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Summary

1 Summary

Within the scope of this thesis, a modular strategