interatomic distances (R), the Debye-Waller factors (o2), and x. The goodness of the fit (R)
was below 0.01 for all the spectra.

The Multivariate Curve Resolution by Alternating Least Squares (MCR-ALS)**? method is briefly
reviewed, followed by detailed fit results. MCR-ALS is an emerging data analysis technique
used to extract the reaction pathway from in situ XANES data. It allows for modelling an
experimental dataset D (including q spectra), as the product of an S matrix, composed of
N (with N < q) pure spectra and a matrix C, whose elements correspond to signal-related
concentration profiles.

D=CST+E (5.3)

Here, in the case of time-resolved XANES spectra, D is the experimental data with each row
corresponding to a measured spectrum, rows of ST are spectra of uncorrelated variables
and columns of C are the concentration profiles of each component over time. E represents
the error matrix associated to the reconstruction. For this MCR-ALS analysis we used the
Graphical User Interface (GUI) by Jaumot and co-workers which is freely available using
MATLAB R2011b.13%233 After guessing of initial C and ST, which we do by means of the purest
variables detection method so called SIMPLISMA algorithm?* with allowed noise parameter
is fixed to 3 %, a set of linear equations is iteratively solved, alternatingly keeping C or ST
constant until the change in the standard deviation of E falls below a certain convergence
criterion. For MCR-ALS, the data were analyzed in the energy range of 8970-9060 eV for Cu
K-edge and 24280-24450 eV for Pd K-edge data sets. The optimization routine successfully
converged after 50 iterations, resulting in the final ALS quality control parameters such as lack
of fit, R? and o. The quality estimates of a converged fit arise from the unexplained residuals
E, or the difference between the experimental data and the model, with a lack of fitis given by

S €2
Lack of fit (%) = 100 - 4 | =22 (5.4)
PRFLE

Where d;; is a data matrix element and e;; is the corresponding element of the residual matrix
E. Additionally, the variance explained in the model can be estimated from

- Z” d?j - Zzg ezzj

R? (5.5)
Zi,j d?j
and the standard deviation of the residuals is given by
2
.. ez,
o= Lins % (5.6)
nm

Where n, m refers to the dimensions of D.
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Figure S5.11: Eigen value profile of MCR-ALS analysis.
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Figure S5.12: Time series of Cu K-edge HERFED-XANES spectra compared with contributions from
MCR-ALS recovered spectra which are shown in Figure 5.4b,c. The black curve shows the measured
spectra. The blue and violet curve show the MCR-ALS recovered contribution of the Cu complex and
Cu;PdN, respectively.
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Figure $5.13: Fourier transformed Cu K-edge EXAFS data of the initial complex fitted using the complex
shown in Figure 5.4 The fit reveals that the first coordination shell is composed of 2 N atomsand 2 O
atoms at 1.92 A and at 1.98 A, respectively. The second shell is composed of 4 C atoms and 1 Cu atom
at 2.92 A and at 3.04 A, respectively which clearly corresponds to the complex shown in Figure 5.4

a Ordered b cCation-site disordered

Figure S5.14: Ordered and cation-site disordered 2x2x2 supercell of Cu;PdN. a Ordered anti-perovskite
supercell. b Disordered supercell in which two Pd atoms are interchanged with adjacent Cu atoms,
which amounts to 25% disorder.

Beam Damage Study

The beam damage study is carried out before starting the actual in situ measurements. Figure
S5.15 shows the XANES spectra of the precursor solution measured at room temperature.
When we expose the sample with x-ray at the same spot, we observe the sample is reduced
after 90 seconds. Thus, we measure 4 scans (20 sec/scan) at the same spot and after that we
moved to the new spot on the sample. In this way, we avoid the beam damage, and all the in
situ scans are carried out at the same condition.
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Figure $5.15: Beam damage study on Cu;PdN precursor solution measured at room temperature (20
s/scan). Fifty-five spectra measured at the same spot. b Four spectra measured at the same spot.

Technical notes on PDF analysis of TS

The in situ total scattering (TS) data for pair distribution function (PDF) analysis were acquired
every 1 s using 2D detectors. The 2D scattering images were azimuthally integrated to 1D
with PyFAL'*® Consequently, the integrated scattering patterns were averaged to 60. The 1D
scattering patterns are eventually processed to PDFs using PDFgetX3.%° Table S5.6 gives the
values used to process and Fourier transform the scattering patterns to the PDF.

Table S5.6: Values used for processing the PDF.
Qmin (i\_l) Qmax (A_l) Qmax,inst (i\_l) I'poly
In situ PDF: Figure 5.4e,S5.16,S5.18 0.4 10.3 17.5 0.9
In situ PDF: Figure S5.19-S5.21 0.7 16.3 18.3 0.9

The in situ PDF data shown in Figure 5.4e, S5.16, S5.18 focuses on the early stages of the
reaction, which shows the NP nucleation and precursor conversion to the nitride, while the in
situ PDF data shown in Figure S5.19-55.21 focuses on the growth of the NPs and the phase
transition of Cu;PdN to Cu;Pd. Due to the low scattering from the non-crystalline species
present at the early stage of the reaction and a very high background contribution of the
sample environment to the scattering signal, the PDF shown in Figure 5.4e, S5.16, S5.18 is
obtained by using a low upper cut-off frequency q,,.x Which sacrifices r-resolution but reduces
noise in the PDF data. The crystalline materials at the later stages of the reaction allow for a
higher upper cut-off frequency q.,.x Without increasing the noise level in the PDF, as is used in
Figure S5.19-S5.21. Moreover, different background subtraction approaches have proven most
reliable for the early-stage and late-stage PDF data sets, as explained below. The background
scattering images are acquired by measuring the same sample environment but without the
addition of the precursor salts to the reaction solution at the same temperature ramping and
processing the background scattering images as explained above. The background data was
then subtracted from the data of the same temperature. Two different approaches are used
to set the scale for background subtraction of the TS data. The data used in Figure 5.4e, S5.16,
S5.18 is background subtracted by maximizing the maximum intensity of the PDF between
r=1.9 and 4.0 A. The data used for Figure $5.19-55.21 is background subtracted by fitting a
Gaussian with a linear baseline to the glass peak at ~1.6 A and reducing the amplitude using
the following function:
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B —(z — x0)? 57
Yy =a-exp W —|—m$+y0 ()
2.35482
20 is the position, a is the amplitude and FWHM is the full width at half maximum of the peak.
m is the slope and y0 is the intersection of the baseline with the y-axis. Table S5.7 shows the

restraints used for the fitting.

Table S5.7: Boundaries used for Gaussian fit as shown in Equation 5.
Parameter Lower boundary Upper boundary

%o (A) 1.5 1.7
a(A) 0.0 -
FWHM () 0.3 0.8
m (A2) -1.0 1.0
yo (A%) - -

The in situ PDF data was refined using the diffpy-CMI library. The refinement was carried out
sequentially, meaning the refined value of a parameter was used as the initial value for the
refinement of the next time step. Table S5.8 shows the parameters used for the refinement,
their restraints and the initial value for the refinement of the first time step. The refinement
algorithm is shown in Table S5.9. N ADP is fixed to 0.35 A2 throughout the refinement due
to its strong correlation to the N occupancy. qgamp and guroaa are determined to 0.0281 and
0.0222 A1, respectively, by refining the PDF of a LaB, standard filled in the heating cell.

Table S$5.8: Initial values and boundaries of PDF refinement parameter.

Parameter Initial value Lower boundary Upperboundary
Scale 0.3 0.0 -

Lattice parameter (A) 3.84 - -

Spherical domain size () 30 15 -

N occupancy 1.0 0.0 1.0

5o (A72) 3.5 1.5 10.0

N Ui, (R72) 0.35 0.35 0.35

CuUjy; (B72) 0.05 0.0001 0.5

Cu Uy, (R2) 0.05 0.0001 0.5

Pd U, (A72) 0.05 0.0001 0.5

Table S5.9: PDF refinement algorithm.
Refinement step Included parameter for refinement
Scale
Scale, Particle size
Scale, Lattice parameter
Scale, N occupancy
Scale, Cu Uq1, Cu Ugg, Pd Use,

Scale, do
Scale, Particle size, Lattice parameter,
N occupancy, Cu Uy, Cu Uss, Pd Uige, 62

~N~Nouh WNR
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The code for the processing of the PDF data, including azimuthal integration of detector im-
ages, background subtraction approaches, averaging and Fourier transforming, as well as PDF
refinement procedures, is available at: https://gitlab.rrz.uni-hamburg.de/BAS0906/
shm_2024_cu3pdn.
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Figure S5.16: /n situ PDF analysis of the reaction to Cu;PdN. a /n situ PDFs G(r). The in situ PDF data
is compared to PDF simulations of the Cu and Pd starting complexes and Cu;PdN phase in dashed
black traces. The first peak, peak I, highlighted in green, comprises the nearest neighbour interatomic
distances Cu - N, Cu - O, Pd - N of the starting complexes as well as Cu - N of Cu;PdN. The second
peak, peak Il, highlighted in orange, comprises the second neighbour interatomic distances Cu - Cu,
Cu - C, and Pd - C of the starting complexes as well as Cu - Cu and Cu - Pd distances of Cu;PdN
nanoparticles. Purely organic pair interatomic distances are not listed due to their weak scattering and
weak contributions to the PDF signal. b Peak position of the first and second peak versus the reaction
time. c PDF fraction of the linear combination of the initial PDF at t =-11 min and the last PDF at t =
10 min versus the reaction time.
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Figure $5.17: PDF simulation comparison of ordered and disordered Cu;PdN. The ordered structure
is the ideal anti-perovskite structure of Cu;PdN without cation-disorder. In the 25 % disordered struc-
ture, 25 % of the Pd atoms interchange their position with 8 % of the Cu atoms to account for the
stoichiometry of Cu;PdN (25 % / 3 = 8 %). In the 100 % disordered structure, all Pd atoms interchange
their position with 33 % of the Cu atoms. The parameters used in the PDF simulations are the same as
the initial values for the PDF refinements, as listed in Table S5.8.
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Time series of PDFs, which are shown in Figure 5.4 and Figure S5.16

Figure S5.18
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Figure $5.19: /n situ PDF of the reduction of Cu;PdN to bimetallic Cu;Pd at advanced reaction times. a
in situ time-resolved PDFs G(r). The different regions are highlighted by horizontal dashed lines. At
~3 min after reaching 140 °C, Cu;PdN nanocrystals are emerging. The phase transformation takes
place between ~10 and ~40 min. Cu;PdN and Cu;Pd have similar crystal structures and hence very
similar PDFs. The phase transformation is mainly visible by a peak shift to lower r, which is due to
the decrease of the lattice parameter when N leaves the crystal lattice. The inset shows a zoom of
the peak at ~6.5 A. b PDF refinement results. The phase transformation can be refined by using only
the Cu;PdN phase and freeing the N occupancy. The first panel shows the decrease of the refined N
occupancy and the lattice parameter, a. The second panel shows the refined spherical domain size.
The third panel shows the goodness of the fit parameter R,,. c Overlay of normalized PDFs during the
phase transformation. To account for the peak shifts during the phase transformation, each PDF x-axis
is normalized by the respective refined lattice parameter at. To account for the change of intensity
dampening due to the change of the domain size each PDF is normalized by the respective refined
shape envelope. The insets zoom on selected N-Cu (1,IV), N-N (Il1), N-Pd (l1) distances. The decrease of
the intensities at the respective distances can be attributed to vanishing N. d Unit cells of Cu;PdN and
Cu,Pd.
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Figure $5.20: Time series of PDF refinements 5 to 60 minutes reaction time at 140 °C. Refined parame-
ters are shown in Figure S5.21.
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Figure $5.21: Detailed representation of refined parameters of PDF refinements shown in Figure S5.19
and S5.20.

Electrocatalysis of HER
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Figure $5.22: Cyclic voltammetry measurement.

85



S5 SUPPORTING INFORMATION

CPE

Figure S5.23: Representation of the simple equivalent circle used to fit the EIS data. RS: solution
resistance, RCT: charge transfer resistance, CPE: constant phase element.

Stability of CusPdN during EC

First, we test the stability of Cu;PdN in the electrolyte. Therefore, 10 mg of Cu;PdN NPs are
dispersed in 5 mL of 0.5 M H,SO, electrolyte for 20 h. Consequently, the Cu;PdN is washed
and centrifuged 3 times with water, and 3 times with ethanol for 5 min at 10000 rpm. Finally,
the product is dried under nitrogen flow and measured by PXRD. Figure S5.24 shows the PXRD
pattern that confirms the presence of anti-perovskite nitride phase without any additional
bimetallic, metallic or oxide crystalline phases.
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Figure $5.24: PXRD of Cu;PdN after being dispersed in 0.5M H,SO, electrolyte. The experimental
data is compared to PXRD simulations of Cu;PdN, Cu;Pd, Cu, Pd, CuO, Cu,0 and PdO. All patterns are
simulated using GSASII®® and assuming a crystallite size of 3 nm.

Further, we test the stability of Cu;PdN by comparing XPS before and after EC. Figure S5.25
shows Cu 2p, Pd 3d, N 1s and O 1s XP spectra before and after EC. The pristine sample is
measured on a carbon tape. XPS after EC is directly measured on the GC working electrode.
Despite the low intensity compared to the pristine sample due to the very low concentration
of the sample deposited (300 - 400 pg) on the GC electrode, all the features are the same
as the pristine sample, confirming the stability of the Cu3PdN during the electrochemical
measurement. However, the Cu 2p spectral feature is negatively shifted by about 0.7 eV, and
the corresponding N 1s is positively shifted by 1.2 eV, which could be due to the low charge
density of Cu compared to the pristine sample. Furthermore, the O 1s core-level spectrum
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is deconvoluted into 3 obvious peaks related to metal-oxygen, OH, and COOH contributions
as in the pristine sample. Together with the presence of Cu(ll) and Pd(ll), it is clear that a
thin layer of amorphous metal oxide and hydroxide is formed on the surface of nitride NPs.>
Despite this, it further proves that the Cu;PdN NPs are highly stable during the electrochemical
measurements.
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Figure $5.25: XPS core-level spectra of Cu;PdN before and after EC. Cu 2p a before and b after EC, Pd
3d c before and d after EC, N 1s e before and f after EC, O 1s g before and h after EC.
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Figure $5.26: LSV of Cu;Pd compared to Cu;PdN, Pt-C and GC, showing an overpotential of 175 mV.
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Table $5.10: Overview of TMN-based electrocatalysts for HER. GC: glassy carbon, CC: carbon cloth,
rGO: reduced graphene oxide, NC: N-doped carbon, NG: N-doped graphene, n.a.: not available.

Material Substrate Medium mo (mV) Tafelslope Reference
(mV/dec)
COO.GM01_4N2 GC 0.1M HC|O4 190 n.a. 204
CoFelNy Ni-foam 1M KOH 23 94 208
CoN-Co Co-foam 1M KOH 12 41.6 219
CuzgPdN GC 0.5MHyS0O4 212 122 This work
GaN sapphire 0.5MHySO, 168 35 217
MooN GC 1M KOH 353 108 206
MosN—-MoC GC 0.5M HySO4 205 72 203
MosN—-—Mo,C—-NC GC 0.5MH,S0O4 185 56 202
MosN-Mo,C-—rGO GC 0.5M HyS0O4 157 55 201
MosN-NC GC 0.5MH,S04 217 116 213
MoN GC 0.1 MHCIO4 420 n.a. 204
NisN Ni-foam 1M KOH 55 54 200
NizFeN CcC 1M KOH 238 46 210
NigFeN GC 1M KOH 158 46 209
NigN Ti mesh 0.5 M K-Bi 297 165 214
NigN-Ni—Pt—C GC 0.5MH,S0, 117 47 220
NiColN CcC 1 M NaOH 145 105 211
NiCoN-C GC 1M KOH 103 n.a. 218
Pt-C GC 0.5MHyS0, 53 17 This work
TiN-NG GC 0.5MHyS0O4 161 66 212
TiN-Pt cC 0.5MH,S04 40 39 215
WCoN GC 1M KOH 179 123 222
VMoN cC 0.5MH,SO4 108 60 216
VN GC 1M KOH 476 165 222
VN-Co—P GC 1M KOH 137 81 221
WCN-Fe GC 0.5M HySO4 220 47 205
WN cC 0.5MHySO, 198 92 207
— GC 0.5MH,S0O4 768 366 This work
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6 Single-Particle X-ray Scattering Reveals
a High Local Supersaturation of
Precursors as the Origin of CoO
Nanoassembly Formation

The content of this chapter was published in arXiv, (2025) by Sani Y. Harouna-Mayer, Lars Kle-
meyer, Cecilia A. Zito, Johan Bielecki, Xuemei Cheng, Davide Derelli, Armando D. Estillore, Tjark
L. R. Groene, Tjark R.L. Groene, Lukas V. Haas, Romain Letrun, Chan Kim, Jayanath C. P. Koliyadu,
Abhishek Mall, Parichita Mazumder, Diogo V. M. Melo, Adam R. Round, Amit K. Samanta, Ab-
hisakh Sarma, Zhou Shen, Xiao Sun, Patrik Vagovic, Tamme Wollweber, Richard Bean, Jochen
Kiipper, Henry N. Chapman, Dorota Koziej, and Kartik Ayyer.

My contribution to this work comprises: synthesis and sample preparation of CoO nanoparticle
assemblies, collection and analysis of EM, TS, conventional SAXS data, and analysis of SP-SAXS
classes.

6.1 Abstract

Single-particle small-angle X-ray scattering (SP-SAXS) enables quantitative morphological
analysis by recording diffraction snapshots from isolated particles using X-ray free-electron
laser (XFEL) pulses. Unlike conventional X-ray techniques, which average over the entire illu-
minated sample volume, SP-SAXS resolves low-contrast, less abundant, or transient species
within heterogeneous particle populations that would otherwise remain hidden. Here, we
apply SP-SAXS to investigate the solvothermal formation of CoO nanocrystal assemblies
from a Co(acac); precursor in benzyl alcohol. The single-particle data reveal amorphous,
uniform-density Co(acac), spheres as transient intermediates that directly crystallize into
cavernous CoO nanocrystal assemblies, which explains why CoO forms as hierarchical aggre-
gates rather than as isolated nanocrystals. These results demonstrate that SP-SAXS provides a
powerful framework for disentangling morphological heterogeneity in nanoparticle formation
processes.
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6.2 Introduction

The emergence of nanomaterials in solution is governed by complex chemical and structural
transformations that ultimately dictate their composition, structure, morphology, and func-
tionality. The rational design of nanomaterials with tailored properties therefore requires
mechanistic insight into their formation pathways.8%23623" |n many systems, nanomaterials do
not form through the straightforward monomer-by-monomer growth described by classical
nucleation theory but rather follow nonclassical pathways involving metastable intermediates
such as pre-nucleation clusters, dense liquid phases, amorphous precipitates, or the assembly
of nanoscale building blocks into hierarchical architectures.*” These multi-step routes have
been reported across a wide range of material classes, yet they continue to pose significant
challenges for mechanistic understanding and predictive control 81238240

Among the most powerful methods for investigating nanomaterial formation are X-ray tech-
niques at synchrotron sources.'* For instance, wide-angle X-ray scattering (WAXS) provides
access to atomic arrangements, while small-angle X-ray scattering (SAXS) probes particle size,
shape, and morphology.**?*! X-ray absorption spectroscopy (XAS) offers element-specific
insight into the electronic structure and chemical environment of the absorbing atom.>”
Complementary optical spectroscopies such as ultraviolet, visible, and infrared (UV/Vis/IR)
spectroscopy are sensitive to organic species, optical band-gap transitions, and plasmonic
resonances.?*? Similar to SAXS, dynamic light scattering (DLS) probes the particle size, but it as-
sumes a hard sphere model and is not applicable to broad or multimodal size distributions.?*®
Such methods provide comprehensive information about nanoparticle formation and can
be applied in situ, enabling real-time monitoring of the evolution of the electronic, atomic,
and mesoscopic structure. However, they inherently average over the illuminated sample
volume, which may obscure structural or chemical heterogeneity within particle ensembles.?®
The analytical ultracentrifugation (AUC) enables the deconvolution of particle size distribu-
tions from sedimentation profiles of colloidal nanoparticle dispersions. However, it relies on
assumptions about particle density, shape, and frictional ratio, and thus cannot accurately
resolve heterogeneous, complex, or anisotropic morphologies.*

In contrast, individual particles can be directly imaged during formation in solution using in situ
electron microscopy (EM) or from quenched aliquots via cryogenic (cryo-)EM, which, however,
require elaborate sample preparation, and are prone to electron-beam-induced damage
and confinement effects, and only very small sample volumes can be probed.?** Similarly,
atomic force microscopy (AFM) can resolve surface morphology and size distributions of
deposited nanoparticles but is limited to dried samples and small surface areas. In summary,
all conventional methods which allow the study of nanomaterial formation mechanisms
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either lose information by averaging over the whole sample volume, or only allow very small
sample quantities and might be further altered due to sample preparation or beam-damage.

Here, we introduce single-particle small-angle X-ray scattering (SP-SAXS), which enables
the morphological analysis of very large numbers of individual particles using an X-ray free-
electron laser (XFEL). The ultrashort and extremely intense XFEL pulses used in SP-SAXS ensure
that diffraction is recorded before the onset of X-ray-induced damage, effectively capturing
an undistorted structural snapshot of each particle.?*

We apply SP-SAXS to a model system, the solvothermal synthesis of CoO nanocrystal as-
semblies from a Co(acac), precursor in benzyl alcohol at 160 °C. Previous complementary in
situ X-ray studies followed the reaction from the molecular precursor to the final assemblies
by combining XAS with WAXS and SAXS.%! XAS revealed the rapid reduction of Co* to Co*
and identified Co(acac), as a stable intermediate, which gradually transformed into rock-salt
CoO. Time-resolved WAXS and SAXS analyses showed that crystallite and assembly growth
proceeded concurrently, with CoO nanocrystals expanding from ~3 nm to ~6 nm and the cor-
responding spherical assemblies from ~20 nm to ~60 nm over the course of the reaction. This
work provided a comprehensive picture of the chemical reduction, nucleation, and growth
steps. However, one central question remained unresolved: why does CoO emerge and grow
as an assembly? The data revealed an interconnected evolution of nanocrystals and assem-
blies but could not disentangle whether the assemblies originate from the crystallization
of amorphous intermediates or from particle aggregation, due to the averaging over entire
reaction volume of the applied in situ X-ray methods. By analyzing scattering patterns from
individual CoO assemblies and pre-assembly entities extracted from the reaction solution dur-
ing the early stages of assembly formation, we identify uniform amorphous uniform-density
spheres as transient intermediates, that subsequently crystallize into cavernous superstruc-
tures. This single-particle perspective provides the missing mechanistic link and explains why
CoO forms as assemblies rather than as dispersed nanocrystals.

6.3 Results

Figure 6.1 illustrates the experimental and analytical workflow of conventional SAXS in com-
parison with SP-SAXS. In conventional SAXS, measured at a synchrotron or laboratory X-ray
source, each diffraction pattern represents the sum of scattering contributions from all species
within the illuminated sample volume. In contrast, SP-SAXS collects diffraction patterns from
individual particles that are delivered in a dilute aerosol or liquid jet at an XFEL. The single-
particle diffraction patterns are typically noisy, incomplete, and un-oriented. To obtain high-
resolution data, a large ensemble of similar single-particle diffraction patterns are identified,
orientationally aligned, and averaged. Each averaged dataset forms a class, whose relative
hit ratio reflects the population of the corresponding particle type within the sample. The
SP-SAXS data processing routine follows similar principles to single-particle imaging (SPI) or
coherent diffractive imaging (CDI), in which the individual diffraction patterns are mapped in
three-dimensional diffraction space and phase reconstructed.”™ In SP-SAXS, we analyze the
averaged two-dimensional diffraction images and their radial integrations.
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Figure 6.1: Experimental and analytical workflow of single-particle SAXS (SP-SAXS) compared to
conventional SAXS. In conventional SAXS, the diffraction pattern comprises scattering contributions
of all species within the illuminated sample volume of the X-ray beam from a synchrotron or laboratory
source. In SP-SAXS, diffraction patterns from individual particles are averaged into classes, each
representing a distinct particle population within the sample. The relative hit ratio of each class, n;,
reflects the concentration of the corresponding particle species j. In principle, the sum of all SP-SAXS
class diffraction patterns, 137545, reproduces the total diffraction pattern obtained in conventional

SAXS, [SAXS,

To elucidate the CoO nanocrystal assembly formation pathway, we perform SP-SAXS on
reaction aliquots collected at three early reaction times during the emergence of the CoO
assemblies: 20, 30, and 40 min. In total, we collect 650 000 single particle diffraction snapshots
with an average hit rate of 2.1 %, from which 60 distinct classes are identified across the
combined dataset of the three aliquots. Table S6.1 lists all classes including their total hit rate
and relative occupancies across the different reaction times. Figures S6.1 and S6.2 display
the diffraction images and corresponding radial integrations of all classes.

In Figure 6.2, we show representative diffraction patterns of selected classes. The scattering
profiles can be assigned either to amorphous, uniform-density spheres - referred to as sphere
classes, or to nanocrystal assemblies - referred to as assembly classes. The sphere classes
exhibit isotropic ring patterns in their diffraction images, and the corresponding radial inte-
grations display the characteristic oscillations of monodisperse spherical form factors with an
overall ~* intensity decay. At higher q values > 3 nm™, the intensity increases systematically
in all sphere classes, which originates from diffuse scattering from the amorphous structure
of the spherical particles. The assembly classes, in contrast, display sharp low-q peaks in the
diffraction images, arising from the internal fractal arrangement of nanocrystals within the
assemblies. Their radial integrations typically feature one intensity bump around 0.2 nm™,
followed by a smooth decay - closely resembling the SAXS profile observed after full con-
version of the intermediate into CoO assemblies.”! We estimate the assembly size from the
position of the intensity bump. The sphere patterns are modeled using a spherical form factor,
incorporating a Gaussian size distribution to account for minor variations in particle size
within each sphere class. We note that some sphere classes fit well in the low-q region of the
first fringes, but the model tends to underestimate the intensity for ¢ > 0.5 nm™. This weak
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deviation suggests the onset of structural inhomogeneity, possibly early crystallization within
a subset of spheres; however, the effect is subtle and should be regarded as a qualitative trend
rather than a quantitative indicator of structural evolution. Synthesis, sample preparation,
SP-SAXS data processing, and the fitting procedure and size determination of the classes’
diffraction patterns are described in the Supporting Information in detail.
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Figure 6.2: Representative diffraction images (a-c) and corresponding radial integrations (d-f) of
selected SP-SAXS classes. The diameter D of the sphere classes is fitted with the a spherical form
factor, where the error represents the standard deviation of the Gaussian distribution. The diameter of
the assembly classes is estimated by the intensity bump maximum as marked by the red arrow. The
relative occupancy of each class at 20, 30, and 40 min reflects the temporal evolution of the populations.

Figure 6.3a-c show the summed radial integrations of the sphere, assembly, and all classes
at the different reaction times. The summed sphere classes show a steady g~ slope, due to
smearing of spherical form factor oscillations of the overall polydisperse ensemble, and a
positive slope at high q due to the diffuse scattering of the amorphous spheres. The summed
assembly classes radial integrations exhibit the characteristic low ¢ intensity bump associated
with the internal nanocrystal arrangement within the assemblies. At reaction times 20 and 30
min, the scattering contribution from the assembly classes is indistinguishable in the radial
integration sum of all classes whereas at 40 min the assembly classes dominate the scattering
profile due to its increasing concentration. Figure 6.3d-f show the size distributions of the
sphere and assembly classes at the respective reaction times, revealing a progressive increase
in the fraction of assemblies over time.
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Figure 6.3: SP-SAXS analysis of the reaction aliquots at 20, 30, and 40 min. (a-c) Summed radial
integrations of the sphere, assembly, and all classes. (d-f) Histogram of the size distribution of the
sphere and assembly classes. The solid trace shows a kernel density estimate of the histograms.

Altogether, the SP-SAXS analysis reveals a population evolution from amorphous, uniform-
density spheres to nanocrystal assemblies, as illustrated in Figure 6.4. To interpret these
morphological observations, we relate the SP-SAXS results to the chemical transformation
pathway established in earlier in situ X-ray studies: Initially, the precursor Co(acac), is dis-
solved in benzyl alcohol, where it reduces to the intermediate Co(acac),, which subsequently
transforms into Co0.?! The SP-SAXS findings indicate that Co(acac), phase-separates into
spherical amorphous precipitates upon reduction, owing to its low solubility in benzyl alco-
hol. The comparable size range of these amorphous spheres and the emerging assemblies
suggests a direct structural transformation rather than secondary aggregation of individual
nanocrystals. Crystallization is likely initiated from high local supersaturation of Co(acac),
inside the precipitate volume. During crystallization, the higher density of CoO compared to
Co(acac), causes the spherical precipitates to contract, giving rise to cavernous polycrystalline
assemblies instead of dense crystalline entities.
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Figure 6.4: Schematic illustration of the proposed formation pathway of CoO nanocrystal as-
semblies after the reaction of Co(acac); in benzyl alcohol. Initially, Co(acac), reduces to Co(acac),,
which subsequently phase-separates to spherical amorphous precipitates. With increasing reaction
time, these Co(acac), precipitates crystallize into CoO nanocrystal assemblies. The asterisks (*) denote
extrapolated reaction states before and after the measured time points of 20, 30, and 40 min.

The Co(acac), spheres can easily be overlooked in conventional SAXS measurements, as their
smooth intensity decay lacks distinct features in the SAXS regime and may be mistaken for
background scattering. In electron microscopy (EM) images, these spheres can also be misin-
terpreted as organic aggregates or reaction byproducts unrelated to the assembly formation
mechanism. Moreover, because of the poor solubility of Co(acac), in benzyl alcohol, a signifi-
cant fraction of the spheres may be lost during sample washing and redispersion. For instance,
spherical aggregates are found in the supernatant after washing the reaction mixture with
ethanol, as shown in Figure S6.7a,b. This likely explains why the spherical Co(acac), particles
were not observed in previous studies, where the samples were washed several times with
ethanol prior to EM analysis.?* To further confirm the precipitation behavior of Co(acac),, Fig-
ure S6.7¢,d show EM images of commercial Co(acac), dissolved in benzyl alcohol and ethanol,
both showing precipitation of spherical particles similar to those detected in the reaction
solution and supernatant.

6.4 Conclusion

In conclusion, the single-particle perspective provided by SP-SAXS offers unprecedented
insight into nanoparticle formation pathways by quantitatively resolving distinct particle pop-
ulations that may be obscured in conventional measurements. Applied to the solvothermal
synthesis of CoO, SP-SAXS reveals that intermediate amorphous Co(acac), spheres crystallize
into CoO nanocrystal assemblies, elucidating why CoO emerges as hierarchical aggregates
rather than as dispersed nanocrystals. Beyond this specific case, SP-SAXS represents a broadly
applicable approach for studying morphological and structural heterogeneity in complex
systems. Extending the concept to single-particle wide-angle X-ray scattering (SP-WAXS),
achieved by reducing the sample-to-detector distance, would allow quantitative access to
atomic-scale order similar to serial femtosecond crystallography (SFX).” A multimodal two-
detector configuration could further combine SP-SAXS and SP-WAXS, bridging the full range
from atomic to mesoscopic structure. Looking ahead, the realization of in situ SP-SAXS and
SP-WAXS experiments, where small volumes of the reaction mixture are continuously injected
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into the XFEL beam, will open the way toward real-time visualization of nanoparticle nu-
cleation and growth at the single-particle level, transforming our ability to directly observe
matter in formation.
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Figure S6.1: Diffraction images of all SP-SAXS classes.
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Figure S6.2: Radial integration of all SP-SAXS classes including their determined diameter D and
relative occupancy of the measured reaction times 20, 30, and 40 min.
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Table S6.1: List of all SP-SAXS classes with class number (#), their classification into sphere (S) or
assembly (A) classes, determined particle sizes, relative occupancies at the different reaction times
(20, 30, and 40 min), total number of hits per class, and the hit ratio of each class relative to the total
number of hits across all classes.

# Diameter (nm) 20 min (%) 30 min (%) 40 min (%) No. hits Hit ratio (%)
S1 16.8 £2.3 41.1 338 251 4333 0.0067
S2 183+21 54.8 255 19.7 2771 0.0043
S3 20.1425 23.7 331 43.2 3280 0.0051
S4 202413 46.6 327 20.7 15237 0.0237
S5 215435 175 27.5 55.1 3090 0.0048
S6 229414 39.9 31.8 283 14541 0.0226
S7 235+£19 63.4 238 12.8 8776 0.0137
S8 244424 18.8 26.5 54.7 18100 0.0282
S9 254+1.0 45.4 324 22.2 13540 0.0211
S10 262 +1.9 24.8 273 47.9 16331 0.0254
s11 273424 54.5 245 21.0 9984 0.0155
S12 276 £1.3 33.0 29.2 37.8 14975 0.0233
S13 28.6 £1.0 46.7 339 19.4 12581 0.0196
S14 28.7+£23 16.6 30.3 53.2 16025 0.0249
S15 300+ 1.6 22.0 29.2 48.8 16310 0.0254
S16 302415 62.8 27.4 9.7 9894 0.0154
S17 30.74+15 345 311 34.4 16396 0.0255
S18 309483 29.5 35.7 349 4160 0.0065
S19 322412 44.4 339 21.7 13113 0.0204
S20 323+16 20.5 325 46.9 17880 0.0278
S21 333420 57.0 30.3 12.7 9569 0.0149
S22 339414 317 332 35.1 17933 0.0279
S23 351412 49.8 355 14.7 12412 0.0193
S24 353424 16.9 36.3 46.8 16678 0.0260
S25 363+ 1.4 31.2 33.7 35.1 17124 0.0267
S26 373+£17 56.5 339 9.6 12365 0.0192
S27 38.1+14 30.0 35.5 34.6 16589 0.0258
S28 39.3£3.0 179 38.7 43.4 16164 0.0252
S29 39.7+ 1.4 41.4 36.7 219 14393 0.0224
S30 410+ 1.9 57.2 34.6 8.2 9600 0.0149
S31 411+ 1.7 23.7 36.1 40.2 18259 0.0284
S32 428+ 1.5 35.4 36.0 285 15901 0.0248
S33 443425 239 39.7 36.5 19276 0.0300
S34 445419 57.3 34.7 8.0 9581 0.0149
S35 459 + 1.7 334 36.5 30.0 15587 0.0243
S36 484+ 2.7 215 39.4 39.1 15322 0.0238
S37 48.5+2.1 56.2 35.9 7.9 8394 0.0131
S38 48.8+ 1.9 333 37.3 29.4 13871 0.0216
S39 517419 40.8 37.8 21.3 10418 0.0162
S40 525425 25.4 39.8 34.9 15325 0.0239
S41 54.6 +2.5 54.5 35.5 10.0 6836 0.0106
S42 56.4 £ 2.5 34.8 39.0 26.1 13104 0.0204
S43 56.9 + 3.4 235 393 37.2 13076 0.0204
S44 60.3 £2.7 49.6 36.4 14.0 8262 0.0129
S45 61.8 £3.2 315 41.1 27.4 13832 0.0215
S46 67.1£3.7 51.6 36.1 12.2 7288 0.0113
S47 70.8 £6.6 319 38.8 29.3 17887 0.0278
S48 76.3+£8.1 39.5 31.0 29.5 10107 0.0157
S49 88.7+9.4 59.7 321 8.2 1777 0.0028
Al 42 20.2 28.6 51.2 5813 0.0090
A2 43 4.9 6.1 89.1 1054 0.0016
A3 45 9.2 222 68.6 3459 0.0054
A4 45 3.9 3.5 92.6 814 0.0013
A5 46 12,9 11.8 75.3 1103 0.0017
A6 47 15.9 18.4 65.6 3581 0.0056
A7 48 22.0 29.8 48.2 9831 0.0153
A8 48 6.0 6.2 87.8 938 0.0015
A9 49 10.8 27.1 62.1 4950 0.0077

A10 49 7.0 9.4 83.6 1876 0.0029
All 50 10.0 8.9 81.1 798 0.0012
> - 35.3 42.9 21.8 642461 100.0000

Experimental

Single particle small-angle X-ray scattering (SP-SAXS):

The SP-SAXS measurements were performed at the Single Particle, Biomolecules and Clus-
ters/Serial Femtosecond Crystallography (SPB/SFX) end-station at the European X-ray Free
Electron Laser (EuXFEL)%*. X-ray pulses with photon energy of 6 keV and average pulse en-
ergy of 1.2 uJ were focused to a diameter of around 250 nm. The sample dispersion was
aerosolized and transported to the X-ray interaction region using an electrospray and aerody-
namic lens stack injection system?*’. Diffraction patterns were collected at an average rate
of 3420 frames/second in 10 bursts of 342 frames per second on the AGIPD-1M detector?*
placed 700 mm downstream of the interaction point.

