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Abstract

Currently, scientists seek energy conversion options that are both environmentally and
economically sustainable. A promising option is the use of transition-metal containing lay-
ered double hydroxides (LDH) as catalyst precursors. In addition, employing a combina-
tion of two metals in a bimetallic system can improve the catalyst’s properties compared
to monometallic materials. The nickel and copper bimetallic systems are interesting com-
binations for catalyst applications. However, there are still open research questions due
to contradictory results. Some previous research has reported a miscibility gap for thin
films of Ni-Cu; a point where the two elements do not form an alloy or solid solution
that is often omitted within investigations of supported nanoalloys. In addition, more
research is needed to understand the structure-function relationship of Ni-Cu bimetallic
catalysts derived from LDH precursors. The aim of this thesis was to study the Ni-Cu
bimetallic catalysts using materials derived LDH precursor. Through chemical electron
microscopy as a primary characterization technique, combined with complementary tech-
niques (thermogravimetric analysis, temperature-programmed reduction, X-ray diffrac-
tion, X-ray photoelectron spectroscopy, near edge X-ray adsorption fine structure, among
others), we unraveled the properties of the materials after synthesis, activation, and cat-
alytic testing. The catalytic evaluation entailed two paragon examples of current impor-
tance: carbon dioxide hydrogenation and ammonia decomposition reactions. In addition,
owing to the significance of transmission electron microscopy (TEM) analysis in this the-
sis and the potential damage during electron-matter interaction, a systematic analysis of
beam damage in the TEM was conducted for the first time for this LDH system. The analy-
sis describes the structural changes resulting from electron beam irradiation on LDH and
derived materials.

First, four materials with different Ni:Cu metal compositions were chosen and synthe-
sized from an LDH precursor, using carbonates as interlayer anions and Al as support:
two with a monometallic (NiAl and CuAl), and two with a bimetallic (NiCu(4:1)Al and
NiCu(1:1)Al) composition. The results showed that all LDH samples presented platelet-
like morphology. The calcination process transformed the metal hydroxides into mixed
metal oxides (MMO), where the Al,O5 remained amorphous. The study of the activation
process highlighted three main aspects. (1) Mild calcination at 290 °C, in contrast to 600 °C
as a harsh calcination method, helped to lower the reduction temperature of Ni-contain-
ing samples, probably by avoiding the formation of a Ni-spinel structure. (2) The pres-
ence of low amounts of copper (Ni/Cu ratio = 4), usually atomically dispersed, promoted
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the reducibility of nickel by reducing the temperature of the reduction peak by 100 °C.
(3) Upon reduction at 450 °C, the samples containing Ni exhibited uniformly dispersed
nanoparticles with a particle size of 3.7 nm. The bimetallic samples showed an enrichment
of Cu at their surfaces. Further investigation with in situ XRD using NiCu(4:1)Al sample
suggested that above 600 °C the Cu from the surface was incorporated into the Ni lattice
forming an alloy.

Catalytic evaluation on the selected reactions showed the different roles of nickel and
copper species. During CO, hydrogenation at atmospheric pressure and various temper-
atures (from 500 to 600 °C), Ni promoted methanation, whereas adding Cu suppressed
such methane formation by improving CO selectivity (RWGS activity). On ammonia
decomposition at ambient pressure, the Ni particles - potential active centers - were
blocked by adding Cu. This significantly decreased hydrogen production. Characteriza-
tion of the spent catalysts showed that Ni may provide stability to the catalysts, especially
noticeable during CO, hydrogenation. When Cu was added in a 1:1 ratio, remarkable seg-
regation occurred after both reactions. Here, Cu particles with sizes above 100 nm were
visible.

Furthermore, we performed detailed experiments on one bimetallic sample using
operando TEM. A striking CO and H,O production for CO, hydrogenation was observed
at 800 mbar and 600 °C. The results presented here have sparked further research ques-
tions, with operando TEM being identified as a promising method for gaining a more
comprehensive understanding of atomic-level changes in a working catalyst.

In conclusion, the findings reported in this dissertation contributed to the fundamental
understanding of Ni-Cu bimetallic systems, particularly derived from LDH precursors.
We emphasized their bimetallic functionalities in key reactions for a possible H,-based

economy, such as CO, hydrogenation and ammonia decomposition reactions.
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Zusammenfassung

Aktuell suchen Wissenschaftler nach Energieumwandlungsoptionen, die sowohl umwelt-
als auch wirtschaftlich nachhaltig sind. Eine vielversprechende Option ist die Verwen-
dung von Ubergangsmetallen, die geschichtete Doppelhydroxide (layered double hydrox-
ides, LDH) als Katalysatorvorldufer enthalten. Zuséatzlich kann die Anwendung einer
Kombination von zwei Metallen in einem bimetallischen System die Eigenschaften des
Katalysator im Vergleich zu momometallischen Systemen verbessern. Die Nickel- und
Kupferbimetallsysteme sind interessante Kombinationen fiir Katalysatoranwendungen.
Aufgrund widerspriichlicher Ergebnisse gibt es jedoch noch offene Forschungsfragen.
In einigen fritheren Forschungsarbeiten wurde eine Mischungsliicke fiir diinne Ni-Cu-
Filme festgestellt, d. h. ein Punkt, an dem die beiden Elemente keine Legierung oder feste
Losung bilden, was bei Untersuchungen von getrdgerten Nanolegierungen oft iiberse-
hen wird. Dariiber hinaus sind weitere Forschungsarbeiten erforderlich, um die Struktur-
Funktions-Beziehung von bimetallischen Ni-Cu-Katalysatoren, welche aus LDH-Vor-
laufern gewonnen werden zu verstehen. Ziel dieser Arbeit war es, die bimetallischen Ni-
Cu-Katalysatoren, die unter Verwendung von LDH-Vorldufermaterialien hergestellt wur-
den, zu untersuchen. Mittels chemischer Elektronenmikroskopie als primére Charakter-
isierungstechnik, kombiniert mit ergdnzenden Techniken (thermogravimetrische Analyse,
temperaturprogrammierte Reduktion, Rontgenbeugung, Rontgen-Photoelektronenspek-
troskopie, Rontgen-Nahkanten-Absorptions-Spektroskopie, u.a.), haben wir die Eigen-
schaften der Materialien nach der Synthese, Aktivierung und katalytischen Tests unter-
sucht. Die katalytischen Tests umfassten zwei Musterbeispiele von aktueller Bedeutung;:
Kohlendioxid-Hydrierung und Ammoniak-Zersetzungsreaktionen. Aufgrund der Bedeu-
tung der Transmissionselektronenmikroskopie (TEM) in dieser Arbeit und der moglichen
Schiadigung bei der Elektronen-Materie-Wechselwirkung wurde zudem erstmals eine sys-
tematische Analyse der Effekte durch Strahlschdden durchgefiihrt. Die Analyse beschreibt
die strukturellen Verdnderungen, die sich daraus an LDH und abgeleiteten Materialien
ergeben.

Zunichst wurden vier Materialien mit unterschiedlichen Ni:Cu-Metallzusammensetzun-
gen ausgewdhlt und aus einer LDH-Vorstufe synthetisiert, wobei Carbonate als Zwis-
chenschichtanionen und Al als Trdgermaterial verwendet wurden: zwei Systeme mit
monometallischer (NiAl und CuAl) und zwei mit bimetallischer Zusammensetzung
(NiCu(4:1)Al und NiCu(1:1)Al) wurden hergestellt. Die Ergebnisse zeigten, dass alle
LDH-Proben eine plittchenartige Morphologie aufwiesen. Durch den Kalzinierung-
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Zusammenfassung

sprozess wurden die Metallhydroxide in Mischmetalloxide (MMO) umgewandelt, wobei
das Al,O5 amorph blieb. Bei der Untersuchung des Aktivierungsprozesses wurden drei
Hauptaspekte festgestellt. (1) Die milde Kalzinierung bei 290 °C, im Gegensatz zur harten
Kalzinierungsmethode bei 600 °C, trug dazu bei, die Reduktionstemperatur in den Ni-
haltigen Proben zu senken. Es ist davon auszugehen, dass durch die Temperaturrei-
duzierung der Kalzinierungsmethode die Bildung einer Ni-Spinell-Struktur vermieden
wurde. (2) Das Vorhandensein geringer Mengen an Kupfer (Ni/Cu-Verhiltnis = 4), das
in der Regel atomar dispergiert ist, férderte die Reduzierbarkeit von Nickel, indem es die
Temperatur des Reduktionspeaks um 100 °C senkte. (3) Nach der Reduktion bei 450 °C
wiesen die Ni enthaltenden Proben gleichméfiig verteilte 3.7 nm grofie Nanopartikel auf,
und die bimetallischen Proben zeigten eine Anreicherung von Cu an ihren Oberfldchen.
Weitere Untersuchungen mit in situ XRD unter Verwendung einer NiCu(4:1)Al-Probe
deuteten darauf hin, dass oberhalb von 600 °C das Cu von der Oberflidche in das Ni-Gitter
eingebaut wurde und eine Legierung bildet.

Die katalytische Testung der ausgewdhlten Reaktionen zeigte die unterschiedlichen Rollen
der Nickel- und Kupferspezies. Bei der CO,-Hydrierung unter Atmosphérendruck mit
verschiedenen Temperaturen (von 500 bis 600 °C) forderte Ni die Methanbildung,
wihrend die Zugabe von Cu diese Methanbildung durch Verbesserung der CO-Selektiv-
itat (RWGS-Aktivitdt) unterdriickte. Bei der Zersetzung von Ammoniak bei Umgebungs-
druck wurden die Ni-Teilchen — potenziell aktive Zentren — durch den Zusatz von Cu
blockiert. Dies verringerte die Wasserstoffproduktion erheblich. Die Charakterisierung
der verbrauchten Katalysatoren zeigte, dass Ni den Katalysatoren Stabilitdt verleihen
kann, was besonders bei der CO,-Hydrierung auffillt. Wurde Cu im Verhéltnis 1:1 zuge-
setzt, kam es nach biden Reaktionen zu einer bemerkenswerten Entmischung. Hier waren
nun Cu-Partikel mit einer Grofie von iiber 100 nm sichtbar.

Dariiber hinaus fiihrten wir detaillierte Experimente an einer Bimetallprobe unter
Operando-TEM-Bedingungen durch. Bei 800 mbar und 600 °C wurde eine ausfSergewohn-
liche CO- und H,O-Produktion fiir die CO,-Hydrierung beobachtet. Die hier vorgestellten
Ergebnisse haben weitere Forschungsfragen aufgeworfen, wobei sich operando-TEM als
vielversprechende Methode erwiesen hat, um ein umfassenderes Verstiandnis der Veran-
derungen auf atomarer Ebene in einem funktionierenden Katalysator zu erlangen.
Zusammenfassend ldsst sich sagen, dass die in dieser Dissertation berichteten Ergebnisse
zum grundlegenden Verstdndnis von Ni-Cu-Bimetall-Systemen, insbesondere aus LDH-
Vorldufern, beigetragen haben. Wir haben ihre bimetallischen Funktionen in Schliissel-
reaktionen fiir eine mogliche H,-basierte Wirtschaft hervorgehoben, wie z. B.

CO,-Hydrierung und Ammoniak-Zersetzungsreaktionen.
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Motivation

Heterogeneous catalysts are used in numerous industrial processes, where nanoparticles
play an important role in the achievement of chemical transformations. Improvement of
these nanocatalytic systems is usually performed by empirical optimization. To contribute
to a better rational catalyst design, a deep understanding of the nanoscale and its relation-
ship with the catalytic performance is crucial. Chemical electron microscopy [1] offers the
possibility to unravel several properties of the material at the atomic scale, which, when
combined with other characterization tools, can provide a big picture of the material.
Among the most widely used catalysts, bimetallic supported materials are becoming very
important because of their increased catalyst activity, selectivity, and stability compared to
their supported monometallic catalysts. For instance, the combination of nickel and cop-
per has been of interest for several decades, especially for hydrogenation of carbon dioxide
[2]. However, investigations of the NiCu system have shown contradictory results, such
as the formation of a NiCu alloy [3] or two segregated phases [4]. These differences are
related to the different synthesis precursors and the specific thermal pretreatment used.
Thus, a systematic and complete analysis of NiCu bimetallic systems is required for pro-
viding a knowledge base that allows a rational design. To perform systematic studies, we
narrowed down synthesis preparation to the use of layered double hydroxides (LDH) pre-
cursor. With the LDH approach, it is possible to produce well-defined, uniform distribu-
tion, and controlled-sized nanoparticles.

Therefore, the aim of the present work was to acquire a fundamental understanding of the
NiCu system derived from LDH precursors, from their synthesis and activation to their
catalytic application. The properties of the catalysts were then correlated with their per-
formance in the relevant chemical energy conversion reactions: hydrogenation of CO, and
decomposition of ammonia. Carbon dioxide reduction is crucial in view of the mitigation
of global climate change, and ammonia decomposition is a promising molecule for trans-
porting and storing hydrogen.

This PhD investigation was carried out within the scope of Unifying Systems in Catalysis
(UniSysCat) in collaboration with other groups in the Department of Inorganic Chemistry
(AC), BasCat - UniCat BASF Joint Lab, and the Heterogeneous Reactions Department of
the Max-Planck-Institut fiir Chemische Energiekonversion (MPI-CEC).



Motivation

The thesis is composed of six chapters. Chapter 1 presents an introduction to chemical
electron microscopy, the heterogeneous catalysis of nickel-copper bimetallic systems, and
the LDH materials as catalyst precursors. A brief review of the literature on the two rel-
evant reactions -ammonia decomposition and CO, hydrogenation- is also presented. In
Chapter 2, the instrumentation and experimental details are described.

The results chapters are divided into four parts. The physicochemical properties of the
series of M-Al LDH materials, where M represents four different Ni:Cu combinations (1:0,
4:1, 1:1 and 0:1), are described in Chapter 3. The interaction between Ni and Cu to form
Ni-Cu bimetallic particles is presented and analyzed. Using several characterization tech-
niques, the activation procedure to obtain small and well-dispersed metal nanoparticles is
also discussed. The activation conditions concluded from these studies are then applied
to catalytic testing (Chapter 4) on reverse water gas shift (RWGS) and ammonia decom-
position reactions. The results from the RWGS reaction highlight the main features of the
structure-function relationship for Ni-Cu bimetallic systems and the key of stability.

The most interesting sample from previous results, NiCu(4:1)Al, was chosen for in situ
and operando characterization, described in Chapter 5. The structural and morphological
changes during activation are illustrated, and a clear correlation between X-ray diffraction
and TEM characterization is presented. Furthermore, the changes in the material during
operando TEM experiments for the RWGS reaction are illustrated. The results indicate
that catalytic analysis is essential not only in ex situ characterization but also in operating
conditions, i.e., recording the conversion while monitoring structure and morphology.
Given the high relevance of chemical electron microscopy characterization and LDH as a
promising catalyst precursor, Chapter 6 is dedicated to studying the influence of electron
beam irradiation during TEM characterization. Finally, a summary of the main findings is

presented in Chapter 7.



1 Introduction and overview

A fundamental understanding of catalytic systems can contribute to a better catalyst
design. Both theoreticians and experimentalists have joined efforts to understand the
active sites of catalytic systems: from studies of clean surfaces to the real catalysts. One of
the most indispensable and complete characterization techniques in wide areas of applica-
tions (material science and inorganic materials), is transmission electron microscopy. More
specifically, “chemical electron microscopy” has been described as a “nano-laboratory to
characterize morphological, crystallographic, compositional, and electronic properties of
catalysts” [5].

This chapter covers the fundamentals of transmission electron microscopy (TEM), impor-
tant for future chapters. Afterward, the most relevant investigations of Ni-Cu bimetallic
systems obtained, including clean surfaces and supported porous materials, are outlined.
TEM is relevant for understanding the properties of bimetallic catalytic systems and their
dynamic changes during or after catalysis. It can decipher the mixing patterns of bimetal-
lic materials: alloyed state, segregated, or as Janus particles. In this PhD thesis, the chem-
ical (transmission) electron microscopy technique was the primary one used, and it was
complemented with other characterization techniques to gain a fundamental understand-

ing of the NiCu bimetallic system.

1.1 Transmission electron microscopy

Transmission electron microscopy is a powerful tool for characterizing materials that
unravel several properties of the specimen at the atomic scale with a single machine. Since
Knoll and Ruska’s first operational description of Elektronenmikroskop in 1932 [6], this tech-
nique has been widely used in various fields, both in physical and life sciences. In partic-
ular, chemical electron microscopy is of utmost importance for studying materials such as
nanocatalyst systems. Using a TEM, the imaging resolution can reach several angstroms,
and structural atomic scale information can be revealed. In addition, TEM can also pro-
vide information about the chemical composition because of the strong electron-specimen
interaction. Today, (HR)TEM is a standard characterization method in scientific research,

academic education, and industry.
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A representation of a transmission electron microscope is shown in Figure 1 [7]. The sys-
tem can be divided into three main parts: (1) the illumination system (electron source and
condenser lens), (2) the objective lens and specimen stage, and (3) the intermediate and
projector lens. The powder sample or specimen is usually prepared by dipping the TEM
grid into powder or dropping the suspension of powder suspended in a suitable solvent
(e.g. water or ethanol) into the TEM grid. The prepared sample on the TEM grid must be
thin enough so that the electrons can be transmitted, but also stable enough to withstand
the electron beam without considerable change in its properties. The electron beam-sam-
ple interaction is necessary to obtain all the relevant information, as will be described in
the following paragraphs; however, it may also cause temporary or permanent changes in
the material. Therefore, special attention should be paid to the sample damage during the
TEM studies.

1.1.1 HRTEM and electron diffraction

TEM or HRTEM images can be formed by illuminating a larger area of the specimen in
an imaging mode. For that, the objective aperture, positioned in the back focal plane of
the objective lens, can be inserted to control the scattered electrons that contribute to the
image formation. The intermediate lens is set to focus on the image plane, which is fur-
ther magnified by the projector lens and appears in the detectors. Structural and morpho-
logical information (i.e. size, shape, location, and distribution) of the nanoparticles can
be obtained. The imaging mode can be switched to diffraction mode and electron diffrac-
tion can be performed in the same machine. When switching from image mode to diffrac-
tion mode, the intermediate lens is adjusted to focus on the diffraction pattern in the back
focal plane of the specimen. The diffraction pattern is magnified by the projector lens and
recorded with specialized cameras. Using a selected area electron diffraction (SAED) aper-
ture enables the selection of a specific area for diffraction. This can be used to determine
the structure type, symmetry, and crystalline information of the catalysts from nanoscale
areas. [7] The local crystal structure observed by electron diffraction can be complemented
or contrasted with the bulk crystallographic information obtained by X-ray diffraction
(XRD).

1.1.2 Scanning TEM and chemical analysis

Moreover, scanning TEM (STEM) of the sample by using a convergent beam is also possi-
ble and a STEM image is formed pixel by pixel. While scanning over the sample area, the
electrons transmitted through the sample are collected by different detectors (see Figure
1b). The bright-field detector (BF) collects signals with very small scattering angles with
semiangle 6 < 10 mrad, the annular dark field (ADF) with semiangle 6 between 10 and 50
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mrad, and the high angle ADF (HAADF) detector collects signals with semiangle 6 > 50
mrad. Images collected with the HAADF detector show atomic contrast (Z-contrast). Due
to Rutherford scattering, the collected signal intensities are dependent on the atomic num-
ber Z but also on the thickness of the sample. Therefore, chemical compositional informa-
tion can be revealed because a material with a higher Z shows a higher intensity.

a) Main parts of TEM b) Diagram of typical TEM with STEM capability

electron gun High
illumination i
Cl lens Voltage
system =
% C2 lens

Electron gun

Acceleration tube objective lens
deflection coils

(upper pole piec‘]\
;sl‘jcanddenser I:Ians s < e &
s w3y L s Ca——

assembly specimen—{—~

! inputs
w
m
=

Goniometer i ap ot
Objective aperture goniometer stage >‘§ a" control
Specimen holder—| objective lens L2 L
lower pole piece
Objective lens ( CEpe poted %‘
Selected field aperture—— é other |__diffraction lens =
T
=3 Intermediate lens imaei intermediate lens =
! imaging § | o
=H= = - e EDS )
5 Projector lens lenses projector lens system =
Binocular ——= - £
awal g Y 3
— viewing screen 3
" mal uorescent CTE
Viewing pont——— screen STEM detector &oo———
/ Large fluorescent
screen CCD.
Camera chamber—} imaging plates,
ﬁﬁ ) or film - EBLS
system

Figure 1: a) Main parts of the transmission electron microscope; b) Block diagram of typical TEM with STEM
capability.

Reproduced from [7].

The high-energy electrons interact with the sample in an elastic (without energy
exchange) or inelastic (with energy exchange) manner. Inelastic scattering arises from the
interaction with the core atoms of the specimen. It provides a variety of signals that can
serve as unique identifiers for chemical analysis during electron microscopy. Energy-dis-
persive X-ray spectroscopy (EDX) uses only the generated X-ray signals; meanwhile, elec-
tron energy-loss spectroscopy (EELS) uses the energy-loss signals of the transmitted elec-
trons. Elemental identification and elemental mapping are used to uncover the composi-
tion and arrangement of catalysts. This turns the electron microscopy technique into a far
more powerful tool, chemical or analytical electron microscopy, for revealing the chem-

istry of the specimen.
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1.1.2.1 Energy-dispersive X-ray spectroscopy (EDX)

The characteristic X-ray energy is defined by the difference between the two shell energies
of the electrons that participate in the ionization process (the first electron ejected and the
second electron, from a higher-energy shell that filled the hole left by the first one). The
specific spectral lines are named according to the shell from which the electron was ejected
in combination with the shell of the electron that fills the hole. A K , X-ray is emitted when
filling a K-shell hole with an L-shell electron; a KB X-ray, when it is filled with an M-shell
electron; an L o X-ray or LB X-ray when an L-shell hole is filled with an M-shell or N-shell
electron, respectively. In EDX, the signals are usually collected above the specimen, and
the spectrum consists of element-specific characteristic peaks with well-defined energies.

The detection depends on whether the atom emits an X-ray or not, and the area from
which the radiation can be collected (0.9 steradian for Thermo Scientific Talos F200X
microscope). For light elements, X-ray emission is limited as described by the fluorescence
yield, and therefore the identification is more difficult than in EELS [8].

1.1.2.2 Electron energy-loss spectroscopy (EELS)

EELS signals are formed with transmitted electrons that interact with the core electrons of
the specimen and lose a certain amount of energy. This energy is transferred to the X-rays
or into other forms. The energy losses of the transmitted electrons are detected and col-
lected below the specimen. EEL spectrum has three regions. The zero-loss peak (ZLP) rep-
resents the electrons that have not lost energy. The low-loss region contains electrons that
have interacted with weakly bound electrons in the sample. And in the high-loss region
are the electrons that have interacted with tightly bound core electrons of the atoms in
the sample. Chemical information is contained in both the low-loss and high-loss regions.
Identification of light elements is more accessible than using EDX.

The high-loss (core-loss) region comprises ionization edges, which are characteristic of the
atom involved. Ionization is the primary event in which a core-shell electron is ejected
into empty states. As in EDX, the core-shell involved in the ionization process defines its
nomenclature. For example, a K shell electron (1s electrons) gives rise to a K edge; the L
shell electrons can cause L edge (from 2s electrons), or Ly edges (from 2p electrons). The
core-loss region consists of near-edge or fine structure (energy-loss near-edge structure,
ELNES), and extended fine structure [9]. The ELNES spectrum’s shape is used to identify
the bonding properties and oxidation states (density of states) of the elements.

For optimal EELS measurements, the sample should be thin enough. The thickness can be
estimated from the ZLP signal, in terms of the inelastic mean free path (t/A). The recom-
mended thickness values are between 0.0 < t/A < 1.5 to assess a good ELNES [10].
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1.1.3 Insitu and operando TEM (OTEM)

The set of methods mentioned above has been widely utilized to determine the character-
istics of the catalyst in atomic detail. Properties such as particle size, composition, crys-
tallinity, and the presence of defects can be revealed. Additionally, studying the changes in
catalyst particles is crucial in heterogeneous catalysis to understand how the catalyst sur-
face works under relevant industrial conditions. For that reason, several research groups
have used in situ and operando techniques, both in microscopy (HRTEM and STEM) and
spectroscopy.

One of the first in situ TEM studies from 2001 [11] concluded that conventional TEM is
not optimal for heterogeneous catalysis investigation because the nanoparticles behave
differently under a given chemical potential. They are dynamic and complex. In situ and
operando electron microscopy approaches allow the study of changes at the nanoscale
under certain applied potentials (i.e. gas composition, temperature). There are two types
of in situ TEM setup [12], which are represented in Figure 2. One is the environmental
TEM, an open cell system where gas is introduced directly into the TEM column, which
has to be differentially pumped for allowing a proper detection [13]. The other is the use of
gas-cell holders or closed-cell approach, in which the sample is prepared between the two
electron transparent windows of a microelectromechanical system (MEMS) device [14],
[15]. In both cases, the electron beam may affect the catalysts and the reaction, and the res-
olution may be lower due to sample-gas or electron-matter interactions [13]. Furthermore,
the mechanical strength of the window restricts the use of MEMS-based cells to pressures
of up to 1 bar. The advances in methodologies and instruments enable the comprehension
of catalytic systems on an atomic level by integrating various disciplines [5].

Operando measurements require simultaneous characterization (electron microscopy, in
this case) with direct evidence of conversion or activity-selectivity measurements [16].
Product detection might be restricted mainly by the amount of material deposited on the
chip. Overcoming this requires the introduction of more material that interacts with the
gas (for example, in a newly designed pellet reactor [17]), or the use of a highly sensitive
mass spectrometer (MS). By using MEMS-based TEM sample holders with a gas analyzer,
the dynamic refaceting of nanoparticles was observed for the first time during CO oxida-
tion [18]. The developments of aberration-corrected microscopes have enabled characteri-
zation at higher spatial resolutions [19]. During the last decade, several more studies have
used OTEM, as shown in Figure 3. The number of publications per year in the last 10 years
with ‘operando transmission electron microscopy has grown significantly [20].
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1.1. Transmission electron microscopy

Recent reviews show that spatially resolved OTEM investigations have great potential, but
there are still challenges to overcome [23]-[26]. The interpretation of the results can be
complicated by (most likely) differences in kinetics between nanoreactors and laboratory-
scaled reactors (fix bed reactor, plug-flow reactor, continuous stirred tank reactor, etc.).
Discrepancies arise from differences in geometry, size, inlet flow, residence time regime,
and most significantly, mass and heat transport. Another challenge is overinterpretation
because the electron beam may induce changes. Therefore, careful and systematic exper-
iments are needed. In general, it is recommended to use low electron doses to minimize
beam-induced artifacts. Finally, there is still a material gap, which is the (usual) absence
of supported material during OTEM experiments.

In recent years, contributions from our group have contributed to the fundamental under-
standing of catalytic systems. For example, Plodinec et al., showed time-resolved changes
of Pt foil and nanoparticles with different resolutions (from 1 A to several mm) by com-
bining environmental scanning electron microscopy (ESEM) and OTEM. These changes
evolved to increase stable surface facets during CO oxidation [27], [28]. Oscillatory phase
transition (redox behavior) was observed on nickel foil [29] and copper foil and nanopar-
ticles [30], [31] during the dry reforming of methane (DRM) and the hydrogen oxidation
reaction, respectively. The oxide-metal phase transition controlled the production of syn-
gas [29]. The copper phase transition was dominated by the gas composition, and the
activity emerged near a phase boundary [30]. Complementary OTEM investigations of
nickel nanoparticles showed that the deactivation during DRM is due to Ni carbide for-
mation [32].