An average of 2.0 % of the patterns contained statistically significant diffraction from single
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particles above the background scattering, primarily from the carrier gas. Of these 794 902
patterns, 150 200 were discarded due to instabilities in the electrospray, during which very
large droplets were produced. The other 644 702 patterns were first converted to photons using
previously described procedures™, and then classified into 50 classes using the Dragonfly
software?®. This classification is performed using the EMC algorithm?°, where intensity
models on the detector are determined which maximize the likelihood of generating the
observed diffraction patterns using a Poisson noise model. The process was repeated from a
random initial guess 5 times, yielding very similar results.

The results of this classification are shown in Figure S6.1 and Figure S6.2, in the classes labeled
S1-S49. A second round of classification was performed with all patterns belonging to class
averages which deviated from dense spherical particles, the results of which are marked as
Al1-Allin the same figures.

Size determination SP-SAXS sphere classes:
The sphere classes were modeled using a custom Python script. The spherical form factor

f(g,7)is given by

sin(qr) — qr cos(qr)
(gr)? ’

where ¢ is the magnitude of the scattering vector and » = D /2 the particle radius, and the
intensity of monodisperse spherical particles would be

flg,r) = (6.1)

Lnono(q) o< [2(q,7). (6.2)

To account for size polydispersity within a class, we assume a Gaussian probability density
function p(ro, o) of the particle radii,

RY
p(r,ro,0) = \/;_Waexp {—%} , (6.3)

where ry is the mean radius and o is the standard deviation. The scattering intensity of a
polydisperse ensemble, 1,1, (¢), is then calculated by summing the form-factor contributions
of N discrete radii in a -30-range weighted by their probability:
N
Ipoly(Q) X I?oly((b To, U) = Zp(rna To, U) ' fQ(Q7 Tn)' (64)

n=1

To reduce the influence of the high-intensity low-g region during fitting, we minimize the
residual y? using relative intensity weights via

I~ Tnoaa(a) |

2 7 model\ i

= _— . 6.5
X Z { 7 } (6.5)
The parameters ry, o, and a scale factor were refined by minimizing x? using the Leven-
berg-Marquardt algorithm implemented in SciPy’s optimize.least_squares function.?°

Size determination SP-SAXS assembly classes:
The particle sizes of the assembly classes were estimated by assuming a uniform density for
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the spherical assemblies, following the approach of Grote et al.>! The SP-SAXS profiles do
not extend into the Guinier regime, which prevents reliable form-factor fitting. Instead, the
assembly sizes were obtained directly from the position of the first intensity oscillation in
the scattering profile. Specifically, we determine the size from either the maximum or the
subsequent local minimum of the first intensity bump, as illustrated in Figure S6.3.

The zero of the first derivative of equation 6.1 and 6.2 gives the particle diameter of the first
intensity oscillation maximum ¢ 1,.x and the subsequent minimum gs iy, Via:

11.54 15.45

1,max — 9 D2,min - (66)
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Figure S6.3: Radial integration of SP-SAXS assembly classes. The upwards facing red arrow indicates
the local maximum, g1 max, and the downwards facing red arrow indicated subsequent minimum,
¢2,min, Of the first intensity bump, which was used to determine the size of the assembly. To better see
the intensity bump the data is divided by q—.
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Synthesis:

All chemicals were purchased from commercial sources and used without further purification:
Co(acac), (Sigma-Aldrich, 99.99%), Co(acac), (Acros, 99.9%), benzyl alcohol (Sigma-Aldrich,
>99%), and ethanol (VWR, absolute grade).

The synthesis is performed as described by Grote et al..** Co(acac), (179.1 mg, 0.5 mmol)
is added to 5 mL of benzyl alcohol and stirred for 10 min at room temperature. 0.8 mL of
the reaction solution are then transferred to the reaction container of the reactor, which is
described in detail by Grote et.al.. After assembling the reaction container in the reactor, it is
first heated to 60 °C with an heating rate of 1 °C/s for 5 min, and then heated to 160 °C with the
same heating rate. The time of the beginning of the reaction (t) is defined at the point where
the heating of the reaction solution from 60 °C to 160 °C starts. All mentions of the reaction
times are relative to to. For the SP-SAXS measurements the reaction was stopped after 20, 30,
and 40 min, and the reactor was cooled with a cold metal block. Figures S6.4, S6.5, and S6.6
show conventional SAXS, PDF, and TEM data, respectively, of the 20, 30, and 40 min samples.
The samples for the reference EM measurements of Co(acac), precipitates shown in Figure
S6.7¢,d were prepared by stirring Co(acac), (55.4 mg, 0.2 mmol) in 2 mL benzyl alcohol or
ethanol for 30 min at room temperature.

Sample preparation:

The SP-SAXS samples were prepared by centrifuging the quenched reaction solution in ethanol
for 5 min at 3500 rpm, discarding the supernatant, and collecting the residue. The residue was
then weighed and redispersed in a 10 mmol ammonium acetate ethanol solution to obtain a
concentration of 0.075 mg/mL.

Conventional SAXS samples were prepared either by directly filling the reaction solution in
a capillary or by centrifuging at 3500 rpm for 5 min in ethanol, redispersing the residue in
ethanol and filling the capillary with the dispersion.

PDF samples were measured from dry powder after centrifuging at 3500 rpm for 5 min in
ethanol.

EM samples were prepared by depositing one drop of the sample solution on a TEM grid and
washing the grid with a few drops of ethanol.
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Figure $6.4: Conventional SAXS data of (a) reaction solutions in benzyl alcohol (BnOH) after 20, 30, and
40 min reaction time and (b) the reaction solutions redispersed in ethanol (EtOH) after centrifuging at
3500 rpm for 5 min. Both the BnOH and EtOH data show similar scattering profiles at the respective time
points. Both data sets were measured at the lower part of capillary, which showed sample precipitation,
making a comparison of the conventional SAXS to the summed SP-SAXS data, which is measured from
very diluted particles, difficult.
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Figure S6.5: (a) Pair distribution function (PDF) of total X-ray scattering data of 20, 30, and 40 min
samples compared to PDF simulations of rock-salt CoO, Co(acac),**, and Co(acac);%? structures. The
30 and 40 min PDF closely matches the CoO simulation, while the 20 min sample shows features of
both CoO and Co(acac),, which confirms the proposed phase transition of Co(acac), to CoO. (b) Zoom
of the experimental PDFs. The inset lists the peak position of the first and second peak. A detailed PDF
analysis is beyond the scope of this paper, but available in the literature.?!
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Figure S6.6: TEM images of CoO nanocrystal assemblies of reaction aliquots of (a) 20 min, (b) 30 min,
and (c) 40 min. Scale bars 50 nm.

Reaction solution Supernatant
BnOH EtOH

Dissolved Co(acac), Dissolved Co(acac),
in BnOH in EtOH

Figure S6.7: STEM images of spherical aggregates from solutions in benzyl alcohol (BnOH) or ethanol
(EtOH). (a) Quenched reaction solution of the reaction of Co(acac), in BnOH after 20 min reaction time.
(b) Supernatant of washed reaction solution of (a) after centrifugation for 5 min at 3500 rpm in EtOH.
Control experiments: commercial Co(acac), dissolved in (c) BnOH and (d) EtOH for 30 min. Scale bars:
100 nm.

Reproducibility of the synthesis:

The reaction kinetics observed in this study appear slightly slower than those reported by
Grote et al.’! based on the comparison of SAXS, EM, and PDF data. This difference is related to
slight variations in the reactor inlet design, as discussed elsewhere.* The overall trends are
similar.

Furthermore, we occasionally observe crumpled sheet- or rose-like particles with sizes of
approximately 0.5-1.0 um, as shown in Figure S6.8. These particles are beyond the detection
limit of our SP-SAXS set-up and appear more frequently at 20 min, while they are rarely seen at
30 or 40 min. Similar rose-like structures were also reported by Grote et al.’* at reaction times
earlier than 20 min. Given their disappearance as the reaction progresses, we attribute these
particles to side reactions that do not affect the formation of CoO nanocrystal assemblies.

Figure S6.8: SEM image of a rose-like particle from a 20 min reaction aliquot. Scale bar: 500 nm.

Electron microscopy (EM):
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Scanning electron microscopy (SEM) and scanning transmission electron microscopy (STEM)
images were collected using a Regulus 8220 (Hitachi High Technologies Corp.) with an acceler-
ation voltage of 30 keV. Transmission electron microscopy (TEM) images were collected using
a JEM 1011 (JEOL Ltd.) with an acceleration voltage of 100 keV.

Conventional SAXS:

SAXS data was acquired at beamline P62 of PETRA Ill at Deutsches Elektronen-Synchrotron
DESY, Hamburg, Germany. The particle dispersions were filled in a 1 mm diameter borosilicate
capillary and diffraction images were recorded for 30 s at an X-ray energy of 24.30 keV (A =
0.5102 A) using a two-dimensional X-ray detector (EIGER2 X 9M, Dectris Ltd.) with 3108 x 3262
pixels and a pixel size of 75x75 um? and a sample-to-detector distance of 4.946 m, obtained
from a calibration with a silver behenate standard packed into a capillary. The diffraction
images were integrated using PyFAI*®,

Total X-ray scattering (TS) and pair distribution function (PDF) analysis:

TS data was acquired at beamline P21.1'% of PETRA Ill at Deutsches Elektronen-Synchrotron
DESY, Hamburg, Germany. The powder sample was packed in a 1 mm diameter borosilicate
capillary and diffraction images were recorded for 60 s at an X-ray energy of 101.39 keV (A
=0.1222 A) using a two-dimensional X-ray detector (PerkinElmer XRD1621, Varex Imaging
Corp.) with 2048 x 2048 pixels and a pixel size of 200x 200 pm? and a sample-to-detector
distance of 0.301 m, obtained from a calibration with a LaB, powder standard packed into a
capillary. The diffraction images were integrated using PyFAI**¢. The experimental PDFs were
calculated using PDFgetX32*> with values quax inst =25.0 A, Gmax =22.5A7, qin =1.0A™, and
I'poly = 0.9. The PDF simulations were calculated using DiffPy-CMI™* with the same values as
the experimental PDF calculations.
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7 Conclusions

This thesis introduces new synthetic, experimental, and analytical methodologies for metal
oxide and metal nitride nanoparticles, and provides mechanistic insight into their nucleation
and growth by resolving their structural evolution using complementary X-ray techniques.
Figure 7.1 provides a schematic summary of the formation pathways of the main systems
studied - Cu,PdN, Fe;0,, and CoO - together with their corresponding experimental setups.

In situ HERFD-XAS In situ TS / PXRD SP-SAXS
(Y Detector) <~ Detector Detector
Reactor
Electro spray
X-ray beam xray pulses mn@(]
h .
Chapter 4: Fe;0, 5: CuzPdN 6: CoO OH OFe
oC ©Co
ON oCu
©0 OPd
Fe(acac); Cu(OMe), Pd(acac),
Precursor / y
Initial species A OA PR
[Fe;0(BnOAc)s(BnOH),]* [Cu,(OMe),(BnNH,),]** [Pd(BnNH,),]" Co(acac), precipitate

Intermedite / % ?
Pre-nucleation cluster -

Fe;0,4 nanoparticle Cu;PdN nanoparticle CoO nanoparticle assembly

Final product / .
Nanoparticle (assembly) o 00(3

0@30
0%0p°

Figure 7.1: Formation mechanisms of Fe;0,, Cu;PdN, and CoO nanostructures alongside
schematic illustrations of associated experimental setups used to study the respective reac-
tion.

First, we present a versatile reactor that integrates XAS, WAXS, and SAXS experiments at
synchrotron sources on a single experimental platform (Chapter 4). The reactor enables to
study solvothermal syntheses under autoclave-like, inert conditions, and provides precise
control over the reaction temperature between -20 °C and 200 °C, pressures up to 8 bar,
magnetic stirring, and the controlled injection of gases or liquids.

The capabilities of this reactor are demonstrated in the study of the reaction of Fe(acac), to
Fe;0, in benzyl alcohol (Chapter 4). In situ TS together with HERFD-XAS reveal the formation
of a ferric acetate [Fe;O(AcOR)(ROH),]* complex preceding crystallization. Complementary
in situ ATR-IR measurements show the thermal decomposition of acetylacetonate to benzyl
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acetate, which supports the formation of ferric acetate as the intermediate. Together, these
results uncover a nonclassical formation mechanism for Fe;0, nanoparticles and highlight the
strength of the reactor in combining multiple analytical techniques to resolve nucleation and
growth processes in solution. Moreover, the modular reactor design allows straightforward
extension to additional techniques, such as dynamic light scattering or UV/Vis spectroscopy,
providing access to complementary aspects of nanoparticle formation. Beyond Fe;0,, it
its broadly applicable for a wide rage of solution-based synthesis. In particular, its air-tight
conditions enable the in situ investigation of highly sensitive synthesis such as for metal
nitrides.

Building on these capabilities, the reactor is applied to the study of a novel one-pot synthesis
of phase-pure Cu;PdN nanoparticles (Chapter 5). In situ TS and HERFD-XAS measurements
reveal the formation of [Cu(OMe),(BnNH,),]** and [Pd(BnNH,),]* complexes upon dissolution
of the precursors Cu(OMe), and Pd(acac), in the solvent BnNH,. The Rietveld refinements
of the ex situ PXRD patterns confirm the phase purity of the obtained Cu;PdN nanoparticles
and clarify the presence of Cu;Pd impurities that have frequently gone unnoticed in previous
reports. In contrast to all previously reported colloidal Cu;PdN syntheses, the route introduced
here proceeds at a reaction temperature of only 140 °C, which is ~100 °C lower than in earlier
studies. The significantly smaller size of the synthesized Cu;PdN nanoparticles, less than
half that reported for previously described colloidal Cu;PdN, provides in a high surface area,
making them particularly well suited for electrocatalytic applications. We showcase that
Cu;PdN is suitable for the hydrogen evolution reaction, revealing remarkable stability and
good catalytic activity. The double-edge EXAFS analysis reveals pronounced disorder within
the anti-perovskite crystal lattice, where approximately 25 % of the Pd atoms interchange
positions with adjacent Cu atoms, resulting in a disordered structure with partial cation-site
occupancies. This phenomenon likely originates from high cation mobilities combined with
short reaction times and is reported here for the first time for colloidal nitride nanoparticles.
The methodologies and insights gained from the study of Cu;PdN nanoparticle formation
are transferable to other metal nitride systems, opening avenues to optimize their properties
and expand their potential applications in energy conversion and beyond. Most importantly,
controlling the degree of cation-site disorder through parameters such as heating rate, reaction
temperature, reaction time, or precursor concentration could provide a powerful handle to
deliberately tune key material properties, including the band gap, electronic conductivity,
and electrocatalytic activity.

In the preceding studies on Fe;0, and Cu;PdN nanoparticle formation, complementary X-ray
scattering and spectroscopy techniques at synchrotron sources provided detailed insights
into nucleation and growth processes. Despite the rich structural and chemical information ac-
cessible with such conventional analytical X-ray techniques, transient, dilute, or low-contrast
species may remain unresolved because the measured signal represents an average over the
entire illuminated sample volume. This limitation was overcome by introducing SP-SAXS at
XFELs. Using CoO nanoassembly formation as a case study, we demonstrate that, although
previous XAS, WAXS, and SAXS measurements successfully clarified precursor conversion
and CoO crystallization, they could not explain why CoO forms hierarchical assemblies rather
than isolated nanocrystals. By applying SP-SAXS to reaction aliquots, spherical amorphous
Co(acac), precipitates were identified as intermediate species that contract during crystalliza-
tion into cavernous CoO assemblies, thereby resolving the origin of the hierarchical structures.
This result highlights how the single-particle perspective provided by SP-SAXS can address
mechanistic questions that remain inaccessible to even the most comprehensive ensemble-
averaged in situ characterizations.
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Altogether, this thesis extends the methodological toolbox by introducing synthesis ap-
proaches and experimental strategies for investigating nanoparticles - providing new means
to watch nanoparticles form.
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Appendix

The appendix of this thesis presents unpublished preliminary studies. Chapter Al shows
in situ X-ray scattering investigations of tin-doped iron oxide nanoparticles and illustrates
how the introduction of a tin precursor modifies the reaction pathway and the resulting
iron oxide crystal structure. Chapter A2 describes a synthetic route toward phase-pure Cu;N
nanoparticles enabled by the addition of an acetylacetonate precursor. Chapter A3 discusses
crystallographic phase and morphology of side reaction products during the formation of
CoO nanoassemblies. Finally, Chapter A4 presents a fabrication route for nanotextured TiO,
films grown on sapphire substrates.

Al In situ X-ray Scattering Study on Sn:Fe, O,

Iron oxide nanoparticles constitute one of the most extensively studied classes of nanomate-
rials due to their broad applicability in biomedicine, environmental remediation, electronics,
and catalysis.?>32% Their appeal arises from their non-toxicity, low-cost synthesis, elemental
abundance, and rich polymorphism. In particular, hematite (Fe,0;) and magnetite (Fe,0,)
represent the most abundant iron oxide polymorphs, with hematite being the thermodynam-
ically most stable bulk phase, while magnetite is often favored at small crystallite sizes.?>">>8
The magnetic, electronic, and catalytic properties of iron oxides strongly depend on particle
size, morphology, and crystallographic structure, all of which can be tailored by control-
ling reaction parameters such as precursor chemistry, reaction temperature and time, as
well as heteroatom doping. Nevertheless, the underlying formation pathways of iron oxides,
including the transformation of iron species during synthesis, are often poorly understood.*?*

In Chapter 4 we revealed the nonclassical formation of Fe;0, nanoparticles from iron(ll1)
acetylacetonate (Fe(acac);) precursor in benzyl alcohol (BnOH) using in situ X-ray techniques.
Upon reaching the reaction temperature of 180 °C, Fe(acac), converts into an intermediate
[Fe;O(AcOR)s(ROH),]* complex, from which Fe,0, nanoparticles subsequently form. Building
on this work, the present chapter reports preliminary in situ X-ray scattering studies of the
same synthesis, but with the addition of tin(IV) chloride (SnCl,) yielding tin-doped iron oxide
(Sn:Fe,0,) nanoparticles.

Figure Al.1 shows in situ PXRD data recorded during the synthesis of iron oxide nanoparticles
with tin-doping concentrations ranging from 0 to 16 %, together with PXRD calculations of
various metallic and oxide iron and tin phases, of which only Fe;0, and Fe, 0O, can be assigned
to experimental patterns across all datasets. The percentages refer to the molar ratio of
the tin relative to the iron precursor. The 0 % dataset represents the pristine iron oxide
nanoparticle synthesis, which is the same dataset discussed in Chapter 4. Further, to better
compare the progress of the different reactions, Figure A1.2 shows PXRD patterns at identical
reaction time points for the different tin concentrations together with PXRD calculations of
Fe,0, and Fe,0,. The reaction time of 0 min corresponds to the point at which the reaction
temperature of 180 °C is reached. Prior to this point, all PXRD datasets are similar and do
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Figure Al.1: In situ PXRD waterfall plots of Sn:Fe, O, nanoparticle syntheses with different Sn
concentrations compared to PXRD calculations.

not exhibit any Bragg reflection indicating that no crystalline phase forms up to this point.
The early-stage PXRD patterns of the doped samples appear more intense than those of the
undoped sample; however, this effect arises from the normalization of each dataset to the
maximum intensity of the final pattern at 90 min, which is lower for the doped samples than
for the undoped reference. This indicates a decrease in overall crystallinity upon the addition
of tin. This becomes evident upon inspection of the PXRD data at extended reaction times.
At approximately 15 min, Bragg reflections emerge, indicating the formation of iron oxide
phases. For the undoped sample, the reflections are consistent with the Fe;0, structure.
Increasing tin concentrations lead to a progressive broadening of the reflections, attributable
to a reduction in crystallite size and increased structural disorder, as well as to the emergence
of a secondary Fe,0, phase alongside Fe;0,. A similar trend has been observed for the same
synthesis performed under microwave heating.?° In contrast to the present synthesis carried
out in the in situ reactor,'® the PXRD patterns of Sn:Fe,0, nanoparticles obtained from the
microwave-assisted synthesis exhibit intense and sharp Fe,0; Bragg reflections alongside
broad Fe;0, Bragg reflections, indicating the presence of large Fe, 0O, crystallites and small
Fe,0, crystallites. Despite identical nominal reaction temperatures, this discrepancy may
arise from a lower effective temperature in the in situ reactor, caused by the temperature
sensor being positioned outside the reaction solution.

In situ PDFs of the same datasets are shown in Figure A1.3. Figure A1.4 compares PDF patterns
of same reaction time point of the the different tin concentrations with PDF calculations
of observed phases. The early-stage in situ PDFs of different tin concentrations exhibit the
same features and overall trends, suggesting an identical transformation of the iron precursor
Fe(acac), into the pre-nucleation cluster [Fe;O(AcOR)¢(ROH),]*. With increasing tin concen-
tration, the PDF patterns at the beginning of the reaction show an increasingly intense peak
at ~2.3A. This feature originates from the addition of SnCl,; however, based on the PDF
data alone and in the absence of a dedicated structural refinement, it cannot be determined
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Figure Al1.2: Comparison of PXRD patterns from different Sn concentrations at selected reaction
time points compared to calculated Fe;0, and Fe, 0, patterns.

whether this contribution arises from intact SnCl, species or from tin coordinated to organic
ligands upon solvation in the reaction solution. The PDF patterns at -15 min all exhibit a
decaying wavy background, best visible between 7 and 9 A, due to solvation spheres of BnOH
surrounding Fe(acac);.2%° As observed in the PXRD data, increasing tin concentration leads
to the formation of Fe,0, contributions at extended reaction times, as evident by the shift
of the most intense PDF peak at ~3.5 A to higher r-values, and the increase of the PDF peak
amplitude of the first peak at ~2.0 A relative to the most intense PDF peak. Further, the co-
herent domain size of the formed crystalline phases at extended reaction times reduces with
increasing tin concentration, as seen by the reduction of high-r features in the PDFs.

To compare the reaction progression for different tin concentrations, Figure A1.5 shows the
evolution of the peak maximum positions and amplitudes of the first three PDF peaks. The PDF
peaks comprise contributions from all species within the reaction volume, which complicates
the disentanglement of individual peak contributions and the overall analysis, particularly
upon addition of the tin precursor that results in multiple species being present throughout
the reaction. Moreover, the peak maximum positions extracted from the in situ PDFs do not
yield sub-A-accurate interatomic distances, and the peak amplitudes are influenced by several
factors, including structural disorder, crystallite size, and atomic identity, further complicating
a direct comparison between different tin concentrations. Nevertheless, these data allow a
qualitative assessment of trends that reflect the overall course of the reactions.

The peak contributions are dominated by interatomic pair correlations involving iron atoms,
owing to the prevalence of iron-containing species in the reaction mixture and the substan-
tially higher scattering power of iron compared to organic atoms.®® Hence, the dominant
interatomic pair correlations are assigned to iron species and are summarized in Table Al.1
together with the corresponding distances of the first three PDF peaks. These peaks are con-
sistently highlighted in yellow, green, and red (Peaks I, 11, and I1I, respectively) in Figure Al1.4,
Figure AL.5, and Table Al.1.
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Table Al1.1: Atomic correlation of the main contributions of the observed iron species to the first
three PDF peaks and their interatomic distances. Fe® and Fe* denote the Fe center in FeO4-octahedra
and FeO,-tetrahedra, respectively, and italic letters c, e, or f denote corner-, edge-, or face-shared
polyhedra, respectively.