These investigations clearly contribute to the fundamental understanding of catalytic sys-
tems. However, in a real industrial process, the complexity is increased by the presence of
support, which is in fact part of the catalysts. The support in a catalyst plays an important
role in increasing the dispersion of the metal sites and the textural properties (porosity
and surface area), which define the contact area of the material interacting with the educts
and products. Moreover, supports might act in synergy with the metal sites during cat-
alytic reactions. The dynamic of the support has been investigated by in situ TEM of Pd
and Pt supported on TiO,. The results revealed the metal-support interaction by a titania
overlayer formation at atmospheric pressure and high temperatures in different H, - O,
atmospheres [33], [34]. Recently, our group studied the reversibility and thickness of an
overlayer on CuZnAlQO, during reverse water gas shift reaction. Overlayer properties vary

depending on the gas composition and temperature [35].
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1.2 Bimetallic catalytic systems

Catalysis is at the center of most chemical processes. The “simplest” model systems for
describing catalysts are the single-crystal surfaces. Their study has improved the funda-
mental understanding of heterogeneous catalysis by the description of the adsorption of
atoms and molecules over several clean surfaces [36], [37]. With the combination of two
or more elements, in a material, like the bimetallic systems, specific properties can be
tuned. These properties often show better performance than their monometallic counter-
parts [38], [39].

Specifically, Ni-Cu bimetallic surfaces have garnered considerable attention in hetero-
geneous catalysis. Their study offers a platform for exploring synergistic effects that
can enhance catalytic performance. Both metals have face-centered-cubic structures with
slightly different lattice parameters (3.51 and 3.61 A, for Ni and Cu, respectively). Ni-Cu-
based catalysts are usually prepared by impregnation or precipitation. The metal precur-
sors are supported on an oxidic matrix to increase the surface area and dispersion. A cru-
cial aspect of studying Ni-Cu systems lies in the reduction treatment. During this process,
Cu and Ni precursors (usually oxides) are consecutively reduced to metals in two events.
Despite the two separate reduction events, they can form a solid solution in cupro-nickel
binary alloys [3], [40]. Nevertheless, there is conflicting data indicating that Cu is segre-
gated and does not form a binary alloy [41], [42] due to the miscibility gap noted in the
phase diagram [43]. The (Cu) segregation changes the perimeter structures available for
catalysis and therefore, may influence the catalytic performance. Furthermore, the prop-
erties of the final material depend highly on the particular synthesis method and thermal
treatment.

Given the discrepancies described and the relevance of bimetallic systems, further inves-
tigations of Ni-Cu systems are needed. Particularly in fundamental studies on the prop-
erties of bimetallic systems compared to monometallic ones. This understanding can pave
the way for designing and exploring other bimetallic systems with unique properties and
potential applications in catalysis.
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1.3. Layered double hydroxides materials

1.3 Layered double hydroxides materials

Heterogeneous catalysts are usually composed of a high surface area material (support)
where the metallic nanoparticles are anchored. The preparation method highly influences
the final properties and catalytic performance of the material. In general, it is important to
produce well-defined materials with uniform distribution, controlled size, and good sta-
bility. Layered double hydroxides (LDH) can serve as a starting point to produce well-dis-
persed nanoparticles after the activation process, i.e., calcination and reduction. In the last
decades, these kinds of materials have gained interest as catalyst precursors. [44], [45].

LDH or ”doppelschichtstrukturen” was first named in 1942 [46] without an accurate
description of its structure. Its real structure was described in the 60’s by Allman [47] and
Tylor [48]. As shown in Figure 4, the LDH structure is based on the Brucite-like layer and
is naturally occurring in the hydrotalcite mineral (Mg-Al-hydroxycarbonate). The brucite
layer is composed of Mg(OH), octahedra which are neutrally charged. In the hydrotalcite-
like compounds (or LDH), some Mg?* cations are replaced by AI3* or similar trivalent
cations, producing a positively charged layer. The charged layer is compensated with neg-
atively charged species such as NOjy~, Br, CI', F-, OH, 8042', and CO32' anions, among
others, located in the interlayer domain. LDH structures are also known as "hydrotalcite-
like compounds" due to past characterizations using hydrotalcite mineral [45]. One of the
advantages of using LDH precursors as catalysts is the versatility of using different metals
and modifying the M?*/M3* molar ratio. The content of M3+ should be in the range of 0.2
to 0.33 to obtain the pure hydrotalcite phase [45]. LDH materials can be great candidates
for catalysts because of their phase pure precursors, high specific surface area, presence of
surface basic and acidic centers, metal dispersion, and the possibility of using more than
one divalent metal. Also, the memory effect allows the LDH to keep its morphology after

thermal treatment and restructuring onto LDH if the appropriate conditions are met [49].
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Figure 4: Scheme of the layered double hydroxide

structure.

Reproduced from [50].

Due to this variety of properties, LDH materials were used in oxygen/hydrogen evolution
reactions and water splitting [51]-[53]. After thermal treatment, the calcined LDH (so-
called mixed metal oxides, MMO), can be applied as an adsorbent in water remediation
due to its memory effect [54], [55]. Topotactical transformation of LDH materials can pro-
duce metallic nanoparticles (reducible species) supported on non-reducible oxides, which
have been used in H, production or in hydrogenation reactions, among others [56], [57].
However, the properties of the activated material are intimately related to the composi-
tion and the pretreatment conditions. Ni reducibility decreases when the calcination tem-
perature increases due to stronger interaction of Ni with Al or Mg at higher tempera-
tures, forming periclase-type Mg(Ni,Al)O, or Ni-spinel structures [58], [59]. The process
becomes more complex when using two divalent metals, like the combination Ni-Cu.
More research is necessary to comprehend the impact of the calcination temperature on
its reducibility.

LDH materials have been the focus of very few in situ TEM investigations. Using in situ
TEM, C. Hobbs studied MgAl and NiFe-LDH, observing their behavior under different
thermal and biomedical conditions [60]. Thermal heating studies showed that NiFe LDH
evolved to a heterogeneous structure of NiO particles embedded in the NiFe,O, matrix;
while the MgAl LDH transformed to a porous matrix without spherical particles [61]. The
influence of electron irradiation of NiFe LDH on its structural changes was also investi-

gated: the beam induces oxidation of the hydroxide layers [62].
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1.4. Relevant reactions for chemical energy conversion

For catalysis applications, the ex situ characterization of the pristine material (as pre-
pared), the activated one (reduced), and the spent catalysts (after reaction) are important.
However, as the active state of the catalyst is reached under reaction conditions (i.e. in
the presence of the educts and products at certain temperature and pressure), the analysis

under operando is of paramount importance.

1.4 Relevant reactions for chemical energy conversion

1.41 Hydrogenation of carbon dioxide

The increasing worldwide production of carbon dioxide (CO,) is attributed to be the main
human source of the greenhouse effect [63]. Therefore, it is necessary to seek environmen-
tal remediation processes that use CO,. For example, one of the most promising catalytic
processes for converting CO, is by hydrogenation via the reverse water gas shift (RWGS)
reaction to produce CO (Equation 1). CO is an important part of the syngas, which can
be used as feedstock for the synthesis of important products (methanol, fertilizers, among
others), or for the production of long-chain hydrocarbons via Fischer-Tropsch synthesis
[64], [65]. As the RWGS reaction is endothermic (AH? = 41 kJ-moll), the catalytic produc-
tion of CO is favored at higher temperatures. At low temperatures, the exothermic Sabatier
methanation (Equation 2) is favored, especially over nickel-based catalysts, reducing the

CO selectivity.

COy+ Hy ¢» CO+ H,O AH®=41kJ-mol™! (1)
CO, + 4Hy <> CHy + 2H,0  AH® = —164 kJ -mol™!  (2)

The catalytic reaction for RWGS occurs over a metal surface and has been studied for
several decades. The proposed reaction pathways are redox (direct CO-O dissociation)
and associative or hydrogen mediated (CO-O dissociation is assisted by H,) mechanisms
[66]-[68]. Both mechanisms can coexist under reaction conditions and may vary widely
depending on factors like catalyst precursors, preparation method, and activation treat-
ment. Among the different materials tested for the RWGS reaction, noble metal-based cat-
alysts (Pt and Rh) have exhibited promising reaction conversions and CO selectivities [69],
[70], but their applicability is limited due to the high cost and low availability of the raw
material. Thus, researchers have focused on developing low-cost transition-metal catalysts
for the RWGS reaction. Cu-based catalysts, which are also used for methanol synthesis
[71] are a promising option for the RWGS showing a CO, conversion of ~ 60% [72], [73].
However, they are limited by their thermal stability, i.e., the catalysts easily sinter at high

temperatures.
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The use of bimetallic catalyst systems has shown better results compared to their
monometallic counterparts. Recently, mechanistic studies have shown that the combina-
tion of Cu and Ni can be promising for the RWGS reaction [74]. The Ni species in the
catalytic system act as an active site of CO, methanation, producing synthetic natural gas
[75]. The bimetallic combination Ni and Cu has been tested for the RWGS reaction after
preparation by impregnation, confirming that the formation of the NiCu alloy is a good
strategy to improve the selectivity to CO [76]. Another study showed that a Cu-Ni alloy
supported on activated carbon with a Cu:Ni ratio of 2:1 is more active in the direct water-
gas shift (WGS) reaction, compared to their monometallic counterpart and also superior to
Cu:Ni supported on activated carbon. However, this combination was unstable over sev-
eral cycles of operation [77]. In addition, the preparation method plays a major role in the
catalytic performance, and the two-dimensional materials or nanocomposites, as a start-
ing point, are a better approach that leads to highly dispersed metal species.

There is a lack of studies on the use of LDH-derived catalysts for RWGS, especially in-
depth contributions about the understanding of the structural and surface dynamics are
missing [66]. To the best of our knowledge, Ni-Cu bimetallic catalysts derived from LDH
have not been studied on the RWGS reaction before. Recently, Summa et al. studied the
effect of Cu on Ni-Mg-Al hydrotalcite-based materials for CO, methanation, concluding
that the addition of Cu increased the number of basic sites and the catalytic performance
toward methane formation [78]. Furthermore, Marocco et al. evaluated Ni-Al catalysts
from LDH-precursors also for CO, methanation under different operating conditions [79].
The catalysts exhibited remarkable stability under reaction conditions (constant CH, yield

at 350 °C during 140 h). However, the reasons for the good stability were not discussed.
1.4.2 Ammonia decomposition

Since the first industrial plant was established in 1913, ammonia (NHj;) synthesis has been
a very important reaction mainly produced using iron-based catalysts at temperatures
between 400 and 600 °C, and pressures of 100-400 bar [80], [81]. The first studies on ammo-
nia decomposition were mainly conducted to obtain a basic understanding of the synthe-
sis process rather than to develop a catalyst for the deactivation reaction. Therefore, a lot
of knowledge has been gathered [82]. Facing the energy crisis and climate change, this
knowledge may enable the use of ammonia as a carbon-free hydrogen carrier [83], [84].
The produced H, can be used in a fuel cell or directly in a combustion device. The advan-
tage of using ammonia for hydrogen storage is the existing technology for ammonia syn-
thesis and transport [84]. Several reviews summarize the wide branch of opportunities
that ammonia has as an energy carrier for the future, the main catalysts employed, and
the effects of the promoters and support [85]-[88].

14



1.4. Relevant reactions for chemical energy conversion

2NH;z <+ Ny +3Hy AH®=9244kJ -mol™! (3)

NHj decomposition is performed at low or atmospheric pressures. It is an endothermic
process (Equation 3) that is favored at higher temperatures. Catalysts for ammonia syn-
thesis are iron-based materials operating at high pressures. Under decomposition condi-
tions, the iron-based material can form stable bulk iron nitrides that block the active sites,
making it unsuitable for the ammonia decomposition process. The ideal catalyst for the
decomposition of NH; must then have very different nitrogen binding energies, compared
to the synthesis catalysts [89]. The most active catalyst for NH; decomposition is ruthe-
nium-based material; the nickel-based catalyst is the second best, with the benefit of being
a low-cost transition metal [90]. Ni-based catalysts is already used in small-scale commer-
cial ammonia decomposition reactors operated at 850 °C and atmospheric pressure [91].
The rate-determining step for ammonia synthesis is the activation or dissociative adsorp-
tion of the nitrogen molecule [92]. For ammonia decomposition, the mechanism is more
complex. The adsorption of NHj initiates on (probably) a metal site (*) to form NHj*; here,
the asterisk (*) denotes adsorbed on a surface site. Then sequential dehydrogenation of
NH;* by the cleavage of the N-H bonds produces H* species that are combined to form
and release H,. Lastly, the recombination of two N* species forms N,, which is finally des-
orbed from the surface. Another rate-determining step could be the recombinative des-
orption of dinitrogen from the surface or the cleavage of the N-H bond. This depends
on the external reaction conditions, such as partial pressures, temperatures, and espe-
cially catalyst formulation [93]. For example, for nickel surfaces operated at high temper-
atures, the rate is controlled by the adsorption of NH,; however, at low temperatures,
nitrogen desorption is the dominating one [94]. Furthermore, Ganley et al., also concluded
that nitrogen desorption is the rate-determining step for Ni, Ru, Co, Fe, and Cr catalysts;
whereas this was not the case for Rh, Ir, Pt, Pd, and Cu [95].

Ammonia decomposition is a structure-sensitive reaction and the optimal particle size of
nickel supported on alumina is between 1.8 and 2.9 nm [96]. Computational studies show
that the desorption of atomic nitrogen depends on the metallic nickel facet: the desorption
of N, from Ni(111) is more favorable compared to other facets [97]. Furthermore, strongly
adsorbed N atoms would block some of the step sites of the Ni(211) facet. The strong
adsorption of N on Ni sites might generate the formation of nickel nitrides. Copper, on the
other hand, is not as active as nickel, ruthenium, and cobalt, and does not form nitrides
[98]. There is no direct evidence that the nitride phase improves the activity.

The nature of the catalyst precursor plays an important role in the characteristics of the
final catalysts. Ni-based LDH materials have been used as a catalyst precursor for the
ammonia decomposition reaction, showing that the catalyst prepared from nitrates (NO5")
has higher activity compared to the ones prepared from chlorides (CI") [99]. Moreover,
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1. Introduction and overview

in the LDH-derived catalysts, the metal-support interacts via a spillover effect of surface
hydrogen species. This interaction improves the performance of the ammonia decomposi-
tion [100], [101] and could also be related to an increase in the basicity of the support and
the amount of Ni? sites exposed [102]. Similarly, in the liquid phase, the dehydrogenation
of ammonia-borane was enhanced by Ru nanoparticles embedded in the CaAlOx support
owing to the specific LDH preparation technique [103].

Despite the progress of ammonia decomposition and CO, hydrogenation studies using
materials derived from LDH, there is still an opportunity to expand fundamental knowl-
edge. The purpose of this study was to understand the effect of Cu on the catalytic perfor-
mance of the Ni catalyst prepared by LDH precursor. The detailed kinetic mechanism is
not considered in the scope of this work.

In this thesis, the synthesis of four LDH materials is briefly described. M, Al 5 that vary
in the molar content of the divalent metal (M) and Al is kept constant. The Ni:Cu molar
ratio was set to 1:0, 4:1, 1:1 and 0:1 to form Ni ,Aly 5, Nij 5,Cu 14Alg 3, Nig 35Cug 35Al, 5,
Cuy 7Al 5, correspondingly. Carbonate (CO,2°) anions were used in the interlayer domain.
The properties of these materials were studied by combining different analytical tech-
niques. Bulk and micro structure were investigated using XRD and TEM, respectively.
The morphology and 3D structure of the layered material were examined using TEM-tilt
series. In addition, thermogravimetric studies comparing all materials were performed.
The inspection of the temperature-programmed reduction (TPR) profile using two differ-
ent calcination temperatures defines the optimal calcination pretreatment. The character-
ization of the reduced samples is thoroughly described, highlighting the metal-support

interaction, which is directly related to the catalytic performance.
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2 Experimental and characterization methods

2.1 LDH synthesis

NiCuAl-LDH synthesis was performed in a co-precipitation approach with constant pH
in an automated laboratory reactor (Mettler Toledo LabMax). The coprecipitation method
of LDH synthesis is schematically shown in Figure 5. Synthesis was carried out as follows:
300 mL 0.5 M Na,COj solution was added to LabMax under 300 rpm stirring. The pH was
manually adjusted to 9 with a concentrated HNOj solution. To start precipitation, the 1
M mixed metal nitrate solution of Ni(NOj),, Cu(NOj3), and Al(NO;);, and a 3 M NaOH
solution (to control the pH) were added dropwise simultaneously to the Na,CO; solu-
tion in the reactor. The dropwise addition was performed under stirring at a controlled
speed: 600 g of metal solution was dosed dropwise in 30 min. During the addition, the
suspension was kept at a temperature of 30 °C. The suspension was then filtered (12A) and
washed several times with deionized water until a conductivity of the liquid phase below
0.5 mS-cm! was reached. Drying was carried out at 50 °C for 2 days in a drying cabinet,
and a bluish-green precursor was obtained. Then an ion exchange was carried out in order
to replace the remaining nitrates from the precursor for carbonate ions. A suspension of
2.5 g of the dry sample in 15 mL of Milli-Q H,O and 250 mg of Na,CO5; was stirred at 300
rpm for 2 h at 30 °C. The washing and drying procedures were then repeated. LDH with
different molar ratio (Nij »Alj 3, Nij 5,Cug 14Aly 3, Nij 35Cu 3541, 3, and Cug ,Aly 5) were
prepared as described above, including the ion exchange. For simplicity, the samples will
be named NiAl, NiCu(4:1)Al, NiCu(1:1)Al and CuAl, respectively. A thermal treatment
will be indicated by appending the name with “_ox290_red450” when it is calcined, for
example, at 290 °C and reduced at 450 °C.
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Figure 5: Schematic representation of the LDH synthesis in a Mettler Toledo LabMax setup.

Adapted from [104].
2.2 Powder X-ray diffraction

2.2.1 Exsitu X-ray diffraction

Ex situ powder X-ray diffraction (XRD) measurements were performed in Bragg-Brentano
geometry on a Bruker AXS D8 Advance II theta/theta diffractometer, using Ni filtered Cu
K142 radiation and a position sensitive energy dispersive LynxEye silicon strip detector.
The sample powder was filled into the cavity of a low background Si single crystal sample
holder, the surface of the powder bed being level with the sample holder edge (front load-
ing). In the case of air sensitive samples, an airtight version of the sample holder equipped
with an X-ray transparent dome was loaded in a glove box under argon atmosphere. XRD
Rietveld based powder pattern fitting was performed using the TOPAS software (version
5, ©1999-2014 Bruker AXS).
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2.2. Powder X-ray diffraction

2.2.2  Quasi in situ X-ray diffraction (calcination)

Quasi in situ XRD data was collected on a STOE Theta/theta X-ray diffractometer (Bragg-

Brentano geometry, Cu K ., radiation, secondary graphite monochromator, scintillation

oal+
counter) equipped with an Anton Paar XRK 900 in situ reactor chamber. For the in situ
calcination, the gas feed was controlled by Bronkhorst mass flow controllers, using 20
mL_'min~! O, and 80 mL,-min~! He as inert balance gas. All diffractograms were taken at
25 °C between temperature treatments. The sample was heated using a ramp of 6 °C-min™!
to 185 °C and held for 5 h, afterwards it was rapidly cooled down for the XRD acquisition.
Subsequently, the sample was quickly heated (20 °C'min!) to the previous temperature

(185 °C) to continue heating at 6 °C-min™! to 250 °C, held for 24 h and 600 °C, for 30 min.
2.2.3 Quasi in situ X-ray diffraction (reduction)

In situ reduction XRD experiments were carried out in a STOE STADI P transmission
diffractometer with Debye-Sherrer geometry, equipped with a STOE INSITU HT2 capil-
lary reaction chamber. The MYTHEN 1k energy dispersive position sensitive detector col-
lected the intensity of the diffracted Mo Kal radiation obtained by using a primary Ge
(111) monochromator. 17 mg of NiCu(4:1)Al calcined sample (S35648), with a sieve frac-
tion between 200 and 300 pm, was placed between SiO, wool in a quartz glass capillary
with an inner diameter of 1.6 mm and mounted on the HT2 reaction chamber. A total flow
of 20 rnLn-min_1 of 5% H, was established in He, and two sets of diffraction scans were
acquired: a 10 min scan at high temperatures and an approximately 2.5 h scan at 50 °C to
exclude thermal expansion. Figure 6 shows the temperature profile used during the exper-
iment. The heating ramp was 2 °C-min-! and 50 °C-min! for cooling and reheating to the
previous temperature, respectively. The formation of H,O was evidenced in the MS dur-
ing the experiment, as product of the reduction process.

For detailed analysis, Rietveld-based powder pattern fitting was performed using TOPAS
software (version 5 ©1999-2014 Bruker AXS). A constant fit model was maintained
throughout the series to avoid the introduction of artificial changes and to better differ-
entiate the variations. Thus, both oxide and metal phases were included in all fits, even if
one or the other had only a negligible contribution. Since Cu and Ni are very similar in
their scattering power and indistinguishable in a solid solution, the two phases used in
the fits were rock salt type NiO for the oxide component and fcc Ni representing the Ni-
Cu bimetallic alloy. A minor potential contribution of nanocrystalline CuO in the starting

material was ignored for the sake of fit stability.
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Figure 6: Temperature profile during in situ XRD reduction experiment.

The fitting of both series of diffractograms (acquired at HT and at 50 °C) considered peak
broadening because of size, but the strain contribution was neglected because the HT dif-
fractograms contain only two reflections. The background was modeled with a combina-
tion of a zero-order polynomial with a reciprocal function because it produced the most
reasonable background shape. Furthermore, a couple of broad peaks were added to the
model for a better fit. They are present from the beginning and might be related to amor-

phous alumina, or the background caused by the capillary.

2.3 Nitrogen sorption isotherms

Specific surface areas of the LDH precursors and calcined LDH materials were estimated
by N, physisorption (Quantachrome Autosorb-1) and evaluated using Brunauer-Emmett-
Teller (BET) theory for surface area and Barrett-Joyner-Halenda (BJH) method for pore
size distribution. Approximately 100 mg of each sample was used for the experiment.
Prior to the acquisition of the adsorption-desorption isotherms, the LDH samples were
outgassed for 2 h at 100 °C; and the mixed metal oxides (i.e. LDH after calcination) at
250 °C.
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2.4. Elemental analysis

2.4 Elemental analysis

Metal content analysis of Al, Ni, and Cu was performed using inductively coupled plasma
mass spectroscopy (ICP-MS-2030). Approximately 20 mg of each sample was dissolved in
nitric acid by microwave digestion at 200 °C for 1 h prior to analysis. Both experiments
were performed in the Department of Molecular Catalysis at the Max Planck Institute for

Chemical Energy Conversion.

2.5 Thermogravimetric analysis

Thermogravimetric analysis was performed in a Netzsch TG 209 F1 Libra thermobalance
with top loading and coupled with a Pfeiffer OmniStar TM Quadrupole mass spectrom-
eter for the gas-phase analysis. Approximately 15 mg of the sample was used and heated
to 1000 °C at 2 °C'min™! under synthetic air (21% O, in Ar) using a total gas flow of 70

mL-min.

2.6 Transmission electron microscopy

Transmission electron microscopy (TEM) and scanning TEM (STEM) studies were carried
out using two microscopes: a Thermo Scientific Talos F200X and an aberration-corrected
Jeol JEM-ARM200F, both operating at 200 kV acceleration voltage. The LDH and LDH-
derived samples for TEM/STEM investigations were dry-prepared using lacey carbon
coated Au-grids if not stated otherwise. Both LDHs and MMO samples were analyzed
using a double-tilt and single tilt sample holder for Talos and Jeol microscopes, respec-
tively. The activated or reduced samples were transferred from the glovebox to the micro-
scopes to minimize contact with air, using Gatan vacuum transfer holders VIST4006 and
single tilt 648, for Jeol and Talos microscopes, respectively.

2.6.1 TEM tilt series

Different views of two selected samples (one calcined and one reduced) were collected
by TEM images at different tilt angles on a Talos F200X microscope. The microscope was
operated at 200 kV acceleration voltage, a condenser aperture (C2) of 150 um diameter

2.5, The sample was sus-

was used, the electron flux density was less than 20 e *nm-"
pended in ethanol, sonicated for 5 minutes, and drop casted onto a QUANTIFOIL® Holey
Carbon film on an Au 200 mesh TEM grid. When the solvent was dried, the grid was
placed, with its diagonal parallel to the axis of the holder, on an advanced tomography

holder Model 2020, Fischione (FP 90997/19). This allows for imaging at high tilt angles.
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For the acquisition, the FEI Tomography software, Version 4.0 (PN 1062977D) was used.
The collected TEM images were combined in the Image] software. The complete 3D recon-
struction was not part of the thesis, but the video and series of images are presented to
reveal the 3D morphology of the LDH and derived materials.

2.6.2 STEM-EDX

STEM experiments using high-angle annular dark field (HAADF) and bright field (BF)
detectors, as well as energy dispersive X-ray spectroscopy (EDX) were carried out using a
Thermo Scientific Talos F200X electron microscope. A condenser aperture (C2) of 70 pm
diameter was used and a screen-current of ca. 0.5 nA was set. EDX elemental analysis was
performed using the SuperX EDX system consisting of four silicon drift detectors (SDD)
that cover 0.9 sr. The elemental mappings were exported showing net intensities and using
a pre-filtering Gaussian blur with <& 1.0 or 1.5. The relative local compositions were esti-
mated by quantification of the integrated spectra using an empirical background subtrac-
tion model, absorption correction assuming 50 nm sample thickness and the Brown-Pow-

ell ionization cross-section model.