Fe(acac), [Fe;O(ACOR)¢(ROH),1* Fe;0, Fe,0,
PeakI  Fe—O(~2.0A) Fe—0 (~2.0A) Fe®-0 (~2.1A) Fe®-0 (~2.1A)
PeakII  Fe—C(~2.9A) Fe—C (~3.0A) e—Fe®—Fe® (~3.0A) f—Fe®—Fe®(~2.9A)
PeakIII Fe—C (~3.3A) Fe—Fe (~3.34) c—Fe®—Fe* (~3.5A) c—Fe®—Fe® (~3.7A)

The reaction stages can be traced from the evolution of the peak positions: Peaks I and II
exhibit plateaus before ~0 min, corresponding to the prevalence of the initial iron species
Fe(acac);, and after ~30 min, when Sn:Fe,0, has formed. The intermediate region between
these plateaus is associated with the presence of the intermediate species [Fe;O(AcOR)(ROH),]".
Overall, tin addition to the reaction results in an increase of the peak positions. Tin has a
larger ionic radius than iron, leading to an expansion of the average first coordination shell, as
reflected by the position of Peak I, and an increase in position of Peak IT and III at extended
reaction times due the expansion of the iron oxide crystal lattice from potential interstitial or
substitution tin-doping. The data presented here do not allow a clear determination of the tin
species present throughout the reaction; however, the increased position of Peak IT between
0 and 30 min for the 8 and 16 % reactions may suggest the formation of an intermediate tin
species, assuming that the intermediate iron species [Fe;O(AcOR)(ROH),]" is not altered
by the introduction of tin. Before 15 min, the position of Peak III is highly noisy and does
not permit a meaningful comparison. Beyond this point, the 16 % dataset exhibits a steady
increase in peak position associated with the formation of Fe,0;. The peak position continues
to shift until the final time point at 90 min, showing that the transformation toward Fe,0; is
still ongoing.

Similar to the PDF peak positions, the amplitudes also reflects distinct reaction stages. The
relative peak amplitudes of Peak 111 remain close to zero until a sudden increase at ~0 min,
marking the onset of formation of the intermediate cluster [Fe;O(AcOR)s(ROH),]". With in-
creasing tin concentration, this onset shifts to earlier reaction times. A comparable trend
is observed in the evolution of the position of Peak I, indicating an accelerated reaction
progression upon the addition of tin.

In summary, this chapter presents preliminary in situ PXRD and PDF studies of the synthesis of
Sn:Fe, O, nanoparticles in BnOH from Fe(acac); and varying concentrations of SnCl, ranging
from 0 to 16 molar %. The undoped 0 % reaction yields Fe;0, nanoparticles, whereas the
addition of SnCl, leads to the formation of a secondary Fe,0, phase alongside Fe;0,. Fur-
thermore, the data show that the presence of SnCl, reduces the coherent domain size of the
nanoparticles and accelerates the overall reaction progression. The introduction of SnCl, into
the reaction solution may result in the formation of HCI, which could exert a catalytic effect by
accelerating the reaction kinetics and/or promoting the direct formation of Fe,0, or a phase
transformation from Fe;0, to Fe,0,.

A comprehensive understanding of the formation pathways of Sn:Fe,O, requires dedicated
PDF refinements to follow the structural evolution of both tin and iron species through-
out the reaction, as well as Rietveld PXRD or PDF refinements to elucidate the formation of
the Sn:Fe, O, structure at different tin concentrations. In addition, in situ EXAFS or XANES
analysis could element-specifically track the local chemical environment of tin and iron.
Complementary SAXS and TEM measurements would further provide insight into particle
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Figure A1.5: Evolution of maximum positions and amplitudes for different tin concentrations
of the first three peaks. The amplitudes are normalized by the maximum amplitude within each
dataset.

size and morphology, while elemental analysis would yield the actual tin concentrations of
the nanoparticles. The rich polymorphism of iron oxides implies a wide range of possible
structural configurations, rendering the determination of the Sn:Fe, O, structure particularly
nontrivial. Tin may occupy substitutional or interstitial sites within the iron oxide lattices and
may further modify the connectivity of Sn- or FeO, polyhedra within the underlying structural
motifs, giving rise to multiple plausible local and extended structures.?6-264

Looking ahead, this synthesis route could be applied to fabricate Sn:Fe, 0, electrodes for pho-
toelectrochemical water splitting. Fe, O, is a promising catalyst for the oxygen evolution reac-
tion, for which tin doping has been shown to significantly enhance its catalytic activity.?>%-265-268
Fe,O; films have previously been produced by depositing Fe;0, nanoparticles onto a sub-
strate followed by thermal treatment to induce their transformation to Fe,0,.2%%%%%27 Since
the addition of tin already promotes the formation of Fe,0, during the synthesis, this ap-
proach could reduce the calcination temperature required to obtain Sn:Fe,0, electrodes,
while directly introducing tin dopants to yield an efficient catalyst.?"
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Experimental

Chemicals

All chemicals were purchased from commercial sources: Fe(acac),; (Sigma Aldrich, 99.9%),
benzyl alcohol (Sigma Aldrich, 99.8%), SnCl, (Sigma Aldrich, 99.995%); and were stored and
handled in the glove box under an inert atmosphere: Ar 6.0 purity, c¢(H,0) <0.1 ppm, c(0,) <
0.1 ppm.

Synthesis

In a typical synthesis, a stock solution was prepared in the glove box by dissolving Fe(acac),
(352.2 mg, 1.0 mmol) in 5 mL of BnOH under stirring until complete dissolution of the iron pre-
cursor was achieved. Further, 2.34,4.68,9.32 or 18.64 pL of SnCl,, corresponding to 0.02 mmol,
0.04 mmol, 0.08 mmol, or 0.16 mmol, respectively, were added to the stock solution to obtain
nominal tin-doping levels of 2, 4, 8, or 16 at.%.

An aliquot of 80 pL of the resulting solution was then transferred to the reactor inlet. After
assembly, the reactor was removed from the glove box and heated to 180 °C at a heating rate
of 10 °C min™ under vigorous stirring.

In situ scattering

The data were acquired at beamline P21.1 at PETRA Il at Deutsches Elektronen-Synchrotron
DESY, Hamburg, Germany.!3> Two-dimensional scattering patterns were recorded every 1s at
an X-ray energy of 101.39 keV (A =0.1222 A) using an X-ray area detector (PerkinElmer XRD1621,
Varex Imaging Corp.) equipped with a 2048x2048 pixel array and a pixel size of 200x200 pm?.
A LaB, powder standard packed in the reaction inlet was used to calibrate the sample-to-
detector distance of 0.390 m, as well as instrumental parameter qgamp = 0.0494 A and qprond
=0.0374A™. Azimuthal integration and detector calibration were carried out using pyFAI*3,
PDF calculations were performed using diffpy-CMI™* and PXRD calculations were conducted
with GSAS-11%°, Background subtraction was carried out by scaling the background pattern
to the data pattern without introducing negative intensities in the range between 1.05A™
and 1.45A™. The PXRD and PDF analysis was performed on the same datasets. PDFs were
calculated with values quin = 1.1A™, quuay = 14.2 A7, Quuainse = 24.0A7%, and 1y, = 0.9.

Author contributions

My contribution to this work comprises the analysis of in situ X-ray scattering data. The data
was acquired by Cecilia Zito, Francesco Caddeo, Jagadesh Kopula Kesavan, Tjark R. L. Grone,
Lars Klemeyer, Philip Ulmen, Brian Jessen, and myself. Francesco Caddeo and Paul Kiihn
proposed the concept of tin-doping.
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A2 Synthesis of - the Role of Acetylacetonate on
Phase-purity

Copper nitride Cu;N is a relatively underexplored, metastable direct semiconductor that has
attracted attention due to its low cost, non-toxicity, and promising potential for applications
in solar cells, high-density optical data storage, and electrocatalysis.'®**"2273 Cu,N crystallizes
in the rather open cubic anti-ReO; lattice composed of corner-shared NCu, octahedra. This
structural motif allows interstitial heteroatom incorporation, enabling deliberate tuning of
the electronic structure toward semimetallic or metallic behavior,*>?"* as demonstrated in
Chapter 5 for Cu;PdN.

Due to its metastability, the synthesis of phase-pure Cu;N is challenging and, in most cases, re-
quires elevated reaction temperatures and multiple reaction steps.>>158163.272 A |ow-temperature
one-pot synthesis has been reported in which ultrasmall (~2 nm) Cu;N nanoparticles are
obtained from copper(ll) methoxide (Cu(OMe),) in benzylamine (BnNH,) at a reaction temper-
ature of 140 °C.>* Despite numerous attempts in our laboratory, this synthetic route could not
be reproduced, as the resulting nanoparticles consistently exhibited significant copper oxide
impurities. This chapter discusses an alternative approach toward the synthesis of stable,
phase-pure Cu;N nanoparticles by introducing copper(ll) acetylacetonate (Cu(acac),) into the
reported reaction scheme.

Figure A2.1 shows the PXRD patterns and corresponding Rietveld refinements of nanopar-
ticles synthesized using different molar precursor ratios of Cu(OMe),:Cu(acac),, as well as
syntheses based on Cu(OMe), with the addition of acetylacetone (acacH). A precursor ratio of
3:1 Cu(OMe),:Cu(acac), yields phase-pure Cu;N nanoparticles, whereas all other investigated
compositions exhibit copper oxide impurities. The refined phase fractions and crystallite sizes
are summarized in Table A2.1. The sample prepared following the reported reaction scheme®*
using Cu(OMe), as the sole precursor exhibits a cupric oxide (CuO) impurity of ~20 %. Re-
placing 25 % of the Cu(OMe), with Cu(acac), results in phase-pure Cu;N. In contrast, further
increasing the Cu(acac), fraction to 50, 75, or 100 % leads to the predominance of the cuprous
oxide (Cu,0) phase, with only minor Cu;N fractions of 10-20 %.

Since the addition of acetylacetonate (acac) in the right ratio leads to phase purity, the use of
acetylacetone (acacH) was explored as a potential alternative with a similar effect. However,
the tested Cu(OMe),:acacH molar ratios of 4:1 and 4:4 resulted in pronounced copper oxide
impurities of approximately 30 % and 70 %, respectively. To more closely reproduce the
effective 3:1 Cu(OMe),:Cu(acac), ratio of either the ligands OMe and acac, or copper ion and
acac, future experiments should explore molar ratios of 3:1 OMe:acacH or 3:2 Cu(ll):acacH,
which may provide a suitable route to achieve phase-pure Cu;N.

To evaluate the ambient stability of the phase-pure Cu;N nanoparticles, Figure A2.2 compares
PXRD patterns and corresponding Rietveld refinements of the 3:1 Cu(OMe),:Cu(acac), batch
measured directly after synthesis and washing, as well as after exposure to air for periods
ranging from 1 to 19 days. Even after 19 days, no crystalline oxide phase is observed in the
PXRD patterns. However, the refined Cu;N crystallite size shows a slight decrease over time, as
summarized in Table A2.2. This trend may indicate the gradual formation of a thin amorphous
oxide layer on the surface of the Cu;N nanoparticles upon prolonged exposure to air.

In summary, this chapter introduces a synthesis route for phase-pure ~3 nm Cu;N nanopar-
ticles using Cu(OMe), and Cu(acac), precursors in a 3:1 molar ratio in BnNH, at 140 °C. De-
viations from this precursor ratio lead to the formation of copper oxide impurities, high-

116



APPENDIX

Cu(OMe), : Cu(acac),

O Data
— Fit
Difference

Intensity (a.u.)

3
q (A7)

Figure A2.1: PXRD patterns and Rietveld refinements of nanoparticles synthesized using different

precursor ratios, compared to PXRD calculations of the observed phases.

Table A2.1: Rietveld-refined phase fractions and crystallite sizes of Cu;N, CuO, and Cu,0.

Precursors Cu(OMe),:Cu(acac), Cu(OMe),:acacH
Ratio 4:0 3:1 4:4 1:3 0:4 4:1 4:4
Scale Cu;N 0.80 1.00 0.16 0.18 0.13 0.69 0.32
Size Cu;N (hm) 3.0 3.2 3.0 3.0 4.4 2.9 4.1
Scale CuO 0.20 0.00 0.00 0.00 0.00 0.06 0.05
Size CuO (nm) 5.7 - - - - 3.4 6.6
Scale Cu,0 0.00 0.00 0.84 0.82 0.87 0.24 0.63
Size Cu,0 (nm) - - 3.2 3.3 2.1 2.1 3.3
Rw (%) 1.67 1.90 1.38 1.60 1.37 1.15 1.50

Table A2.2: Rietveld-refined crystallite sizes of phase-pure Cu;N synthesized with a 3:1
Cu(OMe),:Cu(acac), precursor ratio after exposure to air for different durations.