2.,6.3 HR(S)TEM and SAED

High-resolution aberration-corrected (S)TEM was performed using a Jeol JEM-ARM200F
electron microscope equipped with two aberration correctors (for probe-forming and
image forming lenses) operated at 200 kV acceleration voltage and 10 pA emission current,
using a 30 pm condenser lens aperture (resulting in a convergence semiangle of 22.8
mrad). For selected area electron diffraction (SAED) experiments, a 20 um SA aperture
was used. The particle size distribution from the activated samples was obtained from

STEM-HAADF images by analyzing at least 150 particles per sample using Image].
2.6.4 STEM-EELS

For electron energy-loss spectrometry (EELS) a Gatan GIF Quantum energy filter was
used in the Jeol JEM-ARM200F microscope. The dispersion was set to 0.1 eV per channel
and an energy resolution of 0.7 eV was determined by measuring the full width at half
maximum (FWHM) of the zero-loss peak. For DualEELS the low-loss region was recorded
using an energy shift of 0 eV while for the high-loss region, an energy shift of 800 eV
was used. This allowed us to simultaneously record the zero-loss peak and the Ni and
Cu L, 3-edges, respectively. For the Al L, 5 edges and O K-edges, the energy shift was
set to 70 eV and 500 €V, respectively. The spectrometer entrance aperture of 5 mm and a

camera length of 3 cm were used (resulting in a collection semiangle of 35.1 mrad). Elec-
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2.7. Calcination and temperature-programmed reduction

tron doses were set to ca. 1.08x108 electrons s

in order to minimize the changes of the
structure induced by the electron beam during the TEM experiments. EELS data evalua-
tion was performed using digital micrograph GMS3, Gatan, Inc. The zero-loss peak was
used for energy calibration in the high-loss region and to estimate the thickness using the
inelastic mean free path (t/ ). [9]. The spectra were deconvolved to exclude plural scatter-

ing effects due to sample thickness.
2.7 Calcination and temperature-programmed reduction

2.7.1 Calcination

The first step in the activation procedure of the LDHs is a calcination process. Approxi-
mately 80 mg of powder of each as-synthesized LDH material was introduced into a U-
tube capillary quartz reactor (internal diameter 8 mm), placed in an oven, and exposed to
a continuous gas flow during heating. The instrument was equipped with a mass spec-
trometer (MS - Pfeiffer OmniStar® quadrupole) and a thermal conductivity detector for
gas product analysis. For the calcination, a gas mixture of 21% O, in He with a total flow

1 was used. The heating rate was set to 2 °C-min"! until a temperature

rate of 100 mL-min~
of 290 °C was reached with 3 h dwelling time, or a temperature of 600 °C was reached
with 10 min dwelling time. The product of the calcination process is called mixed metal

oxides (MMO).
2.7.2 Reduction

The second step of the activation is a reduction treatment under H, atmosphere. Using
the same setup, after cooling down and purging with Ar, the gas mixture was switched to
5% H, in Ar with the same total flow (100 mL-min) to perform the reduction, i.e., tem-
perature-programmed reduction (TPR) at 300, 450, 600 or 900 °C, with a heating ramp of
2 °C'min’!. After the setup was cooled down naturally, in each case the activated material
was transferred under an inert atmosphere to the glove box to perform subsequent ana-
lytical investigations. The degree of reduction was calculated according to the following
equation:
B Bap
Red(%) = i = 100
2

where, H 2E P is the experimental H, consumption, and H 2T h is the theoretical amount of
H, required for reducing all the Cu?* and/or Ni’* species.
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2.8 Microcalorimetry

The catalysts” surface was studied by conducting microcalorimetry experiments using
a SETARAM MS70 Calvet calorimeter. The calcined samples were reduced ex situ at
450 °C (2 °C-min!) in 5% H, in Ar for 3h and transported under air-free conditions
to the calorimeter. CO was adsorbed at 30 °C for 5 h and subsequent evacuation up to
1078 mbar at 30 °C. After the equilibrium was reached, another adsorption cycle was per-
formed under identical conditions. The adsorption-desorption procedure was repeated
three times. Pressure, adsorption temperature, and heat signals were recorded during all
dosing steps. Metal surface areas (M = Ni and/or Cu) were determined by assuming an

adsorption stoichiometry of CO_ 4. M 1:1.

surf ~
2.9 DRIFTS of CO adsorption

Diffuse reflectance infrared Fourier transform (DRIFT) spectroscopy experiment was car-
ried out using a Cary 680 Series FTIR Spectrometer from Agilent Technologies equipped
with a MCT detector at a spectral resolution of 2 cm™! and accumulation of 1024 scans. An
in situ cell (Harrick Praying MantisTM diffuse reflectance attachment DRP-P72 was used.
The samples (NiAl_ox290, NiCu(4:1)Al_ox290, and CuAl_ox290) were reduced for 3 h in
the reaction chamber using 50 mL-min! of 5% H, in Ar with a heating rate of 2 °C-min™!
up to 450 °C. Then, the cell was evacuated, kept under vacuum for 30 min, and the sample
cooled down to room temperature. The pressure in the DRIFTS cell reached 10® mbar and
spectra were recorded at 30 °C while dosing CO at increasing equilibrium pressures rang-
ing from 0.1 to 9 mbar. Spectra before CO dosing were used as background and subtracted

from the following spectra.

2.10 CO, - TPD

The basicity of the reduced materials was measured by CO, -TPD using a setup (iKube
reactor) designed at the AC department and built by Premex® reactor GmbH. It is com-
posed of a double reactor configuration that measures the sample and the reference (stan-
dard CuO) simultaneously. The set-up is equipped with thermal conductivity detectors
located at the inlet and outlet of each reactor to monitor the desorbing gas. 10 mg of each
calcined sample was placed in between quartz wool, in the isothermal zone of a quartz
tube of 2 mm inner diameter. Before the TPD experiment, the sample was reduced in situ
using 5% H, in Ar, with a heating rate of 2 °C.min! to 450 °C, and kept for 3 h. The sam-
ple was then cooled to 50 °C in He and exposed to pure CO, flow for 1 h to saturate the
surface. Later, the CO, was changed for pure He and flowed for 15 min to remove weakly
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bound CO, molecules. The desorption profile was carried out at the temperature range
of 50 to 600 °C with a heating rate of 10 °C-min"l. The obtained profile reflects the rela-
tive amount of basic sites, and the desorption temperature indicates its strength (weak,

medium, and strong).

2.11 NEXAFS - XPS

Near-edge X-ray absorption fine structure (NEXAFS) spectroscopy and X-ray photoelec-
tron spectroscopy (XPS) measurements were performed at the UE56-2 PGM-2 beamline at
BESSY II synchrotron facility. The experiments were carried out in a stainless steel NAP-
XPS chamber described elsewhere [105]. About 20 mg of each sample were pressed to
form 6 mm diameter pellets. Air-sensitive samples were pressed inside an argon-contain-
ing glovebox and mounted on a sapphire sample holder between a stainless steel back-
plate and a stainless steel cap. The resolution of the photon energy was set to 700 meV for
the Cu Ly edge (~ 930 V) and Ni L, 5 edge (= 850 €V), and 250 meV at the O K-edge (=
520 eV). Each NEXAFS spectrum was obtained in total electron yield mode, measuring the
current passing through a nozzle about 0.5 mm from the surface of the sample. Further-
more, all NEXAFS spectra were normalized to the incident photon flux.

NEXAFS and XPS spectra were acquired on the calcined LDH samples with different com-
positions (NiAl, NiCu(4:1)Al, NiCu(1:1)Al and CuAl) after the ex situ reduction at 450 °C
or 600 °C using 5% H, in Ar at 1 bar in a TPR set up (for more details of the reduction,
see section 2.7.2). The transport of the sample to the vacuum chamber in the synchrotron
facility was carried out without air contact. Despite all the measures taken during trans-
port to prevent oxidation of the reduced samples, some typical features of metal oxides
were observed. Therefore, a re-reduction was performed in situ inside the analysis cham-
ber at 250 °C, in 0.5 to 1 mbar of H, and heated at a rate of 15 °C-minL. The XPS core lev-
els of Ni 2p and Cu 2p of the reduced samples were acquired using a resolution of 0.1 eV.
The XPS calibration was done using the Fermi level and adjusted individually for each
core level. During the experiment, the photon energy was adjusted to make the kinetic
energy of the outcoming photoelectron equal to 150 eV to have the same probing depth
for both nickel and copper. The estimation of the inelastic mean free path (IMFP, A), was
5 A, and the probing depth was between 1 and 3 A; which corresponds to 10 A. The rel-
ative quantification was performed using OriginPro, Version 2022b, by integration of the
signals and considering the cross-section, different photon fluxes at different photon ener-

gies, and asymmetry factors.
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2.12 Catalytic experiments

2.12.1 Hydrogenation of carbon dioxide

Catalytic experiments were carried out in BasCat - UniCat BASF JointLab facilities. The
setup, operated at atmospheric pressure and temperature of 600 °C, was designed by Inte-
grated Lab Solutions (ILS, Berlin, Germany) and equipped with a quartz tube as a fixed
bed reactor with an inner diameter of 6 mm. The LDH precursors were initially calcined
ex situ at 290 °C in synthetic air, pressed and sieved to 100-200 um fraction. The amount
of MMO materials was fixed to 15 mg for all runs and diluted in 85 mg of SiO,. In an acti-

Lof

vation step, all catalysts were first reduced in situ for 60 min at 450 °C in 100 mL-min~
10% H, in He with a heating rate of 10 °C.min~!. After the reduction step, the reactor was
purged with 100 mL-min"! of He flow for 15 min. The reactor temperature was increased
to 500 °C with a heating rate of 10 °C-min~!. Subsequently, the He flow was replaced
with a reactant mixture (40 mL-min~! CO,: 40 mL-min™ H,:20 mL-min"! He). The reaction
temperature was modified in a heating up — cooling down cycle at temperature steps
of 500 — 550 — 600 °C. The resulting catalyst weight hourly space velocity (WHSV) was
400,000 mL-g"-h"l. Educts and products were analyzed online by gas chromatography
equipped with a TCD detector. Carbon dioxide conversion (X¢cp,), carbon monoxide

selectivity (Sco), and methane selectivity (Scm,) were defined as:

[CO5) " —[CO,)

X(CO2) = [COs ™ * 100
. [Co}out
S(CO) — [Cog]i”—[COQ]Out * ].00

[CH4] out

S(CH4) = TCO,J"—[CO, * 100

2.12.2 Ammonia decomposition

Catalytic experiments for ammonia decomposition were performed in a homebuilt reactor
(Haber setup) located in the Inorganic Chemistry Department facilities. The reaction was
performed in a quartz tube used as a fixed bed reactor, operating at atmospheric pressure
and temperature steps between 400-600 °C. All samples were previously calcined at 290 °C
for 3 h, pressed and sieved to 200-300 pm fraction. For each experiment, approximately
50 mg of the calcined sample was dispersed in 100 mg of SiC (355- 400 yum). In situ acti-
vation was carried out at 450 °C for 1 h using 50 mL-min"! of 20% H, in Ar. Subsequently,
the catalyst was cooled to 400 °C, and 100% NH; flow was supplied to the catalyst bed
with a total flow rate of 30 mL-min"! and a WHSV of 36000 mL-g"!-h-l. The catalyst tem-
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perature was increased stepwise from 400 °C to 450, 500, 550, and 600 °C, and later cooled
back to 400 °C. Steady-state conversions were measured at each temperature step for 1 h.
The NH; conversion was recorded using an ammonia detector (Binos 1.2 IR spectrometer,
Rosemount). NH; was diluted with N, to 10% before reaching the detector. Considering
the volume expansion of the NH; decomposition, the conversion (X yf,) was calculated
based on the following equation:

104X 7,

[NH ]m—[NH ]detector*(i)
XNH3 f— 3 []i}Hg}m 10 * ].OO

2.13 Operando TEM

Operando Transmission electron microscope experiments were carried out in a homebuilt
operando TEM setup, equipped with a gas feeding and gas analysis (Figure 7a). The spec-
ifications of the setup have been reported elsewhere [106]. The setup is compatible with a
commercial MEMS-based gas cell TEM holder: DENSsolutions climate holder. Outgoing
gases were analyzed using the HIDEN HAL/3F Quadrupole mass spectrometer (QMS).
Imaging during the experiments was performed using a Cs-corrected FEI TITAN 20-300
operated at 300 kV and equipped with a TVIPS XF416 camera. Different positions were
analyzed during the experiments to exclude the influence of the electron beam on the
observed changes (morphology and structure).

2.13.1 Sample preparation

Two samples were prepared for operando experiments: one LDH as-prepared, the
NiCu(4:1)Al LDH (internal number: S34504); and the MMO or calcined sample at 290 °C,
NiCu(4:1)Al_ox290 (internal number: S36645). For sample preparation, the upper and
lower parts of the MEMS chip were plasma cleaned for 2 min using a mixture of oxygen
and argon plasma. Approximately 5 mg of powder was dispersed in 1 mL of Milli- Q
water and sonicated for 5 min. Subsequently, an aliquot of 0.5 pL was dropped onto the
bottom chip (Figure 7b-1). Following a 15-minute air-drying period, the chip was assem-
bled with the O-ring and top chip. Finally, the top chip (silicon nitride window) was
aligned with the bottom chip (Figure 7b-3.), and the leak test was performed. Based on the
dispersion of 5 mg'mL~1, and the volume used 0.5 pL, it is probable that only 2.5 pg (or
less) of the sample was deposited on the chip.

27
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After the first preparation, the particles had weak adhesion to the silicon nitride window
and flew away easily upon interaction with the beam. Therefore, the second experiment
needed more sample preparation steps as there were not enough areas with particles
for TEM analysis during the first experiment. The calcined sample (NiCu(4:1)Al_0x290),
underwent sieving to obtain a fraction < 80 nm before dispersion. Additionally, the bottom
chip was carbon-coated with a thickness of a few nanometers (< 2 nm) after plasma clean-
ing.

a) Operando microscope b) Sample preparation

Figure 7: a) Photograph of the operando TEM setup. b) Preparation of the MEMS chip: 1. An aliquot of the
catalyst suspended in water is deposited onto the bottom chip. 2. Micrograph of the MEMS chip after sam-
ple preparation. 3. View of the chip after aligning the top window.

Photograph (a) adapted from [106].
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2.13.2 Conditions during operando experiments

The DENS Climate holder — after checking for leaks - was introduced into the Titan micro-
scope. The gas lines were evacuated for at least 30 min every time before setting any gas
feed. The total gas flow was controlled by a high-precision flowmeter (Bronkhorst), using

between 15 and 25 pL-min~!. In almost all cases, gases could settle overnight.
2.13.2.1 LDH sample (Experiment #1)

The LDH sample was calcined in situ using 20% O, in He flow (24 pL-min"! and 1.2 bar
as inlet pressure) and heated to 350 °C. Subsequently, it was reduced using 10% H, in He
and similar flow and inlet pressure. To determine whether the conversion was detectable
under the operando conditions, the reaction was performed over a weekend without TEM
or characterization. The reaction mixture CO,:H,:He was set to a ratio of 1:1:0.5 and the
total flow through the cell to 17 uL-min’!, and an inlet pressure of 0.80 bar. The tempera-
ture was increased at 2 °C-min-! to 600 °C and was held every 50 °C (from 400) for a mini-

mum of 2 h.
2.13.2.2  Calcined sample (Experiment #2)

The calcined sample may have reconstructed to LDH during OTEM preparation due to
the memory effect and contact with water (Milli-Q). Therefore, the first step was calcina-
tion using 20% O, in He (22 pL-min"! and 1.1 bar as inlet pressure) at 290 °C for 3 h. Sub-
sequently, a mixture of 10% H, in He was used for the reduction process (21 uL-min! and
1.0 bar), which was performed at temperatures up to 450 °C. Then, as in experiment #1,
the reaction mixture CO,:H,:He was used with a ratio of 1:1:0.5 and 20 pL-min! with a
pressure of 0.84 bar. The temperature was increased using a rate of 2 °C-min’! to a maxi-
mum of 600 °C.

2.13.3 Electron dose

The effects of the beam can be completely negligible when the appropriate low dose is
used. This value must be below the damage threshold. Figure 8 shows two series of images
acquired using different electron beam doses: 1100 and 606 e-A"2.s"L. For the series of
images A, the morphology changes when illuminated by the beam: some nanoparticles
were formed and are visible in the image acquired at 100 °C. However, when analyzing
the series of images B, these changes are not visible, and the material kept the same mor-
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phology after heating to 120 °C. Therefore, the electron dose was kept below 606 A2,
At this value, damages due to electron beam-matter interactions are assumed to be neg-
ligible [12]. For the high resolution imaging of the sample, when heated to 350 °C and
higher, the electron dose was always chosen below 1100 e™-AZ2s1,

Figure 8: TEM micrographs acquired at different temperatures during calcination. a) using electron dose of
1100 ™ A-2:51, and b) using 606 e A2s71,

2.14 Fixed-bed reactor experiment

To estimate the apparent activation energy for the RWGS reaction an experiment in
a fixed-bed tubular steel reactor (Chinchen reactor) were performed. 15 mg of
NiCu(4:1)Al_ox290 sample (sieve fraction 200 - 300 um), was mixed with 50 mg of SiC.
The material was placed inside the reactor of 4 mm diameter and the experiment was car-
ried out at atmospheric pressure. The precatalyst was reduced in situ under 350 mL-min-!
of 5% H, in Ar, heated at 2 °C-min"! to 450 °C and held for 3 h at the latter temperature. A
reaction mixture of CO,:H,:Ar was set in the 1:1:0.5 ratio. The reaction temperature was
set to 350, 400, 450, and 550 °C using a heating rate of 10 °C-min"! and kept at each tem-
perature for 1 h to obtain a steady state. The quantification of products was performed by

online gas chromatography equipped with TCD and FID.
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3 Preparation of highly dispersed metallic
nanoparticles from NiCuAl-layered double

hydroxides

This chapter describes the properties of NiCuAl-LDH and the activation procedure in
order to obtain highly dispersed metallic nanoparticles. The thermal decomposition and
the effect of calcination temperature on the reducibility are presented. The reduction pro-
tiles of the bimetallic sample suggested two separate events: (1) reduction of Cu, which
promotes the (2) reduction of Ni. However, the characterization of the reduced material
showed transient core-shell properties of the Ni-Cu system that eventually can form an

alloy. The metal-support interaction is also studied.

3.1 As-prepared LDH properties

LDH materials with the general formula [M2+0'7A13+0'3(OH)2]O'3Jr (CO3)2'0'15-mH20]X_
(M2* = Ni?* and/or Cu?*) were synthesized by co-precipitation at constant pH 9, as
described in the experimental details. The amount of divalent metals M2+ was varied
using different Ni:Cu ratios of 1:0, 4:1, 1:1, and 0:1. Samples are denoted as bimetallic
when using both Ni and Cu as divalent ions. The labels and relative molar content of the
LDH samples measured on a macro- and local-scale are summarized in Table 1. The rela-

tive metal content obtained by ICP-MS was close to the target values.

Table 1: List of LDH samples with their relative metal content estimated from the bulk (ICP-MS) and local
(STEM-EDX) scale.

Relative metal content Relative metal content

Sample Sample (ICP-MS) [mol%] (STEM-EDX) [mol%]

label description

Ni Cu Al Ni Cu Al
NiAl Ni, »Alj 5 0.75 - 0.25 0.65 - 0.35
NiCu(4:1)Al Nij 5,Cug 14Al 3 0.57 0.15 0.28 0.5 0.15 0.35
NiCu(1:1)Al Nij 35Cu 35Al5 3 0.37 0.35 0.28 0.28 0.36 0.36
CuAl Cuy,Alg 5 - 0.71 0.29 - 0.65 0.35
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The X-ray diffractograms of the LDH material are shown in Figure 9. All Ni-containing
samples  exhibit = defined  reflections of the  hydrotalcite-like  phase
(Ni, 4Cuj g4Al, 56(OH)5(CO3); 159.84-H,0, PDF 2-00-052-1628). The defining feature of
the hydrotalcite is the intense lines at low 20 angles, which indicate the basal spacing (00/).
The main reflection (003) at 20 = 11.6° corresponds to the direction of the stacking fault of
the brucite-like layers. The CuAl sample shows a higher long-range order or crystallinity
observed by the sharper reflections in the XRD pattern, compared to the other synthesized
LDH materials. Most of the reflections fit to those of Cu(OH), (PDF 2-01-072-0140) and
similar X-ray diffractograms have been reported for CuAl LDH materials by Trujillano et
al. [107].

—— NiAl
—— NiCu(4: DAl
—— NiCu(T: DAl
CuAl

Intensity (a.u.)

Cu(CH); (PDF2-01-072-0140)

||l|. I\ 1
T

10 20 30 40 50 60 70 80
26(°)

Figure 9: X-ray diffractograms of the as-synthesized LDH samples: NiAl, NiCu(4:1)Al, NiCu(1:1)Al, and
CuAl

A detailed XRD analysis on the NiCu(4:1) sample may indicate a mixture of two phases
(SI Figure 61), either separately as two discrete phases, or intermixed. The first one corre-
sponds to the usual rhombohedral hydrotalcite-3R structure (ABCABC stacking) and the
second one to the hexagonal 2H structure (ABAB stacking). Assuming the single 3R phase
for the LDH structure, from the XRD pattern a refined value for the unit-cell parameter
c of 22.763 A can be deduced, which agrees with the value reported in the literature for
similar structures (22.703 A) [108]. TEM images of the four synthesized LDH samples are
shown in Figure 10. Estimation of the ¢ parameter of the NiCu(4:1)Al sample from TEM
results leads to a similar value of 22.2(7) A compared to the estimated value by XRD. How-
ever, a slightly lower value might be expected because of the shrinking of the layers in the
vacuum environment of the microscope as a result of the removal of water molecules from

the interlayer gallery. The estimated value from XRD is an averaged representation of the
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bulk over the whole sample; whereas the one observed in TEM, is a detailed local analysis
from one part of the sample. The value estimated from XRD represents the overall bulk of
the sample, while the observed in TEM is a detailed local analysis of a particular part of
the sample.

Figure 10: Transmission electron micrographs of pristine LDH samples synthesized with different metal
loading: a) NiAl, b) NiCu(4:1)Al, ¢) NiCu(1:1)Al, and d) CuAl. The yellow lines represent the d-spacing be-
tween the layers, clearly visible for the Ni-containing samples.

The morphology of the as-prepared NiAl and NiCu(4:1)Al LDH samples show a flower-
type structure with nanoplatelet structures oriented in different directions as shown in
Figure 10. We confirmed that the flat appearance is not a projection artifact by tilting
experiments performed on NiCu(4:1)Al_290 (SI Figure 62). For the sample NiCu(1:1)Al
this structure is losing the flowering-like properties until it becomes just platelets with
different dimensions and directions, as is observed for the CuAl sample. The morpho-
logical difference of the CuAl sample compared with the Ni-containing samples may be
explained by the structural (geometric) distortion of the Cu ions, the Jahn-Teller effect,
typically observed among octahedral complexes, where the axial bond can be shorter or
longer than the equatorial bonds [109]. Interestingly, the CuAl sample was the LDH sam-
ple with the highest long-range order observed on their XRD patterns.

STEM-EDX mappings were recorded to verify the elemental distribution of the synthe-
sized LDH samples; the results are shown in Figure 11. Furthermore, integrated EDX spec-
tra were extracted from an area of 25 nm x 25 nm, which is marked in the images. The data
corroborates the homogeneous distribution of the elements after the synthesis. Obtained
from the same area, the local elemental composition shows values similar to the targeted

ones (see Table 1). The bimetallic materials exhibit an elemental ratio of Ni/Cu = 0.7 and
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3.3, respectively, which differ slightly from the theoretical values of Ni/Cu =1 and 4,
respectively. In contrast to very local STEM-EDX measurements, ICP-MS as a method to
investigate the bulk composition leads to values of 1.0 and 3.9 for the corresponding molar
ratios (see Table 1). The slight differences may be due to the scale of the measurement: one

local and one bulk averaged. This difference might represent a slight redistribution of the

elements at the local scale.

a) NiA b) NiCu(4:1)Al c) NiCu(1:1)Al d) CuAl
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Figure 11: STEM-EDX images and elemental mappings of pristine LDH samples synthesized with different
metal loadings: a) NiAl, b) NiCu(4:1)Al, c) NiCu(1:1)Al, and d) CuAl. The spectra at the bottom are the in-

tegrated spectra extracted from the corresponding marked area (25 nm x 25 nm).

The textural properties, N, adsorption-desorption isotherms, and pore size distributions
of the LDH and calcined samples are shown in Figure 12. For all samples, the isotherms
(Figure 12a and b) are type IV, characteristic of mesoporous materials, with hysteresis -due
to capillary condensation in mesopore structures- type H3, according to the IUPAC clas-
sification [110]. The hysteresis does not exhibit any limiting adsorption at high p/p,. This
behavior can be caused by the presence of nonrigid aggregates (i.e., an assembly of par-
ticles that are loosely coherent) of platelet-like structures giving rise to slit-shaped pores
[110], [111]. These pores are actually the spaces between the platelets where multilayer

adsorption and pore filling can occur.
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Figure 12: Nitrogen adsorption-desorption isotherms of a) LDH samples and b) LDH calcined at 290 °C; and
pore size distributions of c¢) LDH samples and d) LDH calcined at 290 °C.

Within LDH materials, the NiAlI-LDH presents a wider hysteresis loop than the CuAl-
LDH, which may be an indication of different porous thicknesses or interlayer space
where the water is randomly located. Both bimetallic samples (NiCu(4:1)Al and
NiCu(1:1)Al LDH) show a very similar hysteresis loop. This may indicate that the content
of Cu present in the system does not affect the capillary condensation. Due to the nature
of the nonrigid pores, the assessment of pore size distribution is not completely reliable
[112]. However, an estimation using the BJH model gives a range of mesopores from 3 to
5 nm in all samples but CuAl.

The isotherms of the calcined samples showed distinct N, adsorbed volumes at low
relative pressures (p/py ~ 0.22), as seen in Figure 12b (plots shown without offset).
This N, volume decreases as the Ni content decreases, with NiAl_ox290 having the
highest (50 cm3- 1) followed by N1Cu(4 1)Al_ox290 (31.0 cm3. 1) NiCu(1:1)Al_ox290
(13.2 cm3- 1) and CuAl_ox290 (5.6 cm?. '1) The porous volume in the calcined samples
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3. Preparation of highly dispersed metallic nanoparticles from NiCuAl-layered double hydroxides

(Figure 12d) is visibly higher than in the as-prepared LDHs (Figure 12c), except for the
CuAl sample. Using the BET equation, the specific surface areas were determined and
decreased as Ni content decreased, from 98.4 m2.g”! for NiAl-LDH to 34 m?.g"! for CuAl-
LDH (Table 2). The surface area depends on the calcination temperature, as has been pub-

lished [45], [113]. In agreement with the gain of pore volume after calcination, the specific
surface area of the materials also increased by over 110% for NiCu(4:1)Al and NiAl sam-
ples; 33% for the NiCu(1:1)Al sample; and it did not increase for the CuAl sample.

Table 2: Textural properties of the LDH precursors and the mixed metal oxides (i.e., LDH calcined at
290 °C).

Sample Molar BET-SA Sample BET-SA Relative
(LDH) ratio (m2.g1) (MMO) (m2.g™) increase of
Ni:Cu:Al SA (%)
NiAl 7:0:3 98.42 NiAl_ox290 212.08 115
NiCu(4-1)Al 5.6:1.4:3 52.36 NiCu(4-1)Al_ox290 143.83 175
NiCu(1-1)Al 3.5:3.5:3 53.52 NiCu(1-1)Al_ox290 70.96 33
CuAl 0:7:3 34.21 CuAl_ox290 30.97 (-9)

Note: The specific surface area was estimated by the BET method.

3.2 Thermal decomposition of LDH

Figure 13 displays the thermogravimetric curves of the as-synthesized LDH samples that
were obtained under synthetic air (21% O, in Ar). The figure includes the corresponding
mass spectrometry signals of the m/z ratios of 18 (H,O, blue curves) and 44 (CO,, red
curves).

The water signal indicates two major steps during thermal decomposition: dehydration
(i.e. removal of interlayer water), and dehydroxylation. The removal of interlayer water
occurs at low temperatures, where the release of the physically adsorbed water may
also take place. With the NiAl sample, the interlayer water is removed from 50 °C to
220 °C. When adding Cu to the LDH, NiCu(4:1)Al's upper limit of this range shifts to
lower temperatures, i.e., below 195°C, and 165°C for NiCu(1:1)Al. Ab initio studies of
LDH dehydration with CO5™ as a counterion, revealed that water molecules are impor-
tant for the stability of the layered structure by enhancing the hydrogen bond between

the layers and the intercalated species. The stronger the interaction is, the higher the tem-
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3.2. Thermal decomposition of LDH

perature of dehydration (Costa et al., 2011). The product of the layers' dehydroxylation
(20H — 0% + H,0), water, is seen at elevated temperatures and differs in each sample.
For the Ni-containing samples, this occurs at higher temperatures (360 °C > T > 200 °C);
while for the CuAl sample, the dehydroxylation and water release occur at T < 210 °C.
The CO, signal represents the decomposition of carbonates, resulting in the formation of
metal oxides, also called mixed metal oxides (MMO), or the release of physisorbed CO,.
Carbonate decomposition occurs at 310 °C for the NiAl and NiCu(4:1)Al samples, but
at a higher temperature of 625 °C for the CuAl sample. The NiCu(1:1)Al sample shows
two peaks for carbonates decomposition at 280 °C and 570 °C, which might be intimately
related to Ni-carbonates and Cu-carbonates, respectively. Previous studies have shown
that Cu-based materials prepared from hydroxycarbonates can form high-temperature
carbonates (peak at around 600 °C) after calcination [114]. The absence of the second (high
temperature) peak for the NiCu(4:1)Al sample may be related to the intimate interaction
of Cu with Ni or the atomic dispersion of Cu into the Ni oxide system. Similar results have
been published by several authors [50], [115].
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Figure 13: Thermogravimetric analysis of LDH samples: a) NiAl, b) NiCu(4:1)Al, c¢) NiCu(1:1)Al, and d)
CuAl. Black trace mass, blue trace water, red trace CO,.
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3. Preparation of highly dispersed metallic nanoparticles from NiCuAl-layered double hydroxides

The presence of residual carbonates (also called high temperature carbonates) after calci-
nation might be beneficial for performing catalysis, because they could suppress sintering
during reactions [116], [117]. A temperature of 290 °C was chosen for the calcination pre-
treatment, details will be explained in the next section 3.3. X-ray diffractograms of four
calcined samples are shown in Figure 14. For all corresponding samples, the main reflec-
tions show their respective Ni and Cu oxides. Moreover, the amorphous background may
indicate the alumina support and probably uncalcined precursor. The broad peaks in the
pattern may represent a combination of small crystallite sizes and microstrains present
on the material. No segregation was found in the local composition of calcined materials
through STEM-EDX analysis (See STEM-EDX images of NiCu(4:1)Al_ox290 sample in SI

Figure 63).

NiAl_ox290

NiCu(4:1)Al_ox230
- NiCu(1:1)Al_ox280

CuAl_ox290

Intensity (a.u.)

CuO (PDF2-00-048-1548)

NiQ (PDF 2-00-47-1049)

| | .
20 30 40 50 60 70 80 90 100 110 120
24(°)

Figure 14: X-ray diffractograms of metal oxides: NiAl_ox290, NiCu(4:1)Al_ox290, NiCu(1:1)Al_ox290 and
CuAl_ox290.

3.3 Effect of calcination temperature on reducibility

The properties of the activated sample depend on the history of its treatment. Thus, the
influence of the calcination temperature on the reduction profile was studied for all LDH
samples. Figure 15 shows the temperature-programmed reduction (TPR) profile of NiAl,
NiCu(4:1)Al, NiCu(1:1)Al and CuAl LDH samples previously calcined at 290 °C (red
curves) and 600 °C (black curves). In addition, the corresponding MS signals of H,O (m/
z=18) and CO, (m/z=44) are shown. The Cu?t species are reduced at lower temperatures,
ca. 150 °C, while the reduction of Ni?* species is above 200 °C. As it is observed, the Ni%*
reduction peak shifts ~ 100 °C to higher temperatures, when the calcination was at 600 °C,
compared to 290 °C. This shift may be due to the sintering of NiO particles during calci-
nation at 600 °C. Furthermore, X-ray diffractograms of NiCu(4:1)Al calcined at 600 °C (SI
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3.3. Effect of calcination temperature on reducibility

Figure 64) showed sharper peaks due to the increased long-range order [118]. The platelet-
like morphology persists even after calcination, as observed in the TEM images (SI Figure
64b and c). For the NiAl sample calcined at 290 °C, a small peak of the H, consumption
(TCD signal) is observed at temperatures below 100 °C. Despite the absence of a distinct
signal in MS, this peak may be associated with the reduction of atomically dispersed NiZ*
species. The H,O signal is not present because it condenses on the reactor tube and cannot
reach the spectrometer at this temperature. The peak was not seen in the sample calcined
at 600 °C, showing that calcination temperature affects the sorption properties.
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Figure 15: TPR profile of LDH-derived materials previously calcined at 290 °C and 600 °C of a) NiAl, b)
NiCu(4:1)Al c) NiCu(1:1)Al, and d) CuAl samples. H, consumption and mass signals of H,O (m/z=18),
filled symbols; and CO, (m/z=44), open symbols.

The percentage of reduction is presented in Table 3.
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3. Preparation of highly dispersed metallic nanoparticles from NiCuAl-layered double hydroxides

Table 3: H, consumption of Cu and Ni oxide species during the reduction of LDH-derived materials: NiAl,
NiCu(4:1)Al, NiCu(1:1)Al, and CuAl samples previously calcined at 290 °C. Numbers in brackets indicate
the degree of reduction.

H, consumption (pmol-g™)

Measured Theoretical H,
Sample .
required
0x290_red450 0x290_red600 0x600_red900

NiAl Ni: 4966 (75%) 5836 (88%) 6188 (94%) 6598
NiCu(4:1)Al Cu: 1287 (97%) 1328 (100%) 1293 (97%) 1333

Ni: 4184 (78%) 4777 (90%) 5396 (100%) 5333
NiCu(1:1)Al Cu: 3263 (100%) 3241 (100%) 3032 (93%) 3252

Ni: 2578 (80%) 2912 (90%) 3274 (100%) 3252
CuAl Cu: 5858 (87%) 5885 (87%) 6695 (100%) 6738

The reduction profiles of CuAl samples are affected by the calcination temperature in
a more complex manner. Cu?* species may get stepwise reduced to Cul* and to CuY,
demonstrated by the two reduction events [119], [120]. Another explanation can be that
these two events may result from the reduction of dispersed and bulk CuO species
[121]. This two-event reduction of Cu?* is not visible for the bimetallic samples, probably
because of the absence of bulk CuO species. Considering the mass signal m/z 44 (CO,) in
Figure 15d, it is confirmed that the second peak in m/z 18 corresponds to the reduction
of Cu?* that interacts stronger with carbonates. In that region, a simultaneous presence
of water and CO, signals was observed. Furthermore, Cu-based LDH materials can form
high-temperature carbonates [122], which are not removed after calcination at 290 °C
but are partially removed above 600 °C (see Figure 13). Interestingly, these Cu-carbonate
species may be reduced at lower temperatures when calcination at 600 °C was used.

On the other hand, the mass signal m/z 44 (CO,) was negligible for the NiAl sample. With
increasing Cu content, (sample NiCu(4:1)Al), the CO, signal became visible. It appears at
lower temperatures for the sample calcined at 290 °C. With the sample NiCu(1:1)Al, the
CO, signal follows the shape of the consumed H,, indicating the correlation of Cu and Ni
species with carbonates. The Ni?* reduction peak appears much broader than the sharp

Cu reduction peak.
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3.4. Effect of reduction temperature

The bimetallic NiCu(4:1)Al sample, calcined at both temperatures, displays a sharp Cu®*
reduction peak, as demonstrated by Figure 15b. This effect occurs because of Cu species
that are atomically dispersed and reduced at the same temperature. It was similar for sam-
ple NiCu(1:1)Al calcined at 600 °C, but when 290 °C was used, a broader Cu?* reduction
event was observed. It could represent a stepwise reduction of Cu?* species or energeti-
cally different CuO sites that require a wide range of temperatures for reduction.

The results demonstrated that when the calcination treatment was mild, the reduction
process required a mild temperature. Additionally, the use of high temperatures during
the pretreatment could result in the formation of Ni spinel species. These species are
highly thermostable and required also high temperatures of reduction [123]. Therefore, a
temperature of 290 °C was the most suitable for calcination, producing gentle reduction

conditions and avoiding spinel formation.

3.4 Effect of reduction temperature

The sample NiCu(4:1)Al_ox290 (LDH calcined at 290 °C) was used to study the effect
of reduction temperature on activated material properties. The material was reduced at
three different reduction temperatures: 300, 450 and 900 °C. The X-ray diffractograms of
the reduced samples are shown in Figure 16a. The sample NiCu(4:1)Al_ox290_red300
still contains Ni oxide species. The sample NiCu(4:1)Al_ox290_red450 does not have
any oxide contribution according to XRD and shows reduced species. The sample
NiCu(4:1)Al_ox290_red900 shows sharp reflections related to metallic species, i.e. long-
range order species. To support this, we investigated the Ni L, ;-edge EEL spectra of the
same three samples mentioned above, which are shown in Figure 16b.

It should be noted that the EEL spectra were acquired on a local scale on a single
nanoparticle, while the XRD data gives bulk or integral information. The identification
of species is done by comparing specific features of the spectra (for example the L,-edge
— Ls-edge energy splitting and L;/L, intensity ratio) with reference spectra (SI Figure
66) reported in the literature [124]. Table 4 shows the characteristic features of Ni¥ and

Ni%*, as well as those of the reduced samples. As observed in the Table 4, the samples
NiCu(4:1)Al_ox290_red300 and NiCu(4:1)Al_ox290_red450 show contributions of both
metallic and oxidic species of Ni. However, for the sample NiCu(4:1)Al_ox290_red450

the features are apparently closer to metallic Ni. The sample NiCu(4:1)Al_ox290_red900
shows mainly contributions of metallic Ni. During EELS acquisition, the Cu L-edge signal
could not be observed, which is due to the atomically dispersed Cu species and low Cu
content. However, Cu was confirmed from STEM-EDX elemental analysis of the sample
NiCu(4:1)Al_o0x290_red450 (Figure 17).
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3. Preparation of highly dispersed metallic nanoparticles from NiCuAl-layered double hydroxides

Figure 16: Characterization of NiCu(4:1)Al calcined at 290 °C and reduced at 300 °C, 450 °C and 900 °C: a)
X-ray diffractograms, b) electron energy loss spectra, and c) TEM micrographs with particle size distribution
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Table 4: Characteristic features of Ni L, 3-spectra: energy splitting and intensity ratio, of samples after re-

duction at different temperatures.

Ni2+

Sample

NiCu(4:1)Al_o0x290_red300

NiCu(4:1)Al_0x290_red450

NiCu(4:1)Al_0x290_red900

L, - L; energy splitting

17.7

17.3

17.4

17.6

17.7

L;/L, intensity ratio

1.6

3.0

2.5

22

1.9

Note: Features for Ni® and Ni2+ were retrieved from [124], [125].
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3.4. Effect of reduction temperature

a) NiCu(4:1)Al_ox290_red450 b) NiCu(1:1)Al_ox290_red450
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Figure 17: STEM-EDX mapping of a) NiCu(4:1)Al_ox290_red450 and b) NiCu(1:1Al)_ox290_red450. The in-
tegrated spectrum from the marked area (7 nm x 7 nm) shows the coexistence of both metals Ni and Cu

within the same nanoparticle (C-coated Au TEM grid).

The particle sizes of the metallic species play a vital role in catalysis [126]. Figure 16c
shows TEM images and the particle sizes distribution (PSD) of the samples
NiCu(4:1)Al_ox290_red300, NiCu(4:1)Al_ox290_red450 and NiCu(4:1)Al_ox290_red900.

The TEM images clearly show platelet structures decorated with small nanoparticles
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3. Preparation of highly dispersed metallic nanoparticles from NiCuAl-layered double hydroxides

when the material was reduced at 300 °C and 450 °C. At a higher reduction temperature
of 900 °C, the metallic nanoparticles were sintered to the large particles and with a wider
PSD. The PSD reveals that for NiCu(4:1)_ox290_red300, the nanoparticles were on average
3 nm in size or below. The sample NiCu(4:1)_ox290_red450 has an average particle size of
3.5 nm, and the sample reduced at 900 °C exhibits an average particle size of 13 nm.

a)300°C,3h b) 450 °C, 3 h

c) 900 °C, 10 min

Figure 18: HRTEM of NiCu(4:1)Al_ox290C reduced at 300, 450 and 900 °C. The squares of different colors
represent nanoparticles of different sizes.
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3.5. Ni-Cu interaction: effect on the reducibility

Metal nanoparticle formation from mixed oxides can occur through nucleation and
growth [127]. This may happen via several phenomena: atom-to-atom or cluster-to-cluster
formation. The high dispersion of the metal precursor promotes the formation of small
and well-dispersed nanoparticles on the alumina sheets. Interestingly, HRTEM images
of the material reduced at 300 °C show small nanoparticles in a similar orientation, and
direction [111], with respect to the sheet (Figure 18). This represents the preferential
growth orientation for nanoparticle formation which might depend on the catalyst pre-
cursor [128]. Using 450 °C as reduction temperature, the nanoparticles are still uniformly
distributed along the sheet but probably reorient within the sheet while growing. After
reduction at 900 °C, sintering became evident and the particles tend to agglomerate.
From the activation study, we chose the conditions for activation of the material prior to
catalytic evaluation: calcination at 290 °C and reduction at 450 °C, both processes with a
dwell time of 3 h. Using these conditions, the morphology of the activated materials con-
sists of metallic Cu and/or Ni nanoparticles supported on alumina with 2D sheet struc-
tures (TEM tilt series of NiCu(4:1)Al_ox290_red450 is shown in SI Figure 65).

3.5 Ni-Cu interaction: effect on the reducibility

Nickel and copper composition affect the reducibility, as it is visible in the reduction pro-
file. Figure 19 shows the TPR profiles of the samples NiAl_ox290, NiCu(4:1)Al_ox290,
NiCu(1:1)Al_ox290, and CuAl_o0x290. The figure is complemented by their X-ray diffrac-
tograms after reduction. Comparing the Ni reduction peak of the samples NiAl_ox290
and NiCu(4:1)Al_ox290, a shift of ca. 110 °C to lower temperatures is observed when
Cu is present. Further addition of Cu (sample NiCu(1:1)Al_ox290) did not influence the
Ni reduction temperature. The reducibility of Ni is enhanced due to electron donation
from Cu to Ni [129], and the H, spillover effect [130], [131]. The degree of reduction
was calculated by comparing the amount of H, consumed during the TPR experiment
with the theoretical value (Table 3). After reduction at 450 °C, the samples NiAl_ox290,
NiCu(4:1)Al_ox290, NiCu(1:1)Al_ox290 showed 75%, 78%, and 80% of Ni2* reduction,
respectively. Although there is just a small difference (3 and 2%), it may indicate that the

incorporation of Cu gradually promotes the reducibility of Ni. On the other hand, the
Cu?* was fully reduced in the samples NiCu(4:1)Al_ox290 and NiCu(1:1)Al_ox290, but it
was just 87% for CuAl_ox290 sample. This lower amount of reduced Cu may be related
to a portion of Cu species that are not available for reduction because they are probably
forming high-temperature carbonates [121].
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Figure 19: a) TPR profiles and (b) Xway diffractograms of NiAl_ox290, NiCu(4:1)Al_ox290,
NiCu(1:1)Al_ox290, and CuAl_ox290. (Catalyst mass: 80 mg, flow: 100 mL-min™! of 5% H, in Ar, heating rate
2 °C-min)

The four samples were collected and transferred under an inert atmosphere for characteri-
zation by XRD and analytical TEM. The X-ray diffractograms are shown in Figure 19b. The
amorphous contribution at approximately 20 = 20° is due to the sample holder during the
measurement. The NiAl_ox290_red450 sample shows the presence of both metallic Ni and
NiO species. Metallic Cu was observed in XRD for the CuAl_ox290_red450 sample. The
bimetallic samples (NiCu(4:1)Al_ox290_red450 and NiCu(1:1)Al_ox290_red450) exhibited
mainly metallic species with a slightly (almost unnoticed) NiO at 20 values of ca. 38° and
62°. The minor presence of oxides in the reduced samples could be due to the 20% which
was not reduced during the process (Table 3). Diffraction peaks between Ni and Cu in
the bimetallic samples confirm successful alloy formation [129], [132]. For a more quanti-
tative analysis, the lattice parameters were obtained using Rietveld-based whole powder
pattern fitting and it is shown in Figure 20 (SI Table 5). The observed lattice parameter for
NiCu(1:1)Al_o0x290_red450 matches the expected value for Vegard-type behavior. How-
ever, the sample NiCu(4:1)Al_o0x290_red450 shows a deviation that may be related to an
incomplete or inhomogeneous Ni;_Cu, alloy formation. The electron microscopy results
support the statement of alloy formation by the elemental analysis of a single nanopar-
ticle (STEM-EDX maps, indicated in Figure 17) and by high-resolution TEM images in
Figure 21. The HRTEM images reveal d-spacings of the lattice distances oriented in the
[111] direction that slightly increased from 0.204 nm for NiAl_0x290_red450 to 0.209 nm
for NiCu(1:1)Al_ox290_red450. The increase is explained by the incorporation of Cu into
the Ni-Cu alloy phase [133].

46



3.5. Ni-Cu interaction: effect on the reducibility

3.62 /‘
3.61 A - - /
s
3.60 2
<L NiCu(1:1)Al i
s 3.59 A : : P
T 3.58 - | | \ P
o NiCu(4:1)Al m//
& 3.57 2
E 7~
o 3.56 A : > s -
o 7
P ® PDF2 references
g 3.55 \//
= — -int lation (V d
£ 354 /":1 interpolation (Vegard)
~ 7 O ¢ Samples reduced at T=450, 600 °C
3.53 4—
[0 Samples reduced at T=900 °C
3.52 ? T T T
0.0 0.2 0.4 0.6 0.8 1.0

xin Nij_,Cu,

Figure 20: Lattice parameter as a function of the alloy composition for samples reduced at 450 and 600 °C
(red thombus) and 900 °C (green squares). (Catalyst mass: 80 mg, flow: 100 mL-min™ of 5% H, in Ar, heat-
ing rate 2 °C-min-!)

To enhance the XRD analysis, reduced samples at different temperatures were incorpo-
rated into the study, and the lattice parameter is also included in Figure 20. A closer look
reveals in fact incomplete or inhomogeneous Ni;_,)Cu, alloy formation when the samples
were reduced at 450 and 600 °C. The samples reduced at 900 °C fit better to the Vegard-
type behavior. The deficit of Cu in the solid solution could be explained by the possible
segregation of Cu to the surface [41], [42]. The phase diagram of the Ni-Cu binary system
includes a miscibility gap region over a wide range of compositions (20 < wt% Ni < 100) in
the solid state below a certain critical temperature (T ) [43]. It means that for films, there
is no solid solution below T_ but segregation of its constituents. Several researchers have
reported (experimentally and theoretically) a T between 300 to 700 °C [134]-[137], mainly
for thin films or bulk crystals. However, for bimetallic nanoparticles, the phase transfor-
mation is much more complex and size-dependent [138]. For real catalytic systems, the
interaction with the support introduces even more complexity.

Figure 22 displays STEM-HAADF images and particle size distributions of
NiAl_ox290_red450, NiCu(4:1)Al_ox290_red450, NiCu(1:1)Al_ox290_red450 and
CuAl_ox290_red450. The Ni-containing samples had a unimodal distribution of particle
sizes at approximately 3.5 nm. Cu_o0x290_red450 sample showed bigger particles (up to
22 nm), probably because of weak Cu - Al,O5 interaction.
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Figure 21: HRTEM images of a) NiAl_ox290_red450, b) NiCu(4:1)Al_ox290_red450, c)
NiCu(1:1)Al_ox290_red450, and d) CuAl_ox290_red450 samples. Inset numbers (yellow) represent
the observed lattice planes d-spacings.
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3.6. NEXAFS - XPS

a) NiAl_ox290_red450 b) NiCu(4:1)Al_ox290_red450 c) NiCu(1:1)Al_ox290_red450 d) CuAl_ox290_red450
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Figure 22: STEM-HAADF images and particle size distributions (inset) of the NiAl_ox290_red450,
NiCu(4:1)Al_ox290_red450, NiCu(1:1)Al_ox290_red450 and CuAl_ox290_red450 samples.

3.6 NEXAFS - XPS

Near-edge X-ray absorption fine structure (NEXAFS) spectroscopy was used to investigate
the oxidation state of nickel and copper of the reduced materials at 450 and 600 °C. The Cu
L;-edge and Ni L; ,-edge of four samples with varying compositions (NiAl, NiCu(4:1)Al,
NiCu(1:1)Al and CuAl) are presented in Figure 23a and b. The spectra were acquired oper-
ating in the Total Electron Yield (TEY), which probes roughly 20 nm depth. The samples
were reduced ex situ at 1 bar and at different temperatures (450 and 600 °C) using 5%
H, in Ar, as described in the experimental section 2.7.2. The samples were transported in
an argon atmosphere to the vacuum chamber for XPS-NEXAFS characterization to pre-
vent exposure to air. Although transported in air-free conditions, nearly all samples exhib-
ited features of oxidic species under high vacuum and room temperature (HV RT). In
the Cu Ls-edge, the pre-peak at around 931 €V is characteristic of CuO [139] (see curve
CuO-reference and dotted curves 4, ¢, e and f in Figure 23a). On the Ni L-edge (Figure
23b), the oxidic species are represented by the characteristic feature around 855.5 eV (NiO
or Ni(OH),) [140]. Therefore, in situ re-reduction was performed under mild conditions
for all samples; 0.5 mbar of H, at 250 °C was used to reverse the oxidation that proba-
bly occurred during the transport. After in situ re-reduction, the oxidic features (Ni and
Cu-oxide) were less intense in all samples, except for the samples previously reduced at
450 °C (solid curves g, h and i in Figure 23b). However, the Ni L-edge peak at 853.5 €V lies
in between the reference spectra of Ni and NiO, which suggests the presence of both the
metallic and oxide species. The incomplete reduction aligns with the estimated degree of
reduction through hydrogen consumption (see Table 3).
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Figure 23: NEXAFS spectra of the reduced samples. a) Cu L;-edge and b) Ni L ,-edge of the reduced sam-
ples (ex situ) at 600 °C and 450 °C. Spectra were acquired at high vacuum and room temperature (HV RT,
dotted curves), and under 0.5 mbar of H, at 250 °C (solid curves). c) Cu Ls-edge of the samples under H,,
showing the effect of Ni content on the Cu electron structure.

The effect of Ni on the Cu L-edge is visible on the spectra of the re-reduced samples, after
both reduction to 450 and 600 °C (Figure 23c). The pre-peak at 931.6 eV, which evidenced
CuO, is not present anymore. However, the samples NiCu(4:1)Al (green and light green
curves) show a small feature at around 931 eV, before the white line. This novel feature
appears at a lower photon energy regarding the CuO peak, as it can also be seen in the Fig-
ure 23a (solid curves c and f). It should be noted that the presence of Cu,O on the sample
cannot be excluded from the NEXAFS measurement [141], [142]. More Ni content in the
composition causes a shift in the main peak of Cu L-edge spectra from 934 eV (for CuAl)

50



3.6. NEXAFS - XPS

toward lower photon energies, as shown in Figure 23c (black arrow). Additionally, the fea-
tures at 938.3 and 941.8 €V lose intensity and are shifted to higher photon energies as the
Ni content increases (red arrow). These observations are similar for both sets of samples:
reduced at 450 °C and at 600 °C. Comparable behavior has also been reported for bulk
Ni-Cu metal alloys prepared by quenching the melt and using XPS and XANES to study
the electronic structure [143]. In their study, similar to our results, there was no change in
the Ni L-edge, but a shift mainly in the second and third features of the Cu L-edge was
reported. This shift is related to charge redistribution at the atomic sites of Cu and Ni in
the alloy. Furthermore, the author explained the difference between Ni and Cu features to
either a higher resolution of the Cu L-edge (instrument and long core-hole lifetime) or to
a unique feature of 3d metals with full (or almost filled) d bands.

The electronic structure of the reduced samples was also investigated by XPS with the
analysis of the core level Ni and Cu 2p; /, presented in Figure 24a and b (for the complete
2p levels see SI Figure 67). It is worth noting that the XPS spectra were acquired after the in
situ re-reduction under mild conditions described above. Furthermore, a probing depth of
around 10 A was used. Both Cu 2p spectra after reduction at 450 and 600 °C, were charac-
teristic of metallic species (Cu). The Cu 2p, /2 peak at a binding energy of 932.7 eV is typ-
ical for metallic Cu [144]; however, our BE position was 1 eV higher (933.7 eV). Similarly,
the peak position of Ni 2p; /, at 852.6 €V is related to the metallic Ni [145], and our exper-
imental BE was found at 853.7. This ~ 1 eV shift could be caused by different variations in
the electronic structure due to the support, or by a different manner for performing energy
calibration: some use the C 1s peak, and others, like in this study, the Fermi edge of the
valence band). Interestingly, a chemical shift, or shift in the BE, is observed for the bimetal-
lic samples compared to those of the NiAl and CuAl The Cu2p;,, position for CuAl
was 933.7 eV for both reduced at 450 and 600 °C; while for the bimetallic NiCu(1:1)Al and
NiCu(4:1)Al, the peak position is changed to 933.5 eV. This shift may indicate a redistrib-
ution of charge in the Cu electronic structure due to the presence of Ni. A similar shift to
higher BE has already been reported in the literature [129], [146], but that shift was depen-
dent on the composition. However, in our case, the Cu 2p; /, position for both the bimetal-
lic samples NiCu(1:1)Al and NiCu(4:1) Al were at the same BE. This could indicate that the
surface might be similar for both samples and that it might not be dependent on the bulk
Cu composition.

Regarding the Ni 2p; /, (Figure 24b), a peak at 857 eV after reduction at 450 °C indicates
the presence of some oxidic species. Its absence after reduction at 600 °C supports higher

reduction at higher temperatures (Table 3). Moreover, there are only small changes in BE

with varying Ni content. In almost all spectra, the position of Ni 2p; ,, was 853.7 €V; but it
was shifted to 853.6 and 853.4 eV for NiCu(1:1)Al reduced at 450 and 600 °C, respectively.
The slight shift to lower values is, in fact, opposite to that reported by Jha et al. [146]. They
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described a shift to higher BE of the Ni 2p; ,, peak from Ni supported on Fe;O, alone to
NiCu bimetal and assigned this effect to charge redistribution at the Ni and Cu atomic
sites, indicating a strong interaction between Ni and Cu. However, they have a mixture of
species (metallic and oxide) that are not straightforward to analyze in terms of chemical
shift. In our case, almost no change may signify no redistribution of charge. However, the-
oretical simulation would be needed to clarify this.

a)
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Figure 24: XPS spectra of a) Cu 2p; /2 and b) Ni 2p, /v of the samples NiAl, NiCu(4:1)Al, NiCu(1:1)Al, and
CuAl reduced at 450 °C (top) and 600 °C (bottom). Spectra acquired after re-reduction in the analysis cham-
ber using 0.5 mbar H, and 250 °C. c) Relative Ni and Cu composition of the surface of the bimetallic samples
(NiCu(4:1)Al and NiCu(1:1)Al) reduced at 450 and 600 °C.
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Additionally, the relative quantification from the XPS spectra indicates the abundance of
surface elements, in about 10 A (few atomic layers). Quantification was performed by inte-
gration of the overall Cu and Ni 2p spectra (SI Figure 67) and the results are plotted in
Figure 24c. The sample NiCu(4:1)Al, which should be theoretically 20% Cu, has 39% and
37% Cu at the surface after reduction at 450 and 600 °C, respectively. Furthermore, in the
sample NiCu(1:1)Al (in which should be 50% Cu), 63% and 57% Cu content were observed
for the reduction processes at 450 and 600 °C, respectively. These values indicate a sys-
tematic surface enrichment of Cu, which is a good agreement with other characteriza-
tion techniques. This slight decrease in surface Cu composition when increasing temper-
ature could indicate a possible rearrangement of the Ni-Cu metals in the nanoparticles.
Moreover, there is probably no further segregation of Cu during the reduction from 450
to 600 °C.