Timeinair(day) 0 1 5

14 19

Size Cu;N (nm)
Rw (%)

32 29 28

28 2.7
190 1.82 173 194 134
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Figure A2.2: PXRD patterns and Rietveld refinements of phase-pure Cu;N nanoparticles synthe-
sized with a 3:1 Cu(OMe),:Cu(acac), precursor ratio after exposure to air for different durations.

lighting the decisive role of acetylacetonate in controlling phase-purity. While the empirical
effectiveness of Cu(acac), addition is demonstrated, a mechanistic understanding of how
acetylacetonate influences precursor conversion, nucleation, and phase selection remains
unresolved.

A deeper insight into the synthesis mechanism could be obtained through in situ X-ray charac-
terization techniques by monitoring precursor transformations, nucleation, and crystallization.
Complementary optical spectroscopic methods such as in situ ATR-IR or UV/Vis spectroscopy
could be employed to track organic species, including acetylacetonate and methoxide lig-
ands, and to elucidate their role in stabilizing reactive intermediates. Furthermore, ex situ
surface-sensitive techniques such as X-ray photoelectron spectroscopy (XPS) could provide
detailed information on surface composition, ligand termination, and potential oxidation
processes of the Cu;N nanoparticles after synthesis.

Looking ahead, the reaction scheme presented here offers a promising platform for the con-
trolled one-pot and low-temperature synthesis of phase-pure nitride nanomaterials beyond
Cu;N. The deliberate use of chelating ligands such as acetylacetonate to steer precursor
chemistry and phase selection may be transferable to other binary or ternary metal nitrides.
Extending this approach could enable access to metastable nitride phases with tailored com-
positions and properties, providing new opportunities for applications in optoelectronics,
catalysis, and energy-related technologies.

Experimental

Chemicals
All chemicals were purchased from commercial sources: Cu(OMe), (Thermo Scientific, 98%),
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Cu(acac), (Sigma Aldrich, 99.9%), acetylacetone (Sigma Aldrich, > 99.995%), benzylamine
(Sigma Aldrich, 99.8%), hexane (Sigma Aldrich, 99%); and were stored and handled in the
glove box under an inert atmosphere: Ar 6.0 purity, c(H,0) <0.1 ppm, c(0,) <0.1 ppm.

Synthesis

The reaction solution was prepared inside a glove box by adding Cu(OMe), and/or Cu(acac),,
or acetylacetone (acacH), and in 35 mL of benzylamine in a 45 mL Teflon liner equipped
with a stirring magnet. The employed masses and corresponding molar concentrations are
summarized in Table A2.3. Subsequently, the Teflon liner was assembled in an autoclave,
and the autoclave was then removed from the glove box, and placed in a preheated oil bath
at 140 °C for 2 h under vigorous stirring. After completion of the reaction, the autoclave was
removed from the oil bath and allowed to cool naturally to room temperature. Following
the synthesis, the nanoparticles were washed three times with hexane and centrifuged for
10 min at 10 000 rpm. After the final centrifugation step, the nanoparticles were dried under a
nitrogen flow.

Table A2.3: Weights or volumes and molar concentrations of the precursors used to prepare the
5 mL stock solutions for Cu;N syntheses.

Precursors Cu(OMe),:Cu(acac), Cu(OMe),:acacH
Ratio 4:0 3:1 4:4 1:3 0:4 4:1 4:4
Cu(OMe),

w (mg) 50.0 37.5 25.0 12.5 0.0 50.0 50.0
¢ (mmol/ml) 0.08 0.06 0.04 0.02 0.00 0.08 0.08
Cu(acac),

w (mg) 0.0 26.2 52.4 78.5 104.72 - -
¢ (mmol/ml) 0.00 0.02 0.04 0.06 0.08 - -
acacH

V (L) - - - - - 10.3 41.1
¢ (mmol/ml) - - - - - 0.02 0.08

Powder X-ray Diffraction (PXRD) & Rietveld Refinement

PXRD patterns were acquired on a Bruker Advanced D8 with Cu Kx-radiation of 8.048 keV
(A = 1.541A). Rietveld refinements and PXRD calculations were carried out with GSASII.®®
Instrumental parameters have been retrieved by refining a LaB, standard. In the Rietveld
refinements, only the phase scale factors, spherical crystallite size, and background were
refined. The lattice parameters and atomic displacement parameters were fixed, as summa-
rized in Table A2.4. PXRD calculations were performed assuming a crystallite size of 4 nm for
all phases.

Table A2.4: Fixed parameters for Rietveld refinements.
Phase Lattice parameter Atomic displacement parameter
Cu: U,; =0.0013A2,U,, =0.0035 A2
N: U, = 0.005 A2

a=4.686A,b=3.423A Cu:U,, =0.0057 A2, U,, =0.0079 A2, U,; = 0.0045 A2

Cu;N  a=3.814A

o 5129 A,$=99.54° 0:U;; =0.0068A%, Uy, =0.0111 A%, U,, = 0.0056 A2
_ : Cu: U, =0.01 A2
Cu,0 a=4.247A 0: U =0.01 A2

1ISO
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Author contributions

My contribution to this work comprises the concept of introducing acetylacetonate to achieve
phase purity, as well as the analysis of the PXRD data. The synthesis and PXRD measurements
were carried out by Jagadesh Kopula Kesavan, Paul Kiihn, and myself.

120



APPENDIX

A3 X-ray and Electron Diffraction of CoO Nanoassemblies
and Intermediate Phases

This chapter presents preliminary PXRD and electron microscopy analyses of different inter-
mediate reaction time points during the formation of CoO nanoassemblies from cobalt(lIl)
acetylacetonate (Co(acac),) in benzyl alcohol (BnOH). Previous in situ X-ray studies on the
same synthesis have shown that the precursor Co(acac); is first converted into cobalt(Il) acety-
lacetonate (Co(acac),), from which rock-salt CoO nanoassemblies subsequently form.?! The
single-particle small-angle X-ray scattering (SP-SAXS) analysis presented in Chapter 6 further
revealed that Co(acac),, due to its poor solubility in BnOH, forms spherical, amorphous pre-
cipitates that contract during crystallization into cavernous CoO assemblies. This explains the
formation of hierarchical nanoassemblies rather than isolated CoO nanoparticles.

In this reaction, all intermediate species are fully converted into rock-salt CoO nanoassemblies
after approximately 90 min.®! In the present work, electron microscopy and PXRD analyses of
reaction aliquots collected at 20, 30, and 40 min reveal the presence of additional morpholo-
gies and contributions from cobalt hydroxide (Co(OH),) and a hexagonal CoO phase alongside
the previously identified amorphous Co(acac), spherical precipitates and the emerging rock-
salt CoO nanoassemblies. Hereafter, the cubic rock-salt CoO phase is referred to as c-CoO, in
contrast to the hexagonal CoO phase, denoted as h-CoO.

Figure A3.1 shows transmission and scanning electron microscopy (TEM and SEM) images
acquired at the intermediate reaction stages. Amorphous Co(acac), spheres and c-CoO
nanoassemblies with sizes of a few tens of nanometers are highlighted by blue and violet
arrows, respectively. In addition, micrometer-sized, rose-like crumbled sheet structures are
present, as indicated by green arrows. These rose-like morphologies are most frequently
observed at 20 min and occur with decreasing frequency as the reaction time increases. At
30 min, the images further show nanoparticle assemblies (highlighted by red arrows) that are
larger than the c-CoO nanoassemblies, with overall sizes of approximately 100 to 300 nm and
internal grain sizes of about 10 nm. These grains are noticeably larger than those of the c-CoO
nanoassemblies, which typically range from 3 to 7 nm.%!

Figure A3.2 shows PXRD patterns collected at the different reaction times together with cor-
responding Rietveld refinements, as well as simulated reference patterns and structural
representations of the identified phases Co(OH),, c-Co0O, and h-CoO.

The 20 min PXRD pattern can be assigned to layered Co(OH),, in agreement with reported
diffraction data for Co(OH), films.?”> Co(OH), crystallizes in a hexagonal structure composed
of layered edge-sharing CoO, octahedra normal to the (001) direction, with hydrogen atoms
located between the layers (Figure A3.2e). We fit the 20 min pattern using an uniaxial model
along (001) to account for the sheet-like morphology observed in the electron microscopy
images (Figure A3.2f). The refinement yields an equatorial crystallite size of ~9 A and an axial
size of <1 A. In addition, the refined lattice parameter c, along the (001) direction, expands by
>50 % compared to the initial lattice parameter, suggesting the interstratification of additional
species between the layered CoO, octahedra.

We note that the simplified structural model employed for the refinement of the Co(OH),
phase does not permit the extraction of precise structural parameters. In particular, it does
not account for structural disorder frequently observed in layered hydroxides, such as stack-
ing faults, turbostratic disorder, or interstratification, all of which contribute to reflection
broadening that can be misinterpreted to crystallite effects.?’® Moreover, the model does not
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Figure A3.1: TEM images (top and middle row) and SEM images (bottom row) of different reaction
time points. The colored arrows highlight representative particles of the four different morphologies:
violet: c-CoO nanoassemblies, blue: Co(acac), spherical aggregates, green: Co(OH), rose-like crumbled
sheets, red: h-CoO nanoparticle assemblies noticeably larger than the ¢-CoO assemblies. Scalebars:
a-c: 100 nm, d-i: 1 um.
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Figure A3.2: PXRD patterns and corresponding multiphase Rietveld refinements at different
reaction time points, compared with individual PXRD simulations and structural representations
of the identified phases. All spherical models were simulated assuming a diameter of 5 nm, while the
uniaxial models were simulated with an axial size of 0.5 nm and an equatorial size of 9 nm.

123



A3 X-RAY AND ELECTRON DIFFRACTION OF COO NANOASSEMBLIES AND INTERMEDIATE PHASES

consider possible intercalated species and the refined expansion of the c lattice parameter
introduces an artificial distortion of the CoO4 octahedra. Nevertheless, the approach provides
a qualitative description of the observed structure. To illustrate the influence of the refined
parameters, Figure A3.2c,d shows simulated PXRD patterns of Co(OH), using both spherical
and uniaxial crystallite size models, including variations of the c lattice parameter. The uni-
axial model produces pronounced (hkO) reflections with shoulders toward higher g-values
arising from the broadening of (hkl) reflections with |£0. Such anisotropic peak shapes are
characteristic of thin nanosheets comprising only a few atomic layers.?”"~28 Comparison of
the simulated uniaxial pattern with the experimental data shows that the model significantly
underestimates the intensity of the (001) reflection at ~0.6 A™. For this reason, the (001) reflec-
tion was excluded from the Rietveld refinement range, which results in a large uncertainty of
the refined c lattice parameter. However, the manually extracted g-position of this reflection
allows the determination of c and thus directly provides the corresponding d-spacing of the
layered structure.

Residual contributions of the reflections observed in the 20 min PXRD pattern are presentin
the 30 min and 40 min patterns, albeit with progressively decreasing intensity. This behavioris
consistent with the electron microscopy observations, which show a diminishing occurrence
of the rose-like particles as the reaction proceeds. In addition, the Co(OH), (001) reflection
gradually shifts toward lower g with increasing reaction time. This shift corresponds to an
increasing interlayer spacing and may be caused by the intercalation of additional or larger
species between the layered CoO4 octahedra. The extracted peak positions and corresponding
d-spacings are listed in Table A3.1.

Table A3.1: g-position and d-spacing of the Co(OH), (001) reflection.
20min 30 min 40 min
qAT) o7 0.59 0.45
d (A) 9.9 10.7 13.4

Both the 30 min and 40 min PXRD patterns exhibit intense reflections consistent with the
cubic rock-salt CoO structure (c-CoO, Fm3m). In addition, the 30 min pattern shows weak
reflections that can be assigned to the hexagonal CoO phase (h-CoO, P63mc). Since the h-
CoO reflections are absent in the 20 min and 40 min datasets, they are attributed to the large
nanoparticle assemblies observed only in the 30 min electron microscopy images (Figure A3.1).
The 30 min and 40 min PXRD patterns were refined using the CoO phases together with the
Co(OH), structure with all structural parameters fixed to the values obtained from the 20 min
refinement.

The refined parameter for all datatsets are summarized in Table A3.2. The refinements show
the diminishing Co(OH), and increasing c-CoO contribution over time, and the occurrence of
a small h-CoO fraction at 30 min.