3.7 CO adsorption

3.71 Microcalorimetry

The surface properties of the activated materials were studied by CO adsorption using
microcalorimetry and diffuse reflectance infrared Fourier transform spectroscopy
(DRIFTS). The whole amount of accessible metal sites (Cu and/or Ni) of the activated
samples (after calcination 290 °C and reduction 450 °C) were calculated using
microcalorimetry. Figure 25 shows the differential heat of CO adsorption on
NiAl_ox290_red450, NiCu(4:1)Al_ox290_red450, NiCu(1:1)Al_ox290_red450, and
CuAl_ox290_red450, as a function of the adsorbed CO molecules. All samples showed
distinct heat profiles. At low coverage, the differential heat of the CuAl sample was
85 kJ-moll, indicating the presence of Cu' sites on Al,O5. The reference differential heat
for Cu is 80 kJ-mol~! [147]; and the slight difference can be caused by a different interac-
tion of Cu with the alumina support due to different synthesis processes. The NiAl sample
shows differential heats between 100-120 kJ-mol! that can be assigned to CO adsorption
on Ni? sites [148], [149].

The heat profile for the bimetallic samples shows interesting dynamic behavior. At low
coverage, the differential heat is approximately 80 kJ-mol!, and it increases to
100-110 kJ-mol! at higher CO coverage, reaching a plateau-like state. This indicates that
CO interacts with Cu? species first because they are more accessible at the surface, com-
pared to Ni’ species. The differential heat of the NiAl sample is slightly higher
(115 kJ-mol!) than the bimetallic samples at higher CO coverage (ca. 95 kJ-mol! for
NiCu(1:1)Al and 110 kJ-mol! for NiCu(4:1)Al). These differences may be attributed to the
presence of Cu interacting with Ni which reflects mixed heat. Therefore, the observed heat
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is an intermediate value that could correspond to the relative average between the heats of
Cu? (85 kJ-mol!) and Ni (115 kJ-mol!). Furthermore, at higher CO coverage, the plateau
of the NiCu(4:1)Al sample is wider than that of the NiCu(1:1)Al sample. This indicates
quantitively the amount of Ni in the material. In summary, based on the microcalorimetry
analysis of heat of adsorption, it is evident that the Cu species are located on the surface
of the bimetallic nanoparticles.

The metal surface areas were estimated assuming a stoichiometry CO:metal of 1:1. This
parameter indicates the number of metal sites that might be (in theory) available for cat-
alytic reactions. This metal surface area (mfn etal g;zi) varies in the order:
NiCu(4:1)Al (26.3) > NiAl (15.6) > NiCu(1:1)Al (5.1) > CuAl (2.6). Since the sample with
the highest metal area was the NiCu(4:1)Al, we assumed that the presence of Cu not just
promotes the reducibility of Ni (as described before), but also the total amount of metal

surface sites available for catalysis.
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Figure 25: CO adsorption studied by microcalorimetry at 30 °C. Differential heats of adsorption as a
function of the amount of adsorbed CO of NiAl_ox290_red450, NiCu(4:1)Al_ox290_red450,
NiCu(1:1)Al_ox290_red450, and CuAl_ox290_red450.

Note: The grey bars mark the heat ranges of CO adsorption on different Ni and Cu sites. Inset shows the

metal surface area obtained from the experiment.
3.7.2 Diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS)

To further gather a structural description of the surface of the bimetallic sample, DRIFTS
experiments were performed at the same temperature (30 °C). The materials NiCu, CuAl,
and NiCu(4:1)Al were characterized after in situ activation. CO adsorption results in the
formation of metal carbonyl complexes. Depending on the observed band in the spectra, it

is possible to differentiate the sites of CO adsorption. These sites could be adsorbed linear
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(terminal to a single metal) or bridged to more than one metal site. In general, CO adsorp-
tion bands between 2075 and 2010 cm™! can be assigned to linear CO on Ni? or Cuf; mostly
relating to (111) and (100) planes. Bands above 2100 cm may indicate the CO adsorption
on cationic species Cu?+-CO and Ni?+-CO. Bands below 2000 cm™! are related to bridged
adsorption sites [150]-[152]. Additionally, the band position may depend on the presence
of the support [153] or another element like in the alloys [154].

Figure 26 shows the residual bands of DRIFT spectra for reduced NiAl (a) and
NiCu(4:1)Al (b). The residual bands indicate that the spectrum before CO dosing was sub-
tracted from the following spectra to observe the difference. The experiment involved dos-
ing CO up to 9.4 mbar, followed by desorption to observe the stable species remaining on
the surface of the catalysts. The focus was on the adsorption region between 2300-1600
cm™!, where the stretching vibrations of intermediate CO adsorbed (CO,4,) species occur
[155].

According to the DRIFT spectra observed in Figure 26a, when CO is adsorbed on the NiAl
sample (Ni/Al,Oj3) at 0.05 mbar, two bands can be seen. One at 2016 cm corresponds to

linear coordinated CO, ;. on atop Ni’, and the band at 1905 cm™! appears due to CO, 45 ON

ads
a bridge Ni® position. When increasing CO coverage to 4.3 mbar, the band of linear and
bridge CO, 4, was shifted to higher wavenumbers, reaching 2066 and 1933 cm, respec-
tively. Further increase of the CO coverage, at 6.9 mbar, two new bands appear at 2188 and
1643 cm™L. Signals above 2100 cm™! represent the CO,4s
species or non-reduced Ni cations which are present because of the incomplete reduction
(just 75% after thermal treatment at 450 °C, Table 3). The band at 1643 cm™! could repre-

sent the formation of carbonate species after CO interacts with alumina. We corroborated

on cationic species such as NiZ*

that by changes in the OH bands (3666 cm™!) at 6.9 mbar (see inset in Figure 26a). It is
reported that dosing CO on alumina (5 mbar) can lead to the formation of hydrogen car-
bonates [156]. The carbonates band (1643 cm™!) disappears by evacuation, and the stable
species were three: CO, 4, on linear and bridged NiY, and CO,y4s 0N Ni%* cation.

The CO adsorption spectra of the bimetallic sample NiCu(4:1)Al, are shown in Figure
26b. In this case, the absence of bands > 2100 cm™! denotes the absence of cationic NiZt,
Cu?* species. At room temperature, only metallic Ni and Cu species were observed. The
results show that at low CO coverages, 0.021 mbar, the band at 1982 cm™! appears and
continues increasing until complete saturation of this band at 0.051 mbar. Subsequently,
at 0.107 mbar CO, an adsorption band at 1998 cm™! appears and continues broadening to
2016 cm™! at 0.38 mbar. Furthermore, at higher CO coverage, an increase of the band at
2016 cm™! is observed. After evacuation, only one band persisted at 1998 cm™! (yellow star
in Figure 26b), which could correspond to linearly adsorbed CO on top of Ni? and /or Cu®
potentially interacting with the support.
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Figure 26: DRIFT spectra of a) NiAl, and b) NiCu(4:1)Al during adsorption (top) and desorption
(bottom) of CO at 30 °C. ¢) Comparison of spectra of NiAl, CuAl and NiCu(4:1)Al after adsorption

of CO at 9.4 mbar and subsequent evacuation.

Samples reduced in situ at 450 °C for 3 h with 50 mL-min! of 5% H, in Ar. Spectra recorded before CO

dosing were used as background.
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The proper structural description of the bimetallic samples requires a comparison with
their monometallic references (NiAl and CuAl). Unfortunately, it was not CO adsorption
observed for the CuAl sample (green curve in Figure 26c). However, it was found highly
interesting the absence of bridged metallic species (1924 cm™!) in the bimetallic sample,
compared to the NiAl This suggests that the presence of Cu in the Ni material inhibits the
adsorption of CO on the metallic bridged sites.

From our microcalorimetry results, we observed at low CO coverages, the first adsorption
may occur on Cu” species, due to heat of adsorption assigned to Cu (80 kJ-mol1); and in
a second step at higher CO coverage, the Ni” species (100 k]-mol-1). Then, we suggest that
the adsorption band (1982 - 1998 cm™) at low CO coverages may correspond to metal-
lic Cu species; however, this is unusual for Cu systems. Studies of Cu-ZnO-Al catalysts
reported a similar band at 1996 cm™!; it was speculated to correspond to CO adsorbed
in a bridged Cu-ZnOx interface position [157]. It is worth noting that this band was
absent for NiCu alloys prepared from NiCuMgAl LDH compounds [158]. In that case,
linear CO on Cu’ was reported for monometallic and bimetallic samples at 2103 cm!,
and 2096 cm™1, respectively. However, their catalyst pretreatment was different: both cal-
cination and reduction were performed at 800 °C, and Cu-surface enrichment was not
observed. The probable cause is the utilization of high temperatures.

The results showed that after the first surface sites are covered, probably metallic Cu inter-
acting with the support, at higher CO coverages (from 0.38 to 9 mbar) the second band
is observed at 2016 cm™!. This is due to CO adsorbed linear on Ni species, as it was also
observed for the CO adsorption on NiAl (Figure 26a). However, since both linear CO_ 4,
species on Cu’ and Ni” share the same wavelength ranges, it is unfortunately not possible
to discriminate them clearly. Finally, we concluded that CO interacts with the bimetallic
sample NiCu(4:1)Al, forming two distinct complexes. One complex, at low CO coverage,
is likely to be linearly coordinated on Cu?, but in close interaction with the support. The
other complex, at high CO coverage, corresponds to linear interaction with metallic Ni’

and/or Cu? species.

3.8 Metal-support interaction

To further understand the nature of the active species formed during reduction and their
interaction with the support, a series of EELS experiments were performed. One of the
remarkable advantages of using EELS is the high sensitivity and spatial resolution that
could give information about the local electronic structure at the bulk and the surface/
interface of the nanoparticles. Figure 27 displays the spectra of the Ni L, 5, Cu L, 5, Al L, 5,
and O K edges of the reduced samples. For each sample, two spectra were extracted: the
first from the region of the center of a nanoparticle and the second from the outside
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boundaries (i.e. the region close to the interface with the Al,O5 support). In addition to
the spectra, the regions from where the spectra were extracted are shown in Figure 27 bot-
tom, together with the corresponding values of the sample thickness in units of the inelas-
tic mean free path (t/A). The quality of the signal for the analysis of energy loss near edge
structures (ELNES) depends on the thickness of the sample. The recommended values for
the thickness in units of the inelastic mean free path length are between 0.0 < t/A < 1.5
[10].

a) Ni+Cu L, ,-edge b) Al L, ,-edge c) O K-edge
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Figure 27: EEL spectra: a) Ni and Cu L, 5 edge; b) Al L, 5 edge, ¢) O K-edge, of the reduced samples:
NiAl_ox290_red450, NiCu(4:1)Al_ox290_red450, NiCu(1:1)Al_ox290_red450, and CuAl_ox290_red450.

The EEL spectra were extracted from two different regions of each sample, as shown at the bottom: center
of a nanoparticle (dark colors: red, green, blue, and black) and support (light colors: pink, light green,
light blue, and gray).

Identification of different Ni species is performed by comparing features such as the L5 /L,
intensity ratio, the energy splitting, and the overall shape (SI Figure 66) [124], [125], [159].
However, the low signal-to-noise ratio of the Ni L, ; edge spectra impedes a proper analy-
sis of the Ni species, and therefore a mere estimation of the present species is given here-
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after. For the NiAl_ox290_red450 sample, the NiL, ; edge signal indicates the presence
of metallic Ni; for both, NiCu(4:1)Al_ox290_red450 and NiCu(1:1)Al_ox290_red450 sam-
ples, a combination of NiO and metallic Ni is observed, probably with a higher con-
tribution of metallic Ni species. The Cu L, 5 edge shows a slightly oxidized Cu for the
NiCu(1:1)Al_ox290_red450 sample; the white lines do not follow the shape of CuO (Fig-
ure 66) and are too low in intensity to be pure Cu,O but too high to be pure metallic Cu

[159]. For CuAl_ox290_red450, the spectrum shows a much higher contribution of metal-
lic Cu. Since the NiAl_o0x290_red450 sample has shown different findings from EELS and
XRD results, it is relevant to point out that the two techniques may lead to different results
because the information is gathered on different scales (local on single nanoparticles vs.
averaged over many particles).

The metal-support interaction can be studied by analyzing and comparing the ELNES
recorded on the nanoparticles and outside the particles. In the case of
CuAl_ox290_red450, the Cu L, ;-edges are absent outside the particles. However, for Ni-
containing samples, a small contribution of the Ni L, ;-edge (mainly the L; peak is visi-
ble) was observed from between the nanoparticles. Furthermore, the Ni M, ;-edge is pre-
sent at an energy loss value of 68 €V, just in front of the AlL, ; edge (onset at 73 V) as
illustrated in Figure 27b. This makes analysis of the Al L, ;-edge fine structure difficult.
However, as can be seen from the spectra acquired outside the CuAl_ox290_red450 and
NiCu(1:1)Al_ox290_red450 particles, the fine structure of the Al L, ;-edge corresponds to
the one of ¥-Al,O5 [160]. It is worth noting that the Ni M2,3 + Al L2,3 edge of the Ni-con-
taining nanoparticles and their surrounding regions show the same onset at 65 eV. These
similarities could be interpreted as an interaction between Ni and the support. The effect
of inelastic scattering delocalization and thus contributions of the nanoparticle’s atoms
when measuring outside the particle could be ruled out. According to Egerton [161], for
energy losses of ca. 70 eV the delocalization effects extend ca. 0.7 nm, which might give
rise to some contributions in the acquired Ni M, 5-edge. However, for energy losses of ca.
850 eV (Ni L, 5-edge), the delocalization effect is in the subatomic regime. As both edges
can be acquired several nm outside the particles, it is assumed that they originate from the
same scatterer, thus ruling out delocalization effects.

For the NiAl_0x290_red450 sample, it can be concluded that the analyzed particle was
indeed in a reduced state because of the absence of the oxygen signal (Figure 27c, red
spectrum). In contrast to this, outside the particle, an O K-edge signal was detected
(pink spectrum), corresponding to the oxygen from the Al,O5 support. For the sample
NiCu(1:1)Al_ox290_red450, the Ni M, 5 edge is characteristic of oxidized species, as
reported in the literature [162]. The pre-peak at 532 eV of the O K-edge (blue spectrum) is

a characteristic feature of the oxygen bonding in transition metals [163].
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3. Preparation of highly dispersed metallic nanoparticles from NiCuAl-layered double hydroxides

Regarding the CuAl_ox290_red450 sample, the Al L, 5 and O K edges acquired in the sur-
rounding of the particle (gray spectra) show the characteristic fine structure of the sup-
port Al,O5 [164]. However, for spectra acquired from the nanoparticle, a different shape
is observed. In the Al L, 5 edge region, this could be due to the presence of the Cu M, 5
edge (74 eV), while the oxygen signal could originate from the support where the particle
is located or overlap with oxygen species of possible Cu,O species. The previous correla-
tion between the signals observed from the particle and the surroundings shows clear evi-
dence of the metal-support interaction for the Ni-containing samples. High stability and
metal-support interaction have also been reported for Ni-Mg-Al LDH-derived materials
[165].

3.9 Conclusions

A series of bimetallic and monometallic NiCu/Al,O5 (NiCuAl) materials with different
Ni:Cu molar ratios of 1:0, 4:1, 1:1, and 0:1 were successfully synthesized using a layered
double hydroxide (LDH) approach and their topotactic transformation to produce highly
dispersed nanoparticles was studied. The properties of the LDH precursors (NiAl,
NiCu(4:1)Al, NiCu(1:1)Al and CuAl) and their derived materials (calcined and active)
were investigated in detail. It was shown that the calcination temperature influences the
reduction profiles: when Ni-containing samples were calcined under mild conditions, the
reduction profile was shifted to lower temperatures. Lower reduction temperatures were
also enough to reduce the Ni?*. This effect is presumably due to the absence of Ni-spinel
species when mild conditions are used. Using different reduction temperatures, it was
possible to tune the particle size distribution from 3 nm (300 °C), 3.5 nm (450 °C), to 13 nm
(900 °C) in the NiCu(4:1)Al sample.

Cu changes the structural and electronic properties of the final Ni-based catalyst. The
addition of Cu in small amounts improves the reducibility of Ni oxide species. The acti-
vated Ni-Cu bimetallic catalysts formed mainly a solid solution or an alloy, which was
evidenced by different characterization techniques. However, slight Cu surface segre-
gation did occur, as observed by the deviation of the Vegard law in the XRD results,
combined with several characterization techniques (microcalorimetry, STEM, and XPS).
DRIFTS experiments showed CO adsorption on linear and bridged Ni sites for NiAl sam-
ple, but the bridged sites were hindered by Cu in the bimetallic sample. The LDH precur-
sor showed platelet-like morphology in different orientations revealed by TEM tilt series.
For activated samples (reduced at T < 450 °C) the platelets are nicely decorated with small
(approx. 3.5 nm) nanoalloys which probably grow in the [111] orientation with respect
to the platelets. Furthermore, a detailed local electronic structure investigation (by EELS,
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3.9. Conclusions

including M-edges, which is barely reported in the literature) unravels the metal-support
interaction present for the Ni-containing catalyst. In the bimetallic samples, Cu was found
to be atomically dispersed in the NiCu(4:1)Al sample due to the absence of the Cu L-edge
signal in EELS, but its presence in EDX spectroscopy.
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4 Catalytic properties of LDH-derived materials

on chemical energy conversion

This chapter discusses the catalytic evaluation of the series of LDH-derived materials on
energy conversion reactions: ammonia decomposition and CO, hydrogenation. Both are
relevant reactions for dehydrogenation and hydrogenation, respectively. The catalysis of
the bimetallic NiCu catalyst with two different ratios, 4:1 and 1:1, is compared to the
monometallic materials. The results are related to the properties of the samples discussed
in the previous chapter and supplemented with the characterization of the spent cata-
lysts to outline possible reaction mechanisms. Furthermore, the CO, hydrogenation exper-

iments are also complemented with temperature-programmed desorption of CO,.

4.1 Catalytic evaluation on hydrogenation of carbon dioxide

Four activated catalysts of varying compositions were tested in CO, hydrogenation. The
aim was to produce CO through the RWGS reaction. CO is a vital aspect of syngas and can
be used to produce light alcohols such as methanol. All materials were pretreated under
the same conditions: calcination at 290 °C for 3 h, followed by reduction at 450 °C under
5% H, for 3 h. Activated materials are called as NiAl, NiCu(4:1)Al, NiCu(1:1)Al and CuAl.
The activity was measured by heating and cooling steps at 500, 550 and 600 °C. The CO,
conversion, selectivities and productivities of CO and CH, are presented in Figure 28. The
solid lines in Figure 28a represent the equilibrium conversions assuming RWGS reaction
(brown) and RWGS combined with Sabatier methanation reactions (light green). The con-
versions obtained from all Ni-containing samples were in between both equilibrium lines.
Since activities are close to the equilibrium conditions, we focus the analysis to assess the
material stability by comparing activity during the heating and cooling steps at 500 °C.

The NiAl catalyst was proved to be highly stable. After being cooled at 500 °C, their initial
CO, conversion was regained to almost 30%. This material produced less CO due to com-
petitive CH, formation. Ni-based catalysts are known for their methanation activity [79];
standalone NiAl catalyst favors the formation of CH, (methanation) at lower reaction tem-
peratures, while CO selectivity is favored with increased reaction temperature (endother-

mic reaction).
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Figure 28: a) CO, conversion, b) selectivities, and productivities of ¢) CO, and d) CH, of NiAl, NiCu(4:1)Al,
NiCu(1:1)Al, and CuAl (Gas flow: 100 mL-min~! of CO,:H,:He with a 1:1:0.5 ratio; mass of catalysts: 15 mg
in 85 mg SiO, as diluent; WHSV: 400,000 mL-g_l-h_l).

CO, consumption is shown in SI Figure 68.

In contrast, the CuAl catalyst exhibited full CO production (100% selectivity, Figure 28b),
but its CO, conversion was significantly low under the reaction conditions applied. The
deactivation of the CuAl catalyst was observed with the conversion decay during the
time of stream (TOS) at 600 °C (from 11.8 to 9.2%). Furthermore, deactivation was evident
when comparing the performance at the same reaction temperatures during the heating
and cooling steps. At 500 °C, a drop from 6 to 3.6% was observed. This deactivation of
the CuAl catalyst may be due to the coalescence and sintering of Cu nanoparticles at high

reaction temperatures.
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4.1. Catalytic evaluation on hydrogenation of carbon dioxide

The combination of Ni and Cu improves the CO productivity (Figure 28¢c); both NiCu
bimetallic samples (NiCu(4:1)Al and NiCu(1:1)Al) showed higher CO productivity com-
pared to the CuAl and NiAl samples. This is also observed for the material with Ni/Cu
ratio of 3 prepared by impregnation [76]. Although both NiCu bimetallic catalysts formed
significant amounts of CH, (approx. 10% CH, selectivity) at 500 °C in the heating period,
during the cooling phase, the catalysts did not regain their CH, selectivity at 500 °C in
contrast to the Ni catalyst. This can be attributed to the possible structural change of
the catalyst at high reaction temperatures, leading to the promotion of Ni by Cu. Both
NiCu(4:1)Al and NiCu(1:1)Al catalysts exhibited very high CO production, (selectivity
above 95%) at the end of time on stream. Overall NiCu(4:1)Al catalyst was more stable for
CO production than NiCu(1:1)Al during CO, hydrogenation conditions.

Furthermore, bimetallic samples exhibit a shift in selectivity during TOS. The CO selec-
tivity increases by almost 3% at 600 °C, while methanation decreases in a similar amount.
This indicates changes during the reaction: the catalysts are restructuring. From the analy-
sis after activation of the NiCu bimetallic catalysts at 450 °C, we observed a slight enrich-
ment of Cu on the surface (previous chapter). It is likely, as it will be described below, that
the nanoparticles may be rearranged atomically, with a greater amount of Cu on the sur-
face, leading to decreased methane selectivity and increased CO selectivity.

411 CO,-TPD

TPD of adsorbed CO, is a valuable method for understanding the CO,-catalyst surface
interactions. It probes the basicity of the reduced materials. This basicity is characterized
by active centers of different strengths that can adsorb CO, in different amounts. Figure
29 shows the CO,-TPD profiles for all four materials (NiAl, NiCu(4:1)Al, NiCu(1:1)Al,
and CuAl) after in situ reduction. In the part b, the TPD curves were normalized by the
total surface area estimated from BET after calcination process (Table 2). This normaliza-

tion supposes that the active centers rely on the available surface area (in fact, “active cen-
ters” is a complex term that involves many different parameters). The desorption peaks
are distributed from 100 to 450 °C. The TPD profile has three overlapping peaks show-
ing weak (60 - 200 °C), medium (200 - 320 °C), and strong (320 - 450 °C) basicity, which
is consistent with other studies on LDH-derived materials [78]. The presence of medium
and strong basic sites could be related to bidentate and monodentate adsorbed carbon-
ates, respectively; while the weak basic sites could correspond to Bronsted basic centers
such as hydroxyl groups (where hydrogen carbonate is formed). CO, activation is favored
on both weak and medium basic sites [166], [167].
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4. Catalytic properties of LDH-derived materials on chemical energy conversion

Although we do not report quantitatively a number of basic sites, we can describe relative
differences among the samples since curves (in Figure 29a) were normalized according to
the material’s mass used in each experiment. Samples CuAl and NiAl showed the highest
and second-highest CO, adsorption capacity, respectively. NiAl had a relative total basic-
ity (area under the curve) that was 75% of CuAl. Interestingly, the combination of Ni and
Cu resulted in a decrease in total CO, adsorption capacity. This capacity for NiCu(4:1)Al
and NiCu(1:1)Al were estimated to be only 2% and 0.7% of the CuAl, respectively. Fur-
thermore, the strength of the basic sites also changed depending on the metal composi-
tion. The CO, species adsorbed on the CuAl sample are spread out in weak, medium, and
strong. In particular, this material possesses the strongest sites, compared to the Ni-con-
taining samples. On the other hand, the NiAl sample is characterized by a broader contri-

bution of weak sites combined with medium basic species.
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Figure 29: CO,-TPD profiles of NiAl, NiCu(1:1)Al, NiCu(4:1)Al, and CuAl samples after in situ re-
duction at 450 °C for 3 h with 5% H,. Catalyst mass (in mixed metal oxides): 10 mg, heating rate:
10 °C-min-1, desorption range from 50 to 600 °C.

The basicity of both bimetallic samples revealed a lower total basicity, in comparison with
the monometallic ones. Moreover, these sites are characterized just by weak basic sites.
Assuming that the active species are dependent on the surface area, after normalization
of the TPD curves, both bimetallic samples followed the same profile (inset Figure 29b).
This indicates that both bimetallic samples exhibit similar surface sites for CO, adsorp-
tion. Considering the catalytic results (specifically the CO production), we can suggest
that these weak basic sites in the bimetallic samples cause CO, conversion to CO. How-
ever, the real nature of these weak basic sites is uncertain, as the monometallic samples

had more of these sites but produced less CO.
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4.1. Catalytic evaluation on hydrogenation of carbon dioxide

The reaction mechanism for CO, hydrogenation is still controversial. The formation of CO
via RWGS reaction can occur via two main routes [66], [67]. In the first one (direct disso-
ciation), CO-O dissociates directly on a metal site, which causes oxidation of the site after
the CO molecule is desorbed. Later, the metal is re-reduced by hydrogen from the feed.
The other possible mechanism is the associative route or hydrogen-mediated. In this case,
CO, adsorption depends highly on the metal-support interface. It is adsorbed and assisted
by hydrogen to form formate (HCOO*) species. Further hydrogenation of formate pro-
duces CO and H,O. Finally, once the CO is formed (as adsorbed species) it can be directly
hydrogenated, dissociated, or desorbed. There is evidence of both mechanisms occurring
for nickel [67] and copper [73], [168].

In light of the physicochemical properties of the reduced materials, some correlations with
their catalytic properties can be drawn. Monometallic Cu sample (Cu/Al,O5) exhibited a
low surface area BET of 31 m?-g"! (from N, adsorption-desorption experiments) and low
accessible metallic surface area (2.6 m?-,-g"! from microcalorimetry). Despite the highest
CO, adsorption capacity observed for this material (from CO,-TPD), the catalytic conver-
sion was the lowest one among the investigated samples. However, complete selectivity
to CO was evidenced. This implies that not necessarily high CO, adsorption corresponds
to high conversion, but the presence of the appropriate active centers (or combination of
active centers) is important to convert CO, into CO. The hydrogenation of CO, on metallic
Cu suggests the formation of hydroxycarboxyl (COOH*) which is kinetically more favor-
able than formate species [169]. The hydroxycarboxyl species are then converted to HCO*
(formyl) species, which are unstable and may dissociate to CO [170].

As described above, NiAl sample produced both CH, and CO. There is spectroscopic
evidence of both mechanisms (direct route and formate-mediated) occurring. According
to Vogt et al., the dominant pathway depends on the Ni particle size. For clusters and
atomically dispersed nickel, the formate route is the dominant one. With larger Ni parti-
cles (6 nm=+1.9), direct dissociation became the dominant [67]. From our experiments, the
Ni-containing activated samples had similar nanoparticle sizes of approximately 3.7 nm;
therefore, a combination of different mechanisms is possible.

The metal-support interface could play a major role in the formation of (bidentate) car-
bonates which are hydrogenated to formate species. By TPD experiment, we can estimate
the presence of these carbonates because of their medium-strength basicity. Our results
show that the presence of medium basic sites for NiAl sample (which also exhibited weak
basic sites) was completely inhibited with the addition of Cu. The blockage of these sites
probably caused the suppression of methanation and the improvement of CO production.
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4. Catalytic properties of LDH-derived materials on chemical energy conversion

On the other hand, from DRIFTS results we observed that CO absorbs on bridged and lin-
ear (atop) metal Ni positions of the reduced NiAl sample. Interestingly, the addition of
Cu in the NiCu(4:1)Al sample inhibits the CO adsorption on the bridged positions. Pos-
sibly the bridged sites are responsible for methane formation that was suppressed in the
bimetallic catalyst.

It is worth noting that the surface area of the metallic species accessible at the surface
(estimated from microcalorimetry) did not correlate with the catalytic results. This area
decreases in the order NiCu(4:1)Al (26.3 m’c 8D > NiAl (15.6 m?c g ) >
NiCu(1:1)Al (5.1 m?¢,, ;'8 > Cu (2.6 m?-g ™). This mismatch could prove the com-
plexity of the definition of an active site.

4.1.2 Spent catalysts characterization

The key factor in deducing and understanding the properties of the catalysts during the
reaction is by the analysis of the spent samples, when in situ or operando experiments
are not feasible, and their comparison with the activated samples before the reaction. For
the properties of the reduced samples see section 3.5. The spent samples were removed
from the reactor under air-contact because completely inert transfer was not feasible. They
were stored in a glovebox under inert atmosphere and briefly in contact with air prior fur-
ther characterization. TEM grids were prepared inside the glovebox, but mounted under
air atmosphere in a double tilt-holder. Electron micrographs and their elemental mapping
of the four spent catalysts after the CO, hydrogenation reaction with their corresponding
particle size distribution are shown in Figure 30. The spent NiAl and spent NiCu(4:1)Al
samples reveal a unimodal distribution of particle sizes below 15 nm (insets Figure 30a-
b). On the contrary, when the catalyst has a Cu-rich content (spent NiCu(1:1)Al and spent
CuAl), considerable segregation of Cu is observed (Figure 30c-b): Cu particles reach sizes
of 100 nm and 500 nm, respectively. A closer look at the elemental mapping of the sample
spent NiCu(4:1)Al reveals the segregation of Cu species to the surface of the nanoparti-
cles, as it is visible in the color-mixed map (Figure 30b) and the line intensity profile in SI
Figure 69b. The lower surface energy of Cu, compared to Ni, usually leads to Cu segrega-
tion from the bulk of nanoparticles to the surface [41], [129].
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Figure 30: STEM-EDX images and particle size distributions of a) spent NiAl; b) spent NiCu(4:1)Al;
c) spent NiCu(1:1)Al; and d) spent CuAl samples. (Black/white: HAADF; green: nickel; magenta:

copper; blue: aluminum; and orange: oxygen)
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4. Catalytic properties of LDH-derived materials on chemical energy conversion

The low catalytic stability of the CuAl and NiCu(1:1)Al samples could be attributed to the
sintering of Cu species. In contrast, NiAl and NiCu(4:1)Al catalysts showed greater sta-
bility probably due to ‘strong’ metal-support interaction (SMSI), which prevents sintering
[171]. Evidence of a possible SMSI is observed in the HRTEM images of the spent cata-
lysts shown in Figure 31 (the uncolored version is shown in SI Figure 70). Two catalysts,
NiAl and NiCu(4:1)Al, had better stability during testing and formed a protective over-
layer around the nanoparticles. The overlayer was absent on the reduced materials (see
previous chapter, Figure 21); therefore, it was possibly formed at high reaction tempera-
tures, by the interaction of the Ni surface sites with Al and O from the support. In addi-
tion, a more in-depth investigation of STEM-EDX could reveal Al on the particles” surface,
which might be connected to aluminate formation (line scans in SI Figure 69a, b and c).
While the aluminate-spinel species (NiAl,O,) may not be highly active towards CO, acti-
vation, its formation reinforces the metal-support interaction within the catalyst [172]
and may stabilize the nanoparticles, preventing their sintering. This agrees with the
catalytic results, where NiAl and NiCu(4:1)Al samples showed superior stability com-
pared to NiCu(1:1)Al and CuAl. The mentioned overlayer is partially present in the spent
NiCu(1:1)Al, where a 0.234 nm lattice distance is observed on half of the nanoparticle’s
surface (Figure 31c). The lattice distance might correspond to a contracted NiAl,O, (311)
= 0.242 nm, or to an expanded Al,O5 (222) = 0.231 nm [173]. Moreover, the Cu-segregated
particles from the spent NiCu(1:1)Al sample present a high crystalline phase, as is visible
in the HRTEM image. The correspondent fast Fourier transform (FFT) with reflections of
0.184 and 0.127 nm, correspond to the (021) and (-222) lattice planes of CuO species. It is
uncertain whether these CuO species were formed in situ during the reaction or during
the sample transfer (short contact with air). Furthermore, the spent CuAl material (Fig-
ure 31d) showed also small Cu nanoparticles with FFT reflections of 0.210 and 0.127 nm,
which can be referred to Cu(111) (0.209 nm) and Cu(220) (0.128 nm), respectively. The con-
siderable sintering of the Cu particles might be the reason for the deactivation observed
by the CO yields over time on stream.

Among the tested samples, the catalysts NiCu(4:1)Al showed the best balance between CO
selectivity, CO, conversion, and stability. Although no significant sintering was evidenced,
migration of Cu species to the nanoparticle surface was observed. Complementing this,
previous studies showed that a combination of Ni Cu with a ratio of 3-to-1, obtained from
incipient wetness impregnation of the alumina support, was stable and active for RWGS
[76]. Even though Ni-Cu alloying was claimed to be the reason for the stability.

XPS of the bimetallic samples was conducted to confirm the formation of aluminate after
catalysis. The spent NiAl and CuAl were not analyzed because of the lack of samples. Fig-
ure 32 shows Ni 2p; ,, and Cu 2p5 /, spectra of the spent NiCu(4:1)Al and NiCu(1:1)Al
For both samples, the nickel contributions are similar. The peaks observed at 856 and
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4.1. Catalytic evaluation on hydrogenation of carbon dioxide

862 eV correspond to Ni?*+ species and its satellite, respectively. The presence of the satel-
lite is caused by the charge transfer effect from O 2p to Ni 3d in Ni?* species [174]. Fur-
thermore, a small contribution at 853 eV indicates the presence of Ni’ species; part of the
sample is in a metallic state. The Ni2* contribution may correspond to spinel species [76],
[172].

a) spent NiAl N b) spent NiCu(4:1)Al

c) spent NiCu(1
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Figure 31: HRTEM images of spent samples after RWGS reaction. Red regions correspond to the metallic

nanoparticle. Blue regions correspond to the overlayer (higher d-spacing).

Uncolored images in SI Figure 70.
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4. Catalytic properties of LDH-derived materials on chemical energy conversion

Regarding the Cu 2pj , spectra, both bimetallic samples presented three main peaks at
932.5, 934.3, and 942 €V, corresponding to CuY, Cu?t, and a satellite peak [175]. Cu?t and
its satellite are likely CuO species on the surface, formed during the reaction (as deac-
tivation step), or during the transfer under air. The Cul signal represents the remaining
metallic copper from the bulk of the nanoparticle. This metallic Cu signal could be over-
lapped by Cul* species, which may also be present. Larger differences are observed for
NiCu(4:1)Al and NiCu(1:1)Al samples. The sample NiCu(1:1)Al has a higher amount of
CuY, or (Cult) compared to NiCu(4:1)Al. This is explained because of the more accessible
Cu metal formed after segregation during the reaction. The metal species in the nanopar-
ticle's center (or bulk) were confirmed through HRTEM (visible in FFT, Figure 31) and EEL
spectra, as described below.

a) Ni 2p3; e [ 1 b)Cu 203, 9325
1 Spent NiCu(1:1)Al A [ ] Spent NiCu(1:1)Al ‘ [
1 Spent NiCu(4:1)Al 1 - 1 Spent NiCu{4:1)Al
2 2 |
= c |
= 5]
2 2
e ] Ll
< <
T I T T T I T T T I T T T I T T T I T T T T I T T T I T T T I T T T I T T T | T T T I
868 864 860 856 852 948 944 940 936 932 928
Binding Energy (eV) Binding Energy (eV)

Figure 32: XPS spectra of spent catalysts NiCu(4:1)Al and NiCu(1:1)Al a) Ni 2p; /», and b) Cu 2p3 /5.

The nature of the surface species that are formed during the reaction can be further stud-
ied by a series of EELS experiments. EEL spectra were acquired from the center of the
particle and the surface. Figure 33 shows the HAADF-STEM images of the spent cata-
lysts and the regions from where the EEL spectra were taken. The corresponding Ni L, 5,
Al L, 5, and O K spectra are reported in Figure 34. As sample thickness is an important
property for EELS analysis, the corresponding values of the inelastic mean free path (t/
A) are reported in the images. The recommended thickness values are between 0.0 < t/
A < 1.5 to assess good energy loss near edge structures (ELNES) [10]. The comparison is

presented in terms of surface and bulk species.
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Figure 33: STEM-HAADF images and regions where the EEL spectra were extracted from all spent samples
after CO, hydrogenation reaction.
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Figure 34: EEL spectra of spent samples after RWGS: a) Ni and Cu L, 5 edge; b) Al L, 5 edge, ¢) O K-edge.

Al L2’3—edge from Al,Oj; reference was retrieved from [125], [160].
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4. Catalytic properties of LDH-derived materials on chemical energy conversion

When the species on the surface are compared with the bulk species, a higher oxygen
contribution (O K-edge spectra) is found on the surface compared to the bulk in the four
samples (Figure 34c). This happens because of the contact with air during the transport
after the reaction, which was not possible to avoid due to the construction of the set up.
Although it was minimized by storing the sample in the glovebox prior to characteriza-
tion. The surface was expected to be passivated with oxygen from the air. We cannot dis-
tinguish how much the air transfer has influenced the properties of the material. However,
as will be described, the center of the nanoparticles remained metallic. The oxygen pre-
peak visible for the spent NiAl sample is characteristic of the nickel oxide species [163].
The presence of oxide species is in agreement with the features of the Ni L, ;-edge spectra,
where the surface spectrum fits close to the NiO, while the bulk spectrum fits to the metal-
lic Ni, references taken from Potapov (SI Figure 66) [124], [125]. Unfortunately, these small
features were not clearly distinguishable for the spent NiCu(4:1) and the spent NiCu(1:1),
due to the low signal-to-noise ratio in the Ni L, ; edge spectra.

For the spent NiCu(4:1)Al, sample, no Cu L, 5-edge signal was observed due to the low
Cu content and/or its atomic dispersion. However, we have evidenced that Cu migrated
to the nanoparticles’ surface [129], evidenced by EDX line profiles across nanoparticles
(Figure 69b). Similarly, some regions of the spent NiCu(1:1)Al reveals a Cu enrichment
on the surface by comparing the surface and bulk Ni and Cu L, ;-edge spectra (Figure
34a, NiCu(1:1)Al). However, elemental line profiles of the same spent sample show the
presence of Cu in the center of other nanoparticles (Figure 30c); which indicates the het-
erogeneity of this spent material. Furthermore, from the Cu L, 5-edge fine structure, we
observed that the spent Cu and NiCu(1:1)Al samples have a metallic core and slight oxi-
dation at the surface (Figure 34a). This surface oxidation, as described above, is due to
unavoidable contact with air after catalytic experiments. For all Ni-containing samples,
the region of Al L, ;-edge shows the contribution of Ni M ;-edge at lower energy losses,
onset at 64.6 eV, while only the sample of spent Cu exhibits an onset at 74 €V, which could
be a combination of the edges of CuM, 5 and Al L, 5. It is worth noting that the contri-
bution of the alumina support has similar shape features to the Al,O; reference from the
literature [125], [160].

In conclusion, we have shown the different morphologies of spent catalysts after the
RWGS reaction as a function of their composition and probably related to their metal-sup-
port interaction. In the bimetallic material NiCu(4:1)Al, SMSI prevents the catalyst from
sintering by the in situ formation of a protective layer around the nanoparticles that was
observed in the spent materials. It is presumed that the protective layer is formed by the
interaction of Ni with alumina, possibly forming spinel structures. When a higher Cu con-
tent is used (NiCu(1:1)Al), the protective layer is unable to prevent sintering and large Cu

agglomerates are formed.
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4.2 Catalytic evaluation on ammonia decomposition

The nickel metal catalyst is known to be one of the most active primary components for
ammonia decomposition catalysts [90], [91]. We then do not attempt to present or discover
one best material, but rather to understand the Ni-Cu interaction by correlating the mater-
ial properties with their catalytic activity. The ammonia conversion and the H, production
rate of four samples are shown in Figure 35. Similar to the CO, hydrogenation, the exper-
iment was performed with a heating-up and cooling-down cycle. As expected, the NiAl
sample showed the highest ammonia conversion: 95% at 600 °C. When Cu was added,
NiCu(4:1)Al sample, the conversion decreased drastically to 56%. With a further increase
of Cu in the material (sample NiCu(1:1)Al), the ammonia conversion dropped to approx.
41%. Figure 35a shows a slight deactivation of NiAl and NiCu(4:1)Al catalysts, noticeable
when comparing their conversions at 550 °C. The deactivation caused a small hysteresis in
the H, production of NiAl during heating and cooling (red line in Figure 35b), not seen in
NiCu(4:1)AL

On the other hand, a slight activation is evident for NiCu(1:1)Al. At a certain temperature
(500 or 550 °C), the H, production is greater during the cooling than during the heating
step. The increase in activity may be linked to a redistribution of the elements during the
process. As it was described in the previous chapter, after reduction at 450 °C the surface
of the material was enriched with Cu species. Cu is not suitable for NH; decomposition
reaction. Re-distribution of Cu and Ni species may occur during the heating step, result-
ing in an increased Ni at the surface. The availability of more Ni species on the surface
leads to increased conversion during the cooling phase.
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Figure 35: a) Ammonia conversion of NiAl, NiCu(4:1)Al, NiCu(1:1)Al, and CuAl materials as a function of
reaction time; b) rate of H, production for different temperatures. (Gas flow: 30 mL-min~! of NHjs; catalyst:
50 mg in 100 mg SiC as diluent; WHSV: 36000 mL-g~1-h~1)

75



4. Catalytic properties of LDH-derived materials on chemical energy conversion

Finally, the conversion observed from the CuAl sample was less than 7.1% for all temper-
atures. However, since a similar conversion (6%) was observed during a blank experiment
(due to the thermocouple), we assumed Cu does not convert any NH;. We verified that,
in this case, the active species are merely from Ni. When Cu is added, it is mostly at the
nanoparticles” surface and the conversion decreases significantly. The spent catalysts were
recovered after reaction experiments in contact with air and stored in the glovebox for
characterization.

X-ray diffractograms of the spent samples are shown in Figure 36a. Sharp reflections,
marked with an asterisk, correspond to SiC that was used as catalysts diluent during
the catalytic testing. Although the SiC (355-400 pm) was sieved from the spent material
(200-300 pm), some SiC reflections were observed. The main XRD reflections fit with
metallic species Ni and Cu. The spent bimetallic samples (NiCu(4:1)Al and NiCu(1:1)A)
present a contribution at 20 values of 41.8°, 48.6°, and 71.4°. These signals could corre-
spond to NiyN, which is higher for NiCu(4:1)Al sample. The contribution of Ni;N, as
determined by Rietveld refinement (SI Figure 71) was 15% in the spent NiCu(4:1)Al sam-
ple and 11% in the spent NiCu(1:1)Al sample.

The lattice parameters of all spent samples are presented in Figure 36b, in combination
with the reduced material discussed in the previous chapter (section 3.5). The results
reveal that the lattice parameter of most samples is well in agreement with the expected
value assuming Vegard’s law for bimetallic alloys. However, the spent NiAl lattice para-
meter is slightly higher than the expected one. This could be due to a lattice expansion
produced by nitrogen in the nickel lattice. The spent NiCu(1:1)Al shows a lattice para-
meter of 3.5868(2) A, which is too high for a Nij 5Cu 5 and may actually correspond to
a Cu-rich alloy (Nij 3Cu; 7, see dotted lines in Figure 36b to guide the eye). This could
mean that the Cu concentration is higher in the Ni-Cu solid solution because the Ni might
form nitrides separately. However, we found some contradictions with the local elemen-
tal composition that will be discussed below. Furthermore, if we consider the presence of
nickel nitride in both bimetallic samples, they should have less Ni content in the Ni-Cu
solid solution. Therefore, it would be a Cu-rich alloy. This could be valid for NiCu(1:1)Al,
but not for the NiCu(4:1)Al because the lattice parameter fits with the expected value for
the alloy. However, the reflections of the Ni,N for the sample spent NiCu(4:1)Al, do not
match perfectly with the reference: they are slightly shifted. It could be possible that the
nickel nitride observed in the NiCu(4:1)Al sample has Al or Cu incorporated into the lat-
tice, forming “doped Ni nitride”, whose lattice parameter correlates well with the Ver-
gard’s behavior of Ni Cu alloy.
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Figure 36: (a) X-ray diffractograms and (b) lattice parameter of spent materials after ammonia decomposi-
tion reaction. Asterisks correspond to reflections of SiC used during the catalytic test.

Microanalysis of the spent CuAl and NiCu(1:1)Al materials reveal Cu sintering. The size
of Cu particles in the spent NiCu(1:1)Al and CuAl samples reaches up to 100 nm and
200 nm, respectively. Meanwhile, the nickel and copper metal present in the NiCu(4:1)Al
sample are apparently alloyed. Figure 37 shows the elemental mapping and EDX spectra
from different regions of the four spent samples after NH; decomposition (see individual
spectrum images for all elements in SI Figure 72). It is clearly visible that the spent CuAl
and NiCu(1:1)Al samples have sintered because of the Cu-rich regions. Whereas the spent
NiAl and spent NiCu(4:1)Al samples have a more homogeneous distribution of all ele-
ments. Nitrogen signal was detected in the EDX spectra from all regions of the spent NiAl
and NiCu(4:1)Al samples (see zoom in the N-Kat of Figure 37a and b). In the spent sam-
ples of NiCu(1:1)Al and CuAl, the nitrogen Kot peak is smaller (or zero) for the Cu-rich
regions (area#2 and area#4 from Figure 37c and d). Interestingly, the presence of nitrogen
was also observed in the Ni-free sample (area#1, Figure 37d).
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Figure 37: STEM-EDX images and EDX spectra from different regions of all spent catalysts after ammonia
decomposition reaction. The right side show different atomic ratios (Ni/N, Al/Ni, NiCu, and Al/O) for all

the investigated areas.

For a more detailed quantification study, the atomic ratios of Ni/N, Al/N, Ni/Cu, and
Al/O were extracted from all the areas and included at the rightmost of Figure 37. For
the spent CuAl samples, the Al/N ratio in areas #2 and #4 (where Cu has not been seg-
regated) may imply the coexistence of Al and N. For Cu-rich regions, nitrogen was zero.
It is difficult to correlate with the Al/O ratio because the material may also be oxidized
after contact with air after the reaction. Furthermore, the presence of oxygen in the pos-
sible Al-N system cannot be ruled out. For the spent NiAl and NiCu(4:1)Al samples, the
similar trend of the Ni/N and Al/N ratios suggests that Ni is also involved in Al nitrides.
It is possible that some Al form part of the NiyN system observed in XRD. That might
be the reason for the slight XRD mismatch. This could also applied to areas #1 and #3 of
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4.2. Catalytic evaluation on ammonia decomposition

the spent NiCu(1:1)Al sample (in the absence of segregated Cu). We observed a higher Cu
content in some regions (areas #2 and #4) while maintaining the Ni/Cu ratio close to 1 in
others (areas #1 and #3). This was the nominal ratio from synthesis. On the other hand, as
expected, the Ni/Cu ratio of spent NiCu(4:1)Al was close to 4 for all analyzed areas.
Furthermore, STEM-EELS experiments of the bimetallic samples were conducted and the
analysis of the N K-edge could shed light on the nature of the nitrogen species. Figure 38
and Figure 39 show the nitrogen, oxygen K-edges and nickel and copper L, ;-edges from
different regions of the spent NiCu(1:1)Al and NiCu(4:1)Al samples, respectively.
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Figure 38: STEM EELS of the spent NiCu(1:1)Al sample after ammonia decomposition. a), b) and c) corre-
spond to the N K-edge, O K-edge, and Ni + Cu L, 5-edge, respectively. d) STEM TEM image indicating the
region of EELS analysis.

The results of the spent NiCu(1:1)Al sample corroborate that the nitrogen is not present in
the Cu-rich areas (pink spectra in Figure 38a and c). There, the Cu signal shows character-
istics of metallic Cu species [125], [159]. In contrast, the regions of bimetallic nanoparticles
(spectra 1-5 in Figure 38 and Figure 39) show a peak at the N K-edge. In both cases, the
presence of nitrogen is higher in the center of the nanoparticle and decreases at the sur-
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4. Catalytic properties of LDH-derived materials on chemical energy conversion

faces. Unfortunately, the low N K-edge signal is noisy and hinders the distinction of nitro-
gen species. However, we observe some similarities with the shape of the N K-edge refer-
ence from AIN [125], [176]. Therefore, it might be related to Al nitride species, as observed
from XRD, there might be nickel nitride species also involved.

The presence of Ni and Cu in the analyzed region of spent NiCu(1:1)Al sample is evident
from the Ni and Cu L, 5-edges. The Cu features of the L, 5-edge could indicate that there
is surface oxidation of copper (and probably also nickel). Particularly, the center of the par-
ticle (spectra 2 and 3 Figure 38c) shows similarities to metallic Cu species. Even though the
extracted region includes surface regions. With the spent NiCu(4:1)Al sample, the low sig-
nal in Cu L, 5-edge suggests that copper is atomically dispersed. The Ni L, 5-edge has an
interesting feature at 857 eV (Figure 38d) which may be characteristic of Ni-nitride species
[177]. This agrees with our XRD results. Moreover, N K-edge spectra changes suggest that
nitrogen is mainly located in the center of the nanoparticle.
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Figure 39: STEM EELS of the spent NiCu(4:1)Al sample after ammonia decomposition. a), b) and c) corre-
spond to the N K-edge, O K-edge, and Ni + Cu L, 5-edge, respectively. d) STEM TEM image indicating the
region of EELS analysis.
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4.3. Conclusions

The ammonia conversion is dependent on nickel content in the catalysts. The analysis of
the spent samples revealed the presence of nitrogen. This nitrogen could be found in the
center of nanoparticles, maybe forming interstitials compound with Ni (and Cu) lattice.
The activity of the CuAl sample was the lowest one and Cu does not form nitrides after
the ammonia decomposition reaction; however, the aluminum might form. Al and N are

coexisting in some regions of the spent CuAl sample.

4.3 Conclusions

The catalytic evaluation of the series of NiCuAl LDH-derived catalysts on relevant energy
conversion reactions was investigated. The effect of using NiCu bimetallic catalysts com-
pared to their monometallic samples depends on the catalytic reaction. For CO, hydro-
genation, the bimetallic combination works as a synergy for RWGS or CO formation. How-
ever, that combination was detrimental to ammonia decomposition conversion.

In detail, for the CO, hydrogenation reaction, it was found that Ni promotes mainly
methanation and the presence of Cu in the system increases the selectivity to CO (sup-
pressing CH, formation), resulting in higher CO yield for the bimetallic catalysts. It is
possible that the CO formation occurs on Cu, while Ni leads to methane. In our formu-
lation, the Ni component of the bimetallic catalyst adds stability, probably as a spinel
overlayer formed during the reaction. The catalyst NiCu(4:1) Al showed the best combina-
tion for producing highly stable CO yield over time of stream (TOS), and probably at the
end of the experiment, the surface was enriched with Cu species. When Cu content was
increased to the same molar content as Ni, segregation of Cu occurred.

On the other hand, the best material for ammonia decomposition reaction was the NiAl
sample. When Cu was added to the catalysts, the activity drastically decreased because
of the decrease in the access to Ni sites of the catalysts. In the spent catalysts, Cu nitrides
were not evidenced, but Ni-nitrides, possibly with Al. Nitrogen species were found at the
center of the nanoparticles. Interestingly, also the less active material, CuAl, showed nitro-
gen-rich regions, which may be Al-N species.

Regarding the NiCu(4:1)Al sample, Ni and Cu are apparently alloyed after NH; decom-
position, and no Cu surface enrichment was observed, as was the case after CO, hydro-
genation reaction. The observed differences are most likely due to the distinct chemical
potentials in the gas phase. For CO, hydrogenation, it promotes the segregation of Cu to
the surface; while for ammonia decomposition, the Ni-Cu bimetallic system might remain

like an alloy:.
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5 Insitu and operando investigation of
NiCu(4:1)Al LDH

This chapter focuses on the analysis of the NiCu(4:1)Al sample under in situ and quasi-in
situ XRD calcination and reduction. The integral results are correlated with the local scale
changes observed in TEM. The bimetallic sample was also tested on hydrogenation of car-
bon dioxide under operando TEM, showing remarkable activity in the RWGS reaction. A

comparison of the microreactor (OTEM cell) and fixed-bed reactor is briefly discussed.

5.1 Calcination

To understand how the LDH structure changes during calcination, a quasi in situ XRD
experiment was performed using the NiCu(4:1)Al LDH sample. Figure 40 shows the evo-
lution of the LDH structure during the calcination process. The diffractogram of the pris-
tine LDH was acquired in static air to avoid possible dehydration of the layer. The interpla-
nar spacing, d3, was 7.57 A, which corresponds to 22.71 A of the ¢ parameter (c = 3-dgp3)-
Heating to 185 °C caused the layer to shrink due to water removal from the interlayer
space. This process destroys the order between the brucite-like layers, and it is observed as
a shift to higher angles and a decrease of the (003) and (006) reflections. (Evidence of water
removal during LDH thermal decomposition was observed in the TGA curves described

in section 3.2, Figure 13b). The change in the (006) reflection is more pronounced, and its

intensity vanished at 250 °C. The (003) reflection decreased even more and disappeared
within 4 h during a temperature plateau at 250 °C. The disappearance of the LDH char-
acteristic reflections means that its structure collapses and a mixture of NiO and CuO
appears. These reflections increase significantly. LDH structure collapses because of the
decomposition of carbonates and dehydroxylation of layers (shown by CO, and H,O sig-
nals in TGA, section 3.2, Figure 13b). Finally, thermal treatment at 600 °C led to the crystal-

lization of NiO and CuO, observed by sharper NiO and CuO reflections. The presence of
NiO and CuO phases has been identified, but they are difficult to discriminate due to the
strong overlap between 20 values of 30 and 50°. The difference in the sharpness of XRD
reflections depending on temperature was also observed during ex situ calcination at 290

and 600 °C (SI Figure 64a). Sharper reflections when higher temperature was used.
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Figure 40: X-ray diffractograms of NiCu(4:1)Al LDH during quasi in situ calcination (Flow: 100 mL-min! of
20% O, in He; heating rate: 6 °C-min’!; all diffractograms taken at 25 °C).