Given that a simplified structural model is employed for the refinement, Figure A3.3 further
compares the experimental patterns with PXRD simulations of all experimentally reported
structures with compositions Co, Co-O, Co-O-H, and Co-O-H-C available in The Materials
Project database?®, as well as cobalt acetylacetonate-related structures reported in the
literature.>*?>2 None of these additional phases match the experimental patterns, apart
from the identified uniaxial Co(OH),, and spherical c-CoO and h-CoO structures.
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Table A3.2: Rietveld refinement results. For c-CoO and h-CoO, a spherical crystallite size was as-
sumed. For Co(OH),, an uniaxial crystallite size model was applied along the (001) direction; its reported
crystallite sizes correspond to equatorial size / axial size. Parameters marked with an asterisk (*) were
held fixed during the refinement. Further, all atomic displacement parameters for all phases were fixed
at 0.01A%. The employed Rietveld refinement software®® does not permit decimal nanometer values
for fixed uniaxial crystallite sizes. Consequently, the corresponding values for Co(OH), in the 30 min
and 40 min refinements were rounded.

Intensity (a.u.)

Ry (%) Phase Wt.frac. (%) Size(nm) a(A) c(A)

20 min 10.8 c-CoO 6 1.6 4.263 -
Co(OH), 94 9.4/05 3.117 9.769

h-CoO - - - -

30 min 9.5 c-CoO 43 5.2 4.272 -
CO(OH)2 51 9*/1* 3.117* 9.769*
h-CoO 6 9.0 3.240 5.235

40 min 7.9 c-CoO 75 5.2 4.261 -
CO(OH)2 25 9*/1* 3.117* 9.769*

h-CoO - - - -
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Figure A3.3: Simulated PXRD patterns of elemental cobalt, cobalt oxide, hydroxide, carbonate-
related, and acetylacetonate phases. The structural models were obtained from crystallographic

databases
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crystallite size of 5nm.

and literature sources?>1252:285 Al simulations were calculated assuming a spherical
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Figure A3.4 shows selected area electron diffraction (SAED) patterns acquired at the intermedi-
ate reaction times. Table A3.3 lists the first four diffraction ring positions and compares them
with reference values for c-CoO and Co50,. The SAED rings observed at 20 min (Figure A3.4a,b)
can be attributed to a subset of Co,0, reflections, suggesting the presence of a preferentially
oriented structure. However, corresponding reflections are not observed in the 20 min PXRD
pattern (Figure A3.2), indicating that this apparent Co,0, signature may arise from electron-
beam-induced phase-transition from Co(OH), during the SAED measurement. SAED patterns
at 30 min from regions containing the c-CoO nanoassemblies (Figure A3.4c,d) exhibit spotty
diffraction rings that match the c-CoO structure. At a larger probed area (Figure A3.4e,f), these
rings become more continuous due to the increased number of scattering c-CoO particles.
In addition, these larger regions include the h-CoO nanoassemblies with crystallites that
are larger than in the c-CoO nanoassemblies, giving rise to additional isolated diffraction
spots in the SAED patterns. Since there are only few isolated diffraction spots, they cannot
be unambiguously assigned h-CoO. By 40 min, the SAED patterns (Figure A3.4g-j) display
diffraction rings that are entirely consistent with the c-CoO crystal structure.

Figure A3.4: SAED patterns (top row) and corresponding TEM images (bottom row) at different
reaction time points. The g-values of the highlighted peaks in the SAED images are determined using
the camera constant of 76.261 pm A™L. Scalebars: a: 20 um, b: 2 pm, ¢: 20 pm, d: 100 nm, e: 20 um, f:
500 nm, g: 20 um, h: 100 nm, i: 20 pm, j: 2 um.

Table A3.3: SAED ring positions compared to reference reflection positions of c-CoO and Co,0,.
The letters in the column refer to the sub-figures of the corresponding SAED pattern in Figure A3.4.
20 min 30 min 40 min c-CoO Co;0,

a,b c,d e,f gh i, j

qA)  q(A q(A) q(A) q(A) hk q(A) hkl  q(A)

Ring #

2.25 251 251 251 251 2.55 2.21

- 3.84 295 295 295 295 2.95 3.83
3 4.49 411 410 411 - 220 4.17 440 4.42

4 5.98 479 477 479 - 311 4.89 731/533 5.00

In conclusion, this chapter reveals the presence of additional transient morphologies during
the formation of c-CoO nanoassemblies from the crystallization of amorphous spherical
Co(acac), precipitates at reaction times of 20, 30, and 40 min. Rietveld refinements of the
PXRD patterns, supported by comparison with simulated reference structures, allow the
micrometer-sized rose-like crumpled sheets observed predominantly at 20 min to be assigned
to layered Co(OH),. The refinement requires a uniaxial crystallite size model to account for
the anisotropic peak shapes, consistent with thin nanosheet morphologies. However, the
simplified structural model does not capture possible stacking disorder, turbostraticity, or

126



APPENDIX

intercalation effects, and therefore provides only a qualitative description of the layered
hydroxide phase.

At 30 min, additional reflections attributable to h-CoO are identified, corresponding to large
nanoparticle assemblies with overall sizes of 100 to 300 nm and larger internal grain sizes
compared to the c-CoO nanoassemblies. This h-CoO contribution is transient, being absent at
20 and 40 min, suggesting that it represents a metastable intermediate or side product.

Taken together, the combined PXRD refinements and electron microscopy analyses indicate
that the observed Co(OH), sheets and h-CoO assemblies arise as side reaction products that
do not fundamentally alter the dominant formation pathway of c-CoO nanoassemblies via
amorphous Co(acac), spheres.

Experimental

Synthesis and sample preparation

All chemicals were purchased from commercial sources and used without further purification:
Co(acac)s (Sigma-Aldrich, 99.99%), benzyl alcohol (Sigma-Aldrich, >99%), and ethanol (VWR,
absolute grade).

The CoO nanoassemblies were synthesized by heating a reaction solution of 0.1 mmol mL™
Co(acac), in benzyl alcohol at 160 °C for reaction times of 20, 30, or 40 min in a heating reactor.
A detailed description of the synthesis procedure is provided in Section S6.

STEM and TEM samples were prepared by depositing one drop of the sample solution after the
respective reaction time onto a TEM grid, followed by rinsing with a few drops of ethanol. PXRD
samples were measured from dried powders of three combined synthesis batches for each
reaction time obtained from centrifuging the reaction solution with the addition of ethanol at
3500 rpm for 5 min.

Powder X-ray Diffraction (PXRD)

PXRD measurements were performed on the powders packed in 2.1 mm borosilicate cap-
illaries. The data were measured at beamline P21.1 at PETRA Il at Deutsches Elektronen-
Synchrotron DESY, Hamburg, Germany.**> Two-dimensional scattering patterns were recorded
for 60 s acquisition time at an X-ray energy of 101.31 keV (\ = 0.1222 A) using an X-ray area
detector (PILATUS3 X CdTe 2M, DECTRIS AG) equipped with a 1475x1679 pixel array and a pixel
size of 172x172 um?. A LaB, powder standard packed in the capillary was used to calibrate the
sample-to-detector distance of 0.801 m. Azimuthal integration and detector calibration were
carried out using pyFAI*3¢. PXRD calculations were conducted with GSAS-11%°. A background
measurement was performed on an empty capillary.

Electron microscopy (EM):

Scanning electron microscopy (SEM) images were collected using a Regulus 8220 (Hitachi High
Technologies Corp.) with an acceleration voltage of 30 keV. Transmission electron microscopy
(TEM) images and selected area electron diffraction (SAED) patterns were collected using a
JEM 1011 (JEOL Ltd.) with an acceleration voltage of 100 keV.

Author contributions

My contribution to this work comprises the syntheses, the acquisition and analysis of the
PXRD data, the measurement of SEM images, and the analysis of the electron microscopy
data. SAED and TEM images were acquired by Stefan Werner.
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A4 Fabrication of Nanotextured TiO, Thin-films

This chapter describes a fabrication route for epitaxial rutile TiO, on c-cut single crystal sap-
phire substrates by depositing TiO, nanorods (TNR) with the Langmuir-Blodgett (LB) technique
followed by thermal treatment. The fabrication is described in detail in the experimental
section below. The films exhibit a strong preferred orientation of the TiO, due to epitaxial
sintering during the calcination process. This is evidenced by PXRD pattern shown in Fig-
ure A4.1. The reflections of the sample can be assigned to preferred oriented rutile with a
small anatase impurity. The anatase phase exhibits smaller crystallite sizes than the rutile
phase as indicated by peak broadening.
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Figure A4.1: PXRD pattern of the calcined TNR film compared with the blank substrate and
simulated patterns of titania and sapphire phases. The reflections of the calcined TNR film are
assigned to preferentially oriented rutile (100), isotropic anatase, and the sapphire substrate, and are
indexed with R, A, or S, respectively. One weak reflection at ~2.4 A™! cannot be assigned to any phase
and is therefore indexed with a question mark (?). Reflections in the simulated patterns are labeled by
their Miller indices, and those assigned to the experimental pattern are highlighted in bold. The rutile
(100) is simulated with 65 % and the sapphire (001) is simulated with 90 % preferred orientation. The
other simulations assume isotropic (iso.) structures.

Experimental

Chemicals and materials

Ethanol (VWR chemicals, >99.9%), acetone (Sigma Aldrich, >99.9%), and chloroform (VWR
chemicals, >99.8%, stabilized with 0.6% ethanol) were purchased from commercial sources.
Deionized water was produced in-house using a Milli-Q 1Q 7000 system (18.2 MQ cm). Single-
crystal sapphire (Al,0,) substrates were purchased from Crystal GmbH. The substrates have
dimensions of 5x5x0.5 mm?, are polished on both sides to a surface roughness of <0.5 nm,
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and are cut with the surface oriented along the (0001) plane and the edges along the (1120)
and (1100) plane. Before the film fabrication, the substrates were cleaned in an ultrasonic
bath for 15 min in acetone followed by 15 min in ethanol, and are subsequently rinsed with
deionized water and dried with an air gun.

Synthesis

TiO, nanorods (TNR) were synthesized as described by Gordon et.al..?®® The as-synthesized
TNRs are dispersed in chloroform to obtain a concentration of ~20 mgmL. 40 uL of this
dispersion are added to a mixture of 2 mL chloroform and 0.5 mL ethanol, yielding a ~2.5 mL
TNR stock dispersion with a concentration of ~0.3 mg mL.

Film fabrication

First, the Teflon reservoir of the Langmuir-Blodgett (LB) device (MicroTrough FilmwareX 4.2,
Kibron Inc.) with an area of 280 000 mm? is filled with ~240-250 mL deionized water to create
a convex meniscus at the edges of the reservoir. Subsequently, 700 pL of the TNR stock
dispersion are added drop-wise to the water surface using a micropipette. The reservoir is
left undisturbed for 30 min to 60 min to allow complete evaporation of the chloroform and
the formation of a TNR monolayer at the water-air interface. The TNR monolayer is then
compressed using a movable barrier at a speed of 3mm min™ to a target area of 5000 mm?2.
The sapphire substrate is dip-coated into the reservoir at a speed of 0.5 mmmin™. This
dipping procedure is repeated twice, resulting in the transfer of four TNR monolayers onto the
substrate. Prior to the LB deposition, one side of the sapphire substrate is covered with Scotch
tape to prevent coating on both sides. After deposition, the tape is removed, and residual
adhesive is cleaned by wiping the surface with a tissue soaked in acetone. The LB-TNR film is
subsequently dried overnight in a vacuum oven at 60 °C and 5 mbar. Finally, the LB-TNR film
is calcined at 1000 °C with a heating rate of 100 °C min™* for 24 h, followed by natural cooling
to room temperature.

Powder X-ray Diffraction (PXRD)

PXRD patterns were acquired on a Bruker Advanced D8 with Cu Ka-radiation of 8.048 keV (\ =
1.541A). PXRD calculations were performed using CrystalDiffract 7 (CrystalMaker Software
Ltd.).

Author contributions

My contribution to this work comprises the thermal treatment of the deposited films, and
acquisition and analysis of the PXRD data. The LB-deposition was carried out by Yogesh Mahor
and Tomasz Kacperski. TNRs were synthesized by Yogesh Mahor, Sophia Bittinger, and Finn
Dobschall.
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