For in situ TEM calcination, a total flow of 20 pL-min™! of 20% O, in He was set through
the nanoreactor cell and stabilized overnight. The layer distance d ;3 of the pristine LDH
is 0.758 nm (measured ex situ from the same LDH sample, section 3.1). Figure 41 displays
the LDH micrographs during calcination and how temperature affects the d-spacing of
the marked area. For the sample at 50 °C, d5 is 0.67 nm, implying that some water from
the interlayer space has already been removed. This phenomenon is likely because of the
continuous flow used and the stabilization time (~ 10 h). After heating to 180 °C, the lay-
ered structure is still visible (HRTEM image) but has shrunk to 0.48 nm. Compared to the
in situ XRD results, this corresponds to a peak shift to higher angles: a layer contraction of
the dy; interplanar spacing from 0.75 nm, at RT, to 0.62 nm, at 185 °C. If we average the
dyoz and d 4 positions [178], the layer distance shrinks to 0.43 nm (from XRD). Both meth-
ods, XRD and TEM, are here in good correlation. After heating for 5 h at 250 °C and up
to 290 °C, the layered structure is no longer visible. However, platelet morphology is pre-
served thanks to the LDH’s memory effect property. These platelets were also observed
after calcining LDH at 600 °C (SI Figure 64c). They are composed of a mixture of metal
oxides: NiO and CuO observed in XRD, and Al,O5, which might be amorphous.

During the in situ TEM experiment, the online mass spectrometer (MS) data shows the

release of CO, as a result of the carbonates decomposition, and a slight release of water

(see SI: Figure 73).
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Figure 41: TEM images of the LDH during calcination treatment, and the line profile showing the evolution
of the d-spacing while heating (Beam dose: 606 e™-A"2.s], flow: 24 uL-min’! of 20% O, in He; cell pressure:
0.85 bar).

5.2 Reduction

The temperature profile of reduction (TPR) of the NiCu(4:1)Al sample, previously cal-
cined at 290 °C, is shown in Figure 42. The TPR curve shows that Ni and Cu oxide species
are reduced separately. The initial peak represents the reduction of CuO species between
122 and 175 °C; this probably occurs in a two-step process from CuO to Cu20 and finally
to Cu. NiO reduction occurs between 180 to 500 °C. In our in situ characterization, the
reduction was performed using 5% of H, with a total flow of 20 mL-min™! for in situ XRD

experiments; and 10% of H, with 20 pL-min"! total flow for TEM experiments.
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Figure 42: Temperature-programmed reduction profile of NiCu(4:1)Al_ox.290C sample. (Catalyst mass:
80 mg, flow: 100 mL-min"! of 5% H, in Ar, heating rate 2 °C-min’!)
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Two series of X-ray diffractograms were acquired during the reduction process: short
scans at high temperatures (HT) and long scans at 50 °C (see section 2.2.3). Figure 43a
shows these X-ray diffractograms during the reduction process. Rietveld refinement was
used to analyzed both sets of X-ray diffractograms. One oxide contribution (NiO) and
one metallic contribution (Ni) were assumed to avoid overinterpretation. Based on this
analysis, the phase fraction as a function of temperature is shown in Figure 43b, together
with the lattice parameter of the contributions of oxides (c) and metals (d). The X-ray
diffractograms at HT and 50 °C match because their phase fraction curves are similar
(Figure 43b). The phase fraction of oxides and metallic species is ranged between 200 °C
and extends to around 700 °C. In this region, the oxides vanish and the metal species
are formed. However, the first event in the TPR profile was observed at temperatures
around 122 and 175 °C. This difference can be explained by the atomic dispersion of the
Cu species that are not detected in the diffractograms. Moreover, the endpoint might be
arbitrary because of the fitting model and the absence of one component.

As observed in Figure 43¢, the “NiO” lattice parameter deviates from the literature value
(for NiO: 4.18 A) shortly before 200 °C. This agrees with the reduction of NiO species to
Ni' observed in the TPR profile with an onset at 180 °C (Figure 42). During reduction, the
average NiO lattice parameter a decreases until it can be assumed that the “NiO” contri-
bution is zero at 600 °C, because of the large error bars.

On the other hand, the NiCu alloy lattice parameter (Figure 43d) started with 3.60 A at
200 °C. As the temperature increases, this parameter is getting closer to the literature value
of Ni. The lattice parameter a for the NiCu(4:1) bimetallic system is 3.542 A, assuming Veg-
ard behavior (black dot-dashed line). However, the experimental values are instead closer
to the Ni value (3.524 A) at reduction temperatures of 450 to 600 °C approximately (Figure
43d). The lattice parameters obtained after ex situ reduction at 450 and 600 °C (described
in section 3.5, Figure 20) also showed the same values, represented by blue squares in Fig-

ure 43d. This may indicate Cu surface enrichment, which was also observed from relative
surface quantification (from XPS, section 3.6). When the temperature is raised, the lattice
parameter a increases close to the expected value at 900 °C. This is consistent with the ex
situ reduction at 900 °C (section 3.5, Figure 20) and may suggest that the segregated Cu
is incorporated into the Ni lattice, forming a solid solution. The previous effect may be
linked to the uneven sharpening of the (111) reflection of the metallic contribution. (Fig-
ure 43a-right). Finally, at 900 °C there are pure metallic alloy species.

86



5.2. Reduction

a) X-ray diffractograms

High-temperature XRD “Room temperature” XRD Zoom at (111) diffraction peak
8500 1
—60°C at 50 °C after :
1400 F=sieo’ 8000 | g 3900 —90°C
290 °C| — 650 °C 650°C
e 7500 - iy 425°C
s ——200°C 200°C
1200 s50-C 7000 - —soc 3000 —50°C
:S:g:g 6500 |-
'———900 °C
- 6000 |- 2500
1000+ 5500
@ 2 5000 i) asymmetric
€ 5 S 2000 .
8 g 4500 8 sharpening
= £ 4000 ol
2 2 ]
k] 8 3500 1500
£ 600+ = E
3000
2500 1000
2000
1500
1000 500
500 [~
v ‘ . ) S O T T TR T T [N TR T 0
12 14 16 18 20 22 24 26 28 30 10 15 20 25 30 35 40 45 50 55 60 65 70 75 19.0
201° 201°
b) Phase fraction
100
SOHOOVOV
o 0000888 ©
90 | 007800
Co 09 . .
80 + Y~ < Nlu_,()CuM 50°C
- © o® © Oxides "Ni0" 50 °C
s e o © NijCupg HT
5 ©0 1 oo < Oxides "NiO" HT
'46 O
g 50 3
- v
o
&S 40 | v
2 8 "0
o 30 -
o0 <
20 &
\ Lol ed
50 :
10 A i oo s 9
< = QoG ¢
0 +—wooome . A A:L:-1:3:8-1-7 XY

0 200 400 600 800
Reduction temperature 7, (°C)

c) Lattice parameter of the oxides d) Lattice parameter of the Ni., Cuy, alloy
4.20

(NiO literature value) 3.62 4

(Cu literature value) < Ni(1-x)Cu(x) 50 °C
Ni(1-x)Cu(x) HT
ex situ reduction

ER
HN
«
L
w
o
=}
L

© Oxides "NiO" 50 °C
3 % Oxides "NiQ" HT

=

H

o
L

Lo
g

o1

&

w

n

ca
L

=
o
vl
L
o
w
n
)
L

°%

wvsany | B4 | |

P

o

=
L

NiO lattice parameter a (A)
o
Ni, Cu, lattice parameter a (A)
g

3.95 T T T T T T T T 3.52 T T T T T T T T
0 100 200 300 400 500 600 700 800 900 0 100 200 300 400 500 600 700 800 900
Reduction temperature T, (°C) Reduction temperature T, (°C)

Figure 43: a) X -ray diffractograms at high temperature (HT) and at 50 °C during the reduction process of
NiCu(4:1)Al_ox.290C sample. b) Phase fraction as a function of the reduction temperature. c) Lattice pa-
rameter of the oxides (modeled with NiO), and d) lattice parameter of the Ni;_ Cu, alloy. (Conditions:
20 mL-min"! of 5% H, in He, heating ramp: 2 °C-min’!, 2 sets of diffractograms taken at HT and 50 °C)
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5. In situ and operando investigation of NiCu(4:1)Al LDH

The trend of the lattice parameter a of “NiO” is similar for the series at HT and the diffrac-
tograms acquired at 50 °C (Figure 43c). However, for the NiCu alloy, the lattice parameter
a differs at temperatures higher than ~350 °C because of the thermal expansion (Figure
43d). Within the Rietveld refinement, peak broadening due to size contribution was con-
sidered (see SI Figure 74). The domain size of the oxides is below 2 nm; while for the metal
NiCu alloy, started with 2 nm at 225 °C and is gradually increasing with the reduction
temperature up to 11 nm at 900 °C.

Figure 44 shows the TEM micrographs during the reduction process. The complementary
MS signals during in situ TEM are shown in SI Figure 73b. The starting material is the
LDH sample calcined at 290 °C, which has a 2D material characterized by platelets in
different directions (see image at 50 °C). After the reduction process, these platelets are
decorated with homogeneously distributed nanoparticles. The nucleation probably starts
below 200 °C with metallic Cu species atomically dispersed, as suggested by the TPR pro-
file. However, the nanoparticles were not observed under in situ TEM, until ca. 300 °C.

platelets nucleation nucleation and growth

Figure 44: a) TEM micrographs during the reduction process of NiCu(4:1)Al b) representation of the reduc-
tion mechanism through nucleation and growth (Beam dose: 400 e™-A"2:s], flow 20 pL-min! of 10% H, in
He. Pressure: 1 bar. Heating ramp: 2 °C-min-1).
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5.2. Reduction

These metallic nanoparticles could be formed through different mechanisms. The most
common are nucleation and growth, and shrinking core. Studies of NiO reduction have
shown that Ni nuclei are formed homogeneously or grow epitaxially on the NiO surfaces,
depending on the available interfaces: Ni/Ni and NiO/Ni [127]. In situ TEM of LaNiO;
perovskite-based materials similarly reported that Ni species evolved mainly at grain
boundaries during exsolution, which could be called defective sites [179]. In our case, we
have no direct evidence about the nature of the nuclei where the nanoparticles start to
form. We can speculate that the metal nuclei might start at highly energetic sites such
as defects and unsaturated sites which are related to the LDH precursor. Furthermore,
the role of Cu in the NiCu bimetallic system might be to accelerate these nucleations via
the Hy-spillover from Cu to Ni. This was described in section 3.5: the presence of Cu
produces a shift of the Ni reduction peak to lower temperatures. However, it cannot be
ruled out whether the nuclei are formed directly over Cu sites (atomically distributed).
The similarities between Cu and Ni lattices also hinder the identification of the species
even when high-resolution imaging is feasible. Therefore, computational modeling (such
as DFT) might be an option for unraveling this and continuing further NiCu investiga-
tions.

Figure 45 shows the nanoparticle size as a function of the temperature during the reduc-
tion (a) and CO, hydrogenation (b). The size of nanoparticles, estimated from in situ TEM,
is initially 3.0+0.3 nm at 280 °C and grows as the temperature increases until 5.0+0.9 nm at
the end of the reduction at 450 °C. Interestingly, after 360 °C there is apparently a plateau
where the nanoparticle sizes change very little. Particle sizes from ex situ reduction at 300
and 450 °C (described in section 3.4, Figure 16) are also included in the figure for com-

parison. The nanoparticles' sizes obtained after ex situ reduction at 300 and 450 °C are
slightly smaller than those obtained from in situ TEM. The difference is higher at higher
temperatures. Even though a low dose was used (as explained in section 2.13.3), the elec-

tron beam may still cause some heating and therefore slightly larger nanoparticles during
in situ TEM experiments. Reactive feed (Figure 45b) caused particle sizes to increase even
more, with both spent materials ultimately having similar size values. Details regarding
the reaction experiment will be further discussed.
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Figure 45: Particle sizes as a function of the temperature during in situ experiment a) reduction using 10%
H, in He. b) CO, hydrogenation using CO,:H,:He with ratio 1:1:0.5. (Flow 17 - 20 pL-min1; pressure: 0.8 -
1 bar; heating ramp: 2 °C-min-1)

5.3 Hydrogenation of carbon dioxide reaction

5.3.1 Mass spectrometer signals during the reaction.

Before the reaction in the OTEM cell, the catalyst was in situ reduced with 10% of H,
and a total flow of 20 pL-min!. Figure 46 top shows the mass spectrometer signals of in
situ TEM experiments #1 and #2. The hydrogen signal decreases while CO and H,O are
formed, as products of the RWGS reaction, when the temperature increases. In a blank
experiment, there was neither H, consumption nor formation of any product. Hence, the
changes in the MS signals are due to the presence of the catalyst in the nanoreactor.

Experiment #1 was performed without microscopy acquisition as a test to evaluate
whether the conversion could be detected during the run. The material was promising
for further detailed investigations because of the high activity observed in the MS signals,
considering the limited amount of sample used (less than 2.5 ng were estimated to be
deposited on the chip, see experimental section 2.13.1). Experiment #2 was performed
using a different temperature profile and performing image and diffraction experiments.
Interestingly, we observed an increase in the H,O signal at approximately 250 °C (Figure
46 bottom) during both experiments. Since there was no CO signal was observed, the
increase in H,O suggests a further reduction of the material under reactive feed (as was

also observed from the structural transformation).
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Figure 46: Online temperature and MS data during RWGS reaction in operando TEM a) experiment #1 and

b) experiment #2. Bottom: zoom area during heating at ~ 250 °C, where an increase of H,O signal is visible
(Flow: 17 - 20 pL-min™! of CO,:H,:He with ratio 1:1:0.5. Pressure: 0.8 bar).

Dashed line represents the lower limit for the background subtraction in experiment #2. Raw MS signals

are shown in SI Figure 75.
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5. In situ and operando investigation of NiCu(4:1)Al LDH

5.3.2 Structural changes

The structural changes were studied under reactive feed in the nanoreactor and are shown
in Figure 47. The continuous rings in the SAED, denote the polycrystalline nature and
nanoscale character of the material throughout the entire run. After in situ reduction, the
SAED pattern (red line in Figure 47a) reveal both oxidic and metallic species. This means
that the material was not completely reduced. This is not surprising because both phase
fractions (oxides and metallic) were also observed from in situ XRD at 450 °C (Figure 43b).
During the catalytic experiment, under CO, and H, feed and upon heating, the oxide
reflection peaks diminish while the metallic peaks increase. This indicates a further reduc-

tion of the material during CO, hydrogenation reaction.
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Figure 47: SAED investigation of NiCu(4:1)Al sample during OTEM. a) evolution of the electron diffraction
curves after progressively heating under reactive feed (CO,:H,:He, ratio 1:1:0.5). b) micrograph showing the
analyzed region. c) electron diffraction image showing the polycrystalline nature of the material. Beam dose:
3 e-A2:s1. Green (hkl): metals, black (hkl): oxides.
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5.3. Hydrogenation of carbon dioxide reaction

5.3.3 Morphological changes

Figure 48 shows the morphological changes during the reaction experiment. TEM investi-
gations require a thin region, where we focus to observe the changes. During experiments,
the platelets of the material may turn or twist as a result of heating or gas flow. For exam-
ple, the green arrows in Figure 48 indicate the position that has twisted after the reduc-
tion process. After the reduction, some nanoparticles were decorating the platelets (Figure
48b-top). Later, under a reactive feed (CO,:H,:He), more nanoparticles were formed with
the further reduction of the material. After almost 20 h of reaction, some nanoparticles
had sintered to sizes up to ~ 15 nm. However, they were still homogeneously distributed
in the layer. The platelet structure could be intimately related to the LDH precursor due to
its memory effect property. These findings might elucidate the good stability after a long
reaction process which could be attributed to the precursor. Similar results were observed

in different regions shown in SI Figure 76 during the reduction and reaction process.

Figure 48: TEM investigation of the LDH-derived sample during OTEM. a) pristine sample:
NiCu(4:1)Al_ox290 . b) Zoom area after reduction and after reaction at different temperatures. (Beam dose:
620 e-A2.s1 flow: 20 pL-min of CO,:Hy:He with ratio 1:1:0.5. Pressure: 0.8 bar. Heating rate: 2 °C-mint)
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5. In situ and operando investigation of NiCu(4:1)Al LDH

Both morphological and structural changes show that the material was further reduced in
situ under the reactive feed. This agrees with the MS signals described before, where the
H,O signal increased slightly at 250 °C. The reactive feed mixture allows the reduction of
the material at lower temperatures. However, in order to do that, perhaps a few metallic
sites or nanoparticles could be the prerequisite. These metallic sites can react with CO, to
form CO that immediately could be used, together with H, already available, for reducing
the remaining oxidic species in the material. The absence CO during this reduction (see
zoom, Figure 46) may indicate that if CO is formed, it might be consumed very fast.

5.3.4 Apparent activation energies

Figure 49a shows the molar production of H,O and CO at different temperatures for
experiment #1. The molar products” formation was calculated from the relative partial
pressures (SI Figure 77). When the temperature increases, the amount of CO and H,O
also increases, and this is consistent with the fixed-bed reactor experiments (shown in SI
Figure 78). According to the molar products” production, there is apparently more CO
formed at temperatures above 500 °C. However, the differences could be because of the
stickiness factor of H,O, which at higher temperatures may interact more with the tub-
ing walls before reaching the QMS. Thus, the production of CO and H,O was in a similar
range, even when further reduction of the sample under reactive feed was observed.
Figure 49b shows the Arrhenius plots with the apparent activation energies (E,) estimated
from the three MS signals: H, consumption, H,O, and CO formation in the nanoreactor.
The production rate values at 400 °C were too noisy (see large error bars) and probably
outside the kinetic regime. Therefore, the values at that temperature were not considered
for the E, calculation. The apparent E, obtained from CO, H,O, and H, signals were 28.9,
33.9, and 34.3 kJ-mol !, respectively. They can be considered similar and agree well despite
the further reduction of the material: extra H, consumption and H,O production. To the
author’s knowledge, few studies in the literature have published apparent activation ener-
gies using OTEM. Recently, Tanaka et al., [180], reported comparable activation energies in
a pellet-cell reactor, at the same time describing the dynamics of Rh nanoparticles’ surface
structure during NO reduction. However, in order to achieve that, they needed to modify
the cell construction to increase activity.

The Arrhenius plots and E, could be an option to compare how different our OTEM sys-
tem is from a real catalytic experiment. The E, was estimated using the same sample in a
fixed bed reactor (FBR), obtaining 42 kJ-mol! (calculated with 3 data points with conver-
sion below 10% (see SI Figure 78). This rough comparison could indicate that our nanore-
actor experiment is close to conventional catalytic investigations (29 vs 42 kJ-mol1). How-

ever, we have to be cautious as the apparent activation energy measures how sensitive the
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5.3. Hydrogenation of carbon dioxide reaction

reaction is to temperature. Thus, this value depends on the reactor construction (geome-
try), gas flow, heating rate, etc., and it is not a fixed parameter. The geometry and how the
gas flow interacts with the catalysts vary a lot. In the OTEM cell, the flow goes over the
catalyst layer that is stuck to the SiNx window. In the FBR, the gas flow interacts through
the catalytic bed. Mass transport is expected to be significantly different [25].

The important thing to highlight is that our results showed remarkable conversion of the
LDH-derived sample under operando TEM conditions, where simultaneous TEM char-
acterization is the main advantage. This is often difficult to achieve. Moreover, despite
the differences between the reactor setups (FBR and nanoreactor), we report comparable
results from OTEM using a commercial climate holder.

a) H,0 and CO formation b) Arrhenius plots from OTEM
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Figure 49: a) Product formation during RWGS reaction at different temperatures. b) Arrhenius plots ob-
tained from OTEM experiments using H,O, H, and CO MS signals (Flow: 20 uL-min"! of CO,:H,:He with
ratio 1:1:0.5. Pressure: 0.8 bar. Heating rate: 2 °C-min!).

Finally, we can compare the morphology of the catalysts at the end of the run in the two
different setups. Figure 50 shows TEM images of the spent catalysts after RWGS reaction
from the FBR (results shown in section 4.1) and from the nanoreactor (OTEM cell). Once
again, it is important to be aware of the different geometries. As described above, the mass
and heat transport might differ among the setups. In the nanoreactor, a few micrograms
of catalysts were stuck to the SiN, window, and the gas flows above it. In the lab reactor,
15 mg was used, and the gas mixture flows through the catalytic bed.

A clear difference in the morphology is observed, although similar particle sizes were
observed (Figure 45b). The spent material after 10 h at 600 °C in the FBR has agglomerates,
and the catalyst precursor platelets are no longer visible. On the other hand, from the

nanoreactor, the sample showed no agglomeration of the particles, and the platelets were
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5. In situ and operando investigation of NiCu(4:1)Al LDH

still visible even after almost 20 h at 600 °C. It is worth mentioning that similar morpholo-
gies were observed in different regions that were not exposed to the electron beam before
(see SI Figure 79). These differences may suggest that the sample in the FBR undergoes
more severe experimental conditions than the sample used in the nanoreactor. Probably
the morphology we observed in Figure 50a corresponds to the steady-state conditions,
whereas the Figure 50b might still be a transient state. The high gas hourly space veloc-
ity used in the nanoreactor could be responsible for this behavior. This high flow might
remove H,O vapor faster than in FBR. The presence of water vapor has been reported to
be detrimental to the catalyst because it promotes sintering and /or agglomeration [181].
In fact, the incorporation of a water removal membrane in the modeling for methanol syn-
thesis via RWGS reaction resulted in reduced deactivation and longer catalysts lifetime
[182].

a) Spent catalysts from FBR b) Spent catalysts after OTEM

Ay by 't

Figure 50: TEM images of spent catalyst after RWGS reaction. a) in a fixed-bed reactor (catalyst:
15 mg; flow: 100 mL-min! of CO,:H,:He with ratio 1:1:0.5; atm pressure; temperature: 600 °C for 10 h);
and b) after a nanoreactor OTEM experiment #2 (Beam dose: 1080 e™-A2s7], catalyst: < 2.5 ug; flow:
20 pL-min‘! of CO,:H,:He with ratio 1:1:0.5; pressure: 0.8 bar; temperature: 600 °C for 19 h).
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5.4 Conclusions

The morphological and structural changes of NiCu(4:1)Al LDH from the calcination step
to the catalytic evaluation were investigated using in situ and operando characterization.
XRD and TEM results agree regarding the structural changes during calcination; the lay-
ers of the LDH precursor shrink, the platelet structure is maintained, and mixed metal
oxides are formed after the calcination process.

The reduction process goes as follows: first, the CuO species are reduced but are atomi-
cally dispersed on the material (absence of reflections in the XRD). Second, these metallic
Cu species may promote the reduction of NiO species via H,-spillover. Nanoparticles
were observed during in situ TEM from 300 °C; however, the sites where the nucleation
started were not clear. It can be speculated to be highly defective sites. Once the nanoparti-
cles have formed (nucleated), they grow with temperature, forming a core-shell structure
with Cu enriched at the surface and a Ni-rich core. Above 600 °C, the Cu might be incor-
porated into the Ni-Cu solid solution.

After in situ TEM reduction, performed up to 450 °C, a mixture of oxides and metallic Ni
and Cu species was observed. The particle sizes were slightly bigger than the obtained
after ex situ reduction. Under CO, hydrogenation conditions, the catalyst was further
reduced at temperatures above 250 °C.

Our operando TEM investigation showed high activity for the RWGS reaction: similar
amounts of CO and H,O were produced. The catalytic performance was comparable with
the fixed-bed reactor experiments, but two different morphologies were observed in
the spent materials. After OTEM, the LDH memory effect played a role in keeping the
platelets with well-dispersed nanoparticles; while after FBR, agglomerates were visible.
The results reported might motivate further operando investigations with similar LDH

formulations.
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6 Electron beam-induced transformation of LDH

and derived materials

The electron beam-matter interactions can cause changes that might lead to inaccurate
analysis. This is the major obstacle to TEM investigation. In this chapter, we systematically
present the influence of beam irradiation on the LDH (and derived) samples that were the

focus of the thesis.

6.1 General considerations on beam effects

6.1.1 Introduction

Transmission electron microscopy (TEM) enables the direct observation of particles at
atomic or subatomic scale. It can be described as the analysis of the interactions between
electrons (80 - 300 kV) and the sample under investigation. This strong electron-matter
interaction may produce different signals, as shown in Figure 51. Specific detectors can
provide valuable information about the material under investigation, such as its mor-
phology, crystal and electronic structure, and chemical composition. Unfortunately, the
high-energy electrons may cause undesired permanent or temporary changes in the sam-
ple properties. This important topic has devoted the attention of various books [183] and
reviews [184]-[188], and has also been used to simulate in situ transformation samples

[189]. However, it is still often overlooked when reporting TEM investigations.
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Figure 51: Representation of the common signals generated on the electron-matter interaction.
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6. Electron beam-induced transformation of LDH and derived materials

The high-energy electrons interact elastically with the nuclei of the sample or inelastically
with the sample electrons. Both may cause damage to the sample. Elastic interaction
could cause atomic displacement and sputtering, whereas the inelastic interaction transfer
higher amount of energy and may induces specimen heating, knock-on, structural dam-
age, radiolysis, and mass loss [185], [188]. The extent and mechanism of these changes are
highly related to the nature of the sample under analysis and their (if any) specific pre-
treatment. Weakly bonded atoms, or atoms with small bonding energy (such as hydrox-
ides), may be displaced first under the electron beam [187]. Some strategies for investigat-
ing electron beam damage during the TEM analysis are the quantitative study of mass loss
and the evolution of the chemical bonding by EELS during electron irradiation. Since elec-
tron diffraction requires a low electron dose during acquisition, and it is highly sensitive
to structural changes, it would be safe to monitor changes in electron diffraction patterns
upon irradiation [184].

In this chapter, we study the effect of irradiation on NiCuAl LDH and derived materials,
which is crucial for the TEM investigation discussed. Specifically, we studied the influence
of electron beam irradiation on the structure as a function of the (1) LDH composition for
four different compositions; and (2) LDH pretreatment, i.e., calcination and reduction of
NiCu(4:1)Al LDH.

6.1.2 Experimental

Transmission electron microscopy (TEM) analysis was performed systematically in order
to understand how the synthesized material can be changed with the beam exposure. To
track how the beam changes the structure of the material, a series of selected area electron
diffraction (SAED) patterns were recorded on a FEI Talos F200X electron microscope. It
was operated using an acceleration voltage of 200 kV, a condenser aperture of 70 pm, and a
selected area aperture of 10 um for the acquisition of the electron diffraction patterns. The
settings led to an average beam current of ca. 480 pA on the sample, but the acquisition
time and image size may vary. The workflow used during the experiment is summarized
in Figure 52. First, a region of interest was chosen where the SAED was acquired using
a magnification of 22.5 kx. Subsequently, a magnification of 190 kx was set, and the sam-
ple was irradiated using a dose rate of approximately 51 e-A2.s1 during t seconds; then,
the next SAED was recorded (using the same magnification of 22.5 kx). This process (blue
boxes in Figure 52) may be repeated several times. Finally, the microscope settings were
changed to scanning mode for the final electron beam irradiation at a higher dose (approx-
imately 670 e-A2.s71), and the last SAED was acquired. All SAED patterns were integrated
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6.2. Effect of vacuum on LDH

azimuthally using the PASAD script [190] in Digital Micrograph. The reduced sample was
transferred under air-free conditions using a specialized Gatan single tilt 648 holder. The
X-ray diffractograms of the samples (LDH and derived materials) were shown elsewhere
in the thesis and in this chapter are included for reference.

Chose the Al wets, (eIl bes) Scanning TEM

region of > SAED beam irradiation. | .} gapp | irradiation ' SAED

. ~51 electron.A2.s1
interest during ¢ time. ~670 electron.A-2.s1

¥

Figure 52: Workflow used for the electron beam irradiation studies.

6.2 Effect of vacuum on LDH

The sample's SAED patterns were compared pre and post vacuum exposure to rule
out any vacuum-caused changes. Figure 53 shows this vacuum effect for the sample
NiCu(1:1)Al investigated in two different positions. The black diffraction curves corre-
spond to the SAED patterns acquired after insertion into the microscope (3 min pumping
time on the stage). The red curves correspond to the patterns after 16 h in a vacuum of
approximately 1x10”7 mbar. For comparison, X-ray diffractograms of LDH and the LDH
after in situ calcination (185 °C, 5 h) were also included. As observed, there is almost no
change between the SAED patterns before (t=0 h) and after (t=16 h) for both positions. The
characteristic (003) reflection of the LDH was not observed in the SAED pattern because
it may be hidden under the beam stopper. The low intensity of the (006) reflection from
SAED, compared to the one from XRD may be due to vacuum conditions. Under vacuum,
water is removed from the interlayer domain. The (006) reflection was slightly shifted to
higher values after 16 h; this could correspond to the shift because of the dehydration of
the layers during the calcination process. Since the beam effect experiments for each sam-
ple last less than 16 h, effects due to vacuum conditions are completely excluded.
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Figure 53: a) Electron diffractograms extracted from SAED patterns of the sample NiCu(1:1)Al before
and after 16 h in the microscope; X-ray diffractograms are plotted for reference. b) TEM image of the
analyzed area and their respective SAED patterns.

6.3 Effect of electron beam irradiation

The influence of the electron beam on the properties of the LDH and its derived materials
was investigated systematically and qualitatively in two parts. In the first part, we report
the changes in the structure for four LDH samples: NiAl, NiCu(4:1)Al, NiCu(1:1)AL and
CuALl In the second part, the influence of pretreatment is compared for the NiCu(4:1)Al
sample, investigated after calcination at 290 °C and after reduction at 300 °C. For all sam-
ples, the diffractogram at zero seconds represents the pristine structure of the investigated
material (LDH, calcined, or reduced samples), assuming the electron dose is too low that
it does not cause significant changes at that point.

6.3.1 LDH with different composition

The beam irradiation results for the LDH samples are shown from Figure 54 to Figure 57.
In all figures, part A corresponds to the diffraction curves extracted from SAED patterns
after sequential electron beam irradiation of the area shown in part C, which displays
three images of the irradiation in TEM mode and the last STEM-HAADF image after the
electron irradiation in STEM mode. Part B shows the first and last SAED patterns with the
inset of the selected area analyzed. Moreover, X-ray diffractograms were added to part A
as a reference for the bulk structure.
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Figure 54: Electron beam studies of NiAl LDH sample. A) electron diffractograms with consecutive
irradiation; B) SAED before and after beam irradiation and inset: the overview of the analyzed region.

C) higher resolution TEM images.
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6. Electron beam-induced transformation of LDH and derived materials

Figure 54 shows the beam irradiation results of the NiAl LDH sample. From part A, it can
be noted that the first electron diffractogram at 0 s shows the reflections 003 and 006 from
the LDH, but with less intensity and shifted to higher values. This indicates the dehy-
dration of the layers because of the vacuum under the microscope. After a cumulative
dose of 10200 e-A2 (200 s at a dose of 51 e-A-2:s71), the diffractograms showed new reflec-
tions (asterisks marked in the figure), which might correspond to nickel oxides. Those new
reflections are becoming sharper with increasing beam irradiation. The absence of metal-
lic Ni reflections shows that the material was not reduced under the electron beam. As
highlighted in Figure 54C, platelets at the edges of the LDH did not undergo significant
changes during the experiment (red arrows). However, at the center of the irradiated area,
a dark round-shaped contrast appeared (yellow circles). This might indicate that some
nanoparticles were formed. These nanoparticles of less than 5 nm were also visible in the
last step, where a higher dose was used for STEM imaging.

Similar results were observed for NiCu(4:1)Al (Figure 55) and NiCu(1:1)Al and (Figure
56) samples but apparently without the formation of nanoparticles. Platelets of the LDH
did not show significant changes in morphology. However, the LDH structure quickly
changed when exposed to the initial irradiation and showed oxide species, which may be
a combination of nickel and copper. The reflections of the oxides became sharper as the
electron dose increased, which indicates a higher long-range order or crystallinity. Fur-
thermore, the analyzed area may also twist during the experiment as a consequence of the
electron beam. This was more evident for sample NiCu(4:1)Al, as is marked with yellow
circles in Figure 55C. What is interesting here is the absence of metallic species in all Ni-

containing LDH samples.
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Figure 55: Electron beam studies of NiCu(4:1)Al LDH sample. A) electron diffractograms with consec-
utive irradiation; B) SAED before and after beam irradiation and inset: the overview of the analyzed

region. C) higher resolution TEM images.
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Figure 56: Electron beam studies of NiCu(1:1)Al LDH sample. A) electron diffractograms with consec-
utive irradiation; B) SAED before and after beam irradiation and inset: the overview of the analyzed

region. C) higher resolution TEM images.
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Figure 57: Electron beam studies of CuAl LDH sample. A) electron diffractograms with consecutive

irradiation; B) SAED before and after beam irradiation and inset: the overview of the analyzed region.

C) higher resolution TEM images.
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6. Electron beam-induced transformation of LDH and derived materials

Finally, Figure 57 shows the electron beam studies for the CuAl sample. The SAED pattern
of the sample before electron irradiation showed characteristics of crystalline material
(sharp spots), together with the polycrystalline (rings). Upon electron beam exposure,
after just 50 s at a dose rate of 51 e-A-2s™1 (cumulative dose of 2550 e-A2.s°1), the sharp

reflection at 6.8 nm!

was lost and the signal at 5.8 nm! decreased, possibly because of the
destruction of the LDH structure. Furthermore, a new reflection at ca. 4.1 nm™! appears
(asterisk in Figure 57A), which might represent CuO or Cu,O species. After 200 s, a new
reflection arose at ca. 5.40 nm™!, probably corresponding to metallic Cu. Seemingly, after
irradiation in STEM mode, this Cu peak is slightly shifted to lower values, probably
because of an expansion in the lattice due to the incorporation of oxygen or aluminum.
However, further investigation, such as EELS, would be needed to corroborate this. The
presence of metallic Cu reflections could be related to the small nanoparticles observed in
the STEM-HAADF image at the end of the experiment. Similar to the NiCu(4:1)Al sample,
the platelets of the CuAl sample appear to tilt or twist during the investigation, indicated
by the red arrows in Figure 57C. No significant changes in morphology were observed at
the magnification used for the TEM images. However, as mentioned above, after the last
irradiation, a cumulative electron dose of 100800 e-A-2 small nanoparticles were observed,
indicated in the yellow square in Figure 57C.

Overall, these results indicate that LDHs are both sensitive to the microscope’s vacuum
and electron beam. Vacuum removes the water from the interlayer domain. Under the
electron beam, these structures change unceasingly. After long TEM experiments, the Ni-
containing LDH samples might rearrange to mixed metal oxides, or in cases of low cumu-
lative electron dose, perhaps a combination of the remaining LDH and oxides. Metallic
species were formed under the electron beam just for the CuAl sample; owing to the prop-
erty of Cu to be easily reduced.

6.3.2 LDH after pretreatment

Figure 58 shows the electron beam irradiation studies of the NiCu(4:1)Al_ox290 sample,
which is the NiCu(4:1)Al LDH after calcination at 290 °C for 3 h. In the same way as in the
previous figures, in part A the evolution of the electron diffractograms is observed, in part
B the SAED patterns and the inset of the TEM image show the analyzed area, and in part
C the higher resolution TEM images are shown. For this sample, two irradiation experi-
ments were performed. The first was ‘short” irradiation, using conditions similar to those
of the experiments presented in the previous section; and ‘long’ irradiation, where the
electron beam was irradiated for a prolonged time in STEM mode to investigate whether
metallic species were formed. During the ‘short” irradiation experiment, the (Ni and Cu)
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6.3. Effect of electron beam irradiation

oxide reflections in the diffractograms (Figure 58A) became sharper as the electron dose
increased; no new reflections were observed and there were no changes in the morphol-
ogy, as can be seen in Figure 58C. This indicates an increase in the long-range order or
crystallinity of the (already present) oxide species that maintain their platelet structure.
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Figure 58: Electron beam studies of NiCu(4:1)Al_ox290 sample. A) electron diffractograms with con-
secutive irradiation. B) SAED before and after beam irradiation and inset: the overview of the analyzed

region. C) higher resolution TEM images.

Figure 59 shows the SAED patterns and images of the NiCu(4:1)Al_ox290 sample during
long electron beam irradiation. The electron diffractogram was included in Figure 58A
(see the ‘long irradiation” curve). Interestingly, after the experiment, more than 5200 s
at 670 e-A2.s1 (cumulative dose of 3.5x10° e-A2), no evidence of metallic species was
observed. The metal oxide reflections became sharper, as described above, because of
the increase of the long-range order. However, significant changes in morphology were
observed. STEM-HAADF images (Figure 59C) show the formation of some voids or prob-
ably porous structures that were large enough to be distinguished when the cumulative
dose reached 1.7x10° e-A2. This may represent the destruction of the platelet morphol-
ogy due to electron beam irradiation. Higher resolution TEM images (Figure 59B) clearly
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6. Electron beam-induced transformation of LDH and derived materials

display the voids, which randomly appear along the layer; a schematic representation is
shown in the inset. This process probably started with the formation of isolated vacancies
at atomic scale because of the rearrangement (and slight crystallization) of the amorphous
oxide layer. With longer irradiation time, the vacancies may grow and generate what looks
like the layer's destruction.

Figure 59: Prolongated electron beam studies of NiCu(4:1)Al_ox290 sample. A) SAED before and after
beam irradiation and inset: the overview of the analyzed region. B) higher resolution TEM images
showing the damage of the platelets. C) STEM images during beam irradiation.

Figure 60 shows the electron beam studies of the sample NiCu(4:1)Al_ox290 after the
reduction process at 450 °C. For this experiment, the sample was transferred inertly from
the glove box to the electron microscope. The electron diffractogram of the zero irradia-
tion (red curve) fits the reflections of the X-ray diffractogram. After 200 s of electron beam
irradiation (51 e-A2.s1) no drastic changes were observed. Rather, the metallic reflections
(4.9, 5.6, and 8 nm™!) decreased during the experiment. Moreover, the presence of alumi-
nates can be suspected because of reflections emerging at ca. 4 and 7 nm!. This implies
the transformation of metal into spinel structures.
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Figure 60: Electron beam studies of NiCu(4:1)Al_ox290_red450 sample. A) electron diffractograms
with consecutive irradiation; B) SAED before and after beam irradiation and inset: the overview of the
analyzed region. C) higher resolution TEM images.

6.4 Conclusions

The structural changes of the LDH and derived materials were qualitatively tracked to
analyze the effect of consecutive electron beam irradiation. The structure was measured
by SAED patterns. Results show that the LDHs’ structure is sensitive to vacuum and elec-
tron-beam, but kept their platelet morphology. Due to the vacuum conditions, the water
molecules located in the interlayer domain (weakly bonded atoms) are removed first. The
former was evidenced by a shift of the (003) and/or (006) reflections to higher values.
Those are characteristic reflections of LDH structures.

The structure of the LDH might change upon beam irradiation, even when no clear mor-
phological changes are visible. These changes were evaluated by tracking the SAED sig-
nal in comparison with the zero irradiation curve in each sample. The most likely out-
come due to electron-beam irradiation is the removal of the weakly bounded water; fol-

lowed by the expulsion of the hydroxy (OH-) groups of the LDH, as reported for hydrox-
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6. Electron beam-induced transformation of LDH and derived materials

yapatite [187]. The hydrogen may be removed through the vacuum, and the oxygen
may be combined with the metals to form metal oxides. Those oxides can increase their
long-range order or crystallinity with increasing electron dose. The CuAl sample was
the most beam-sensitive, and metallic species were observed after the irradiation exper-
iment. Interestingly, there was no formation of metallic species under the electron beam
for the NiCu(4:1)Al sample previously calcined, even after prolonged irradiation. We pro-
duced long-range order oxidic species. When metallic species were already present in the
reduced sample (NiCu(4:1)Al_ox290_red450), it is likely that the electron beam caused a
transformation of these species to spinel structures.

For investigating LDH materials in the TEM it is important to perform systematic exper-
iments in order to minimize the electron beam irradiation. When the LDH samples are
treated at higher temperatures, it is safer to perform longer TEM characterization.
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7 Summary and final conclusions

The climate change and recent global energy crisis motivate the search for environmen-
tally friendly CO, utilization and alternatives for hydrogen storage and transport. Tran-
sition metal catalysts, such as Ni-Cu, are a promising option for energy conversion.
Recently, layer double hydroxides (LDH) are being considered as promising catalyst pre-
cursors due to the synergistic effects of their components. The aim of the present work was
to gain a fundamental understanding of the Ni-Cu interaction of materials derived from
LDH precursors. For that, a series of NiCuAl LDH samples were synthesized and differ-
ent activation procedures were investigated. Their reactivity was tested for the hydrogena-
tion of CO, and dehydrogenation of NH; reactions; the latter being a promising way for
hydrogen transport. Chemical electron microscopy was employed, combined with com-
plementary techniques, to investigate the NiCu bimetallic structures from the as-synthe-
sized LDH, to the activated and spent catalysts after reactivity. In order to gain fundamen-
tal understanding of the structure-function relationships, the focus was on investigating
the properties of the catalysts with respect to combinations of nickel and copper compo-
nents in different ratios.

Initially, NiAl, NiCu(4:1)Al, NiCu(1:1)Al, and CuAl LDH materials were synthesized by
the co-precipitation method with a homogeneous distribution of the elements and carbon-
ate ions in the interlayer domain. The measured Ni/Cu molar ratio was close to the nom-
inal value, indicating a successful synthesis. The 3D morphology of the NiCu(4:1)Al LDH
sample (observed by TEM tilt series) revealed flower-type nanoplatelet structures ori-
ented in different directions. For the LDH samples with a higher Cu content (NiCu(1:1)Al
and CuAl) the flower-type morphology became flat nanoplatelets of different dimensions.
Moreover, these Cu-containing samples formed high-temperature carbonates observed by
TG that were not present in the sample with a lower Cu content. CuAl LDH had the high-
est long-range order crystallinity (sharp XRD reflections).

To produce highly dispersed nanoparticles supported on alumina, different activation
pretreatments were studied. The effect of calcination temperature on the reducibility of
nickel and copper (the reducible species) showed that when the material is calcined under
mild conditions (290 °C), lower temperatures are needed to achieve the reduction. On
the contrary, when high calcination temperatures are used, it may lead to the formation
of highly thermostable Ni spinel structures, which require high reduction temperatures.
We successfully avoided spinel formation by calcination at 290 °C. The long-range order
increased with temperature during calcination and reduction experiments. The reduction
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of NiCu(4:1)Al (previously calcined at 290 °C) to 300 °C showed a preferential growth of
nanoparticles facing the [111] direction with respect to the sheet. At higher temperatures,
the nanoparticles are probably reoriented while their particle sizes are increased with the
temperature. A reduction temperature of 450 °C was chosen to prepare homogeneously
dispersed nanoparticles.

The effect of Cu on Ni reducibility was clearly evidenced. Cu incorporation promoted the
reduction of Ni at lower temperatures, probably through the H, spillover in the sample
NiCu(4:1)Al. The further addition of Cu did not cause any additional changes to the Ni
reduction peak. A small amount of Cu (Ni/Cu ratio of 4) is enough to produce this effect.
Here, we used a molar ratio of 4:1; however, future studies should aim to optimize the
amount of Cu. After reduction at 450 °C, the NiCu bimetallic nanoparticles showed Cu
enrichment on the surface, explained by the miscibility gap of the Ni Cu solid solution,
barely reported for supported bimetallic nanoparticles. Above 600 °C, the Cu that was on
the surface is incorporated into the lattice of the alloy or solid solution. The activated sam-
ples (calcined at 290 °C and reduced at 450 °C) showed a platelet-like morphology deco-
rated with nanoparticles. The local electronic structure (by EELS) suggested a metal-sup-
port interaction for the Ni-containing samples, but weak for the CuAl sample.

The catalytic performance of the series of NiCuAl was evaluated in CO, hydrogenation
and ammonia decomposition reactions, as model reactions for hydrogenation and dehy-
drogenation. The characterization of the spent catalysts after both reactions has high-
lighted that when Cu is used in the same molar content as Ni (NiCu(1:1)Al), notable
Cu segregation occurred, forming particles larger than 100 nm with metallic core and
oxidized surfaces due to the air-contact during transport. In low amounts, i.e. sample
NiCu(4:1)Al, the effect of Cu addition differs depending on the reaction studied.

For the CO, hydrogenation reaction, Ni promotes methanation, and the addition of Cu
suppressed CH, formation by enhancing CO selectivity. In this bimetallic formulation, the
Ni component adds stability, probably because of an overlayer formed during the reac-
tion. On the other hand, the highest activity for ammonia decomposition was obtained
with NiAl material (91% at 600 °C) and was significantly suppressed with the addition of
Cu (41%). Furthermore, the presence of nitrogen species coexisting with Ni was detected
in the center (bulk) of the nanoparticles. Although the CuAl sample was not active for
ammonia decomposition (<7%), some nitrogen species were observed in the spent cata-
lyst, which could be related to AIN formation; Cu nitrides were not observed. Interest-
ingly, the spent NiCu(4:1)Al sample showed more Cu on its surface after CO, hydro-
genation, but not after ammonia decomposition. After ammonia decomposition, the NiCu
bimetallic system might remain as an alloy. This could be associated with the different

chemical potentials that affect the same material differently.
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The sample, NiCu(4:1)Al was further studied under operando TEM for the reverse water
gas shift reaction as a model process of the CO, hydrogenation. Before the reaction, the
activation process was also studied and correlated with in situ XRD. During calcina-
tion, local and integral characterization showed the shrinkage of the layered structure
and the formation of oxides. The reduction of CuO species might form metallic Cu dis-
persed atomically at temperatures below 200 °C. The operation conditions in the OTEM
did not allow for direct observation of the Cu species or the nature of the nuclei where
the nanoparticles are formed. However, nanoparticles were observed in TEM images from
300 °C and were homogeneously distributed along the platelets. Using the same calcina-
tion and reduction conditions as those in the ex situ experiments, the activated catalyst
presented a combination of oxides and metallic species. During the CO2 hydrogenation
on the operando TEM cell, the oxides were further reduced and there was a remarkable
CO and H,O production despite the low amount of catalyst used (few micrograms). The
apparent activation energies of the nanoreactor were comparable with those of the lab-
reactor experiments. However, these results need to be interpreted with caution because
of the different geometries of the setups.

Since all samples analyzed by TEM are likely to undergo damage due to the high-intensity
probe, the last chapter of the thesis was dedicated to studying the beam effects of the
LDH and derived materials. Systematic experiments were conducted to describe the struc-
tural changes, using electron diffraction patterns, during consecutive beam irradiation. All
investigated LDH samples (NiAl, NiCu(4:1)Al, NiCu(1:1)Al, and CuAl LDH) are highly
sensitive to beam irradiation. The Ni-containing LDH samples transform into metal oxides
under the electron beam. Only the CuAl LDH sample may form metallic copper during
electron beam irradiation. For LDH-derived samples, the material NiCu(4:1)Al was stud-
ied after its calcination at 290 °C and its reduction at 450 °C. We conclude that the degree
of damage of the investigated samples varies in the order LDH < mixed metal oxides
(MMO) < reduced samples. When the material is pretreated at higher temperatures, it
can withstand higher electron doses before its structure changes. The MMO increases its
crystallinity (long-range order) with beam irradiation. Surprisingly, no metallic nickel and
copper species are observed after prolonged irradiation, even when voids or holes are cre-
ated in the layer morphology. However, when the sample is already reduced, the electron
may induce further reduction, and probably the formation of Ni-spinel structures. Our
results show the importance of considering electron damage during TEM investigations
because it might cloud the interpretation of the results. The observed beam effects are not
limited to microscopy techniques, but to all characterizations that involve the electron-

matter interaction.
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Further investigations could attempt to optimize the copper content in Ni-Cu bimetallic
nanocatalyst systems derived from LDH and study the influence of other supports. Com-
putational studies could shed light on the nucleation process and probably confirm our
assumption that nucleation starts at defect sites; but beyond that, it could hopefully
describe whether the nature of defect sites is related to the atomically dispersed copper.
Operando TEM characterization is and will continue to be very important for unraveling
the catalysts’ changes during chemical reactions. It is, however, limited to well-defined cat-
alyst and model reactions for a deep understanding of the catalyst behavior. The combi-
nation of knowledge of the ammonia synthesis and decomposition, together with cutting-
edge operando characterizations, can allow a comprehensive description of the ammonia
decomposition process. This will help the new energy infrastructure because ammonia
can be used for hydrogen storage. However, carbon dioxide hydrogenation is much more

complex because of the multiple-reaction network.
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Figure 61: X-ray diffractogram fitting of NiCu(4:1)Al LDH sample. It indicates the presence of two stacking

variants of LDH: 3R structure and the 2H structure.

117



A. Supplementary information

EDX spectra of marked area
25 nm x 25 nm

1 3
801 <
» -
= <
=i
3 404
Lo
=y
2
@ 204
= o
= g

=
o b ol

15 20 70 75 80 85 90
Energy (keV)

Figure 63: STEM-EDX mapping of NiCu(4:1)Al_ox290. Integrated spectrum from the marked area (25 nm x
25 nm) shows the homogeneous distribution of all elements after calcination.
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Figure 64: X-ray diffractograms of NiCu(4:1)Al sample calcined at 290 °C for 3 h and 600 °C for 10 min, with
the corresponding TEM micrographs in b) and c), respectively.
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Figure 65: TEM tilt series of NiCu(4:1)Al_ox290_red450. TEM images acquired at different tilt angles. Scale
bar: 200 nm
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Table 5: Comparison of the expected and observed (refined) lattice parameters a [A] for the reduced sam-
ples for an alloy formation of Ni;_,,Cu,.

Sample xin Nig_ Cu, a[A] a[A]
theory observed

Ni, PDF2 00-004-0850 0 3.524

NiAl_ox290_red450 (sn.34494) 0 3.524 3.523
NiCu(4:1)Al_ox290_red450 (sn.34513) 0.2 3.542 3.533
NiCu(1:1)Al_ox290_red450 (sn.34505) 0.5 3.570 3.572
CuAl_ox290_red450 (sn.34522) 1 3.615 3.616
Cu, PDF2 00-004-0836 1 3.615

The theoretical a-parameter was estimated by linear interpolation between the Ni and Cu PDF references
assuming Vegard behavior; the observed one, from Rietveld refinement of the experimental diffrac-
tograms.
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Figure 66: ELNES references for Ni and Cu species.

Adapted from Potapov [124] (Ni) and Ngantcha [159] (Cu).
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Figure 67: XPS core-level spectra of a) Cu and b) Ni 2p from the four samples (NiAl, NiCu(4:1)Al,
NiCu(1:1)Al, and CuAl) reduced at 450 °C (top) and 600 °C (bottom).

1085 eV and 1005 eV were the excitation energy used for Cu 2p and Ni 2p, respectively. Elemental abun-
dance was determined by XPS analysis adjusting the conditions to have the same probing depth for both

elements, from around 10 A.
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Figure 68: CO, hydrogenation reaction on LDH-derived materials: CO, consumption rate. (Gas flow:

100 mL-min~! of CO,:H,:He with a 1:1:0.5 ratio; mass of catalysts: 15 mg in 85 mg SiO, as diluent; WHSV:
400,000 mL-g~1-h~1).
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Figure 69: STEM-EDX images of spent catalysts after RWGS reaction and line scans over one par-
ticle in each case. a) spent NiAl; b) spent NiCu(4:1)Al; c) spent NiCu(1:1)Al; and d) spent CuAl
(Black/white: HAADF; green: nickel; magenta: copper; blue: aluminum; orange: oxygen)
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Figure 70: Uncolored HRTEM images of spent samples after CO, hydrogenation reaction.
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Figure 71: X-ray diffractograms: Rietveld fitting of spent NiCu(4:1)Al and NiCu(1:1)Al after ammonia de-

composition.
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Figure 72: STEM-EDX images of spent catalysts after NH; decomposition.
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Figure 73: Partial pressure signals during calcination and reduction experiments.
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Figure 74: Domain size vs temperature during reduction process under 5% H, flow.
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Figure 75: Raw MS signals during OTEM experiments for RWGS reaction. a) experiment #1 and b) exper-
iment #2. For both experiments, the mixture CO,: H,: He was used in the ratio 1:1:0.5. The vertical dotted
line in b) indicates the starting point of the baseline.
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Figure 76: Other position: Morphological transformation of NiCu/Al,O5 from LDH precursor during re-
duction process (blue) and RWGS reaction (red). Beam dose: 940 e A2sl,
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Figure 77: Product formation (CO and H,O) during experiment #1 and #2 at different temperatures. The
differences between Experiments #1 and #2 may be due to uncontrolled variables like the actual amount of
sample deposited on the chip (which participates in the reaction), the pressure in the cell, the specific flow,
etc.
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Figure 78: CO, conversion and Arrhenius plot of NiCu(4:1)Al sample evaluated in the fixed-bed (Chinchen

reactor) reactor.
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Figure 79: TEM images of different positions after CO2 hydrogenation in the OTEM cell. Catalyst:
< 0.5 pg; flow: 20 pL-min"! of CO,:H,:He with ratio 1:1:0.5; pressure: 0.8 bar; temperature: 600 °C for
19 h.
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B.1 Papers contributions

¢ Walid Hetaba, Robert Imlau, Liseth Duarte-Correa, Maximilian Lamoth, Stephan
Kujawa, Thomas Lunkenbein.
ChemiTEM - Transmission Electron Microscopy Optimized for Chemistry and
Material Science, Chemistry - Methods, 2021(1), 401-407.

¢ Esteban Gioria, Liseth Duarte-Correa, Najmeh Bashiri, Walid Hetaba, Reinhard
Schomaicker, Arne Thomas.
Rational design of tandem catalysts using a core—shell structure approach,
Nanoscale Advances, 2021(3), 3454-3459.

B.2 Oral presentations

e (03/2023 56t German Catalysis Meeting (Jahrestreffen Deutscher Katalytiker)
o "Tracking the behavior of NiCuAl LDH-derived catalysts by in situ TEM:

Ni-Cu synergy towards chemical energy conversion”
e 08/2022 American Chemical Society (ACS) Fall 2022: Sustainability in a
Changing World
o ”Strong metal-support interaction on Ni-Cu-Al-LDH derived catalyst: The
key of stability during RWGS”

B.3 Poster presentations

e 05/2022 The 27t North American Catalysis Society Meeting (NAM27)

o ”Electron-beam induced structural changes on layered double hydroxides

and derived materials”
e 06/2022 55th German Catalysis Meeting (Jahrestreffen Deutscher Katalytiker)

o ”Structural changes of layered double hydroxides during transmission

electron microscopy studies”
e 08/2021 Microscopy Conference 2021 (MC2021, Online)
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o “Transmission Electron Microscopy of Ni-Cu bimetallic nanomaterial pre-
pared by impregnation and coprecipitation: studying the activation
process”

o “Transmission Electron Microscopy of bimetallic tandem catalyst for cou-
pling reactions”

e (03/2021 54th German Catalysis Meeting (Jahrestreffen Deutscher Katalytiker,
Online)
o “Morphological changes during activation of NiCu/AI203 bimetallic cat-

alysts investigated by electron microscopy”
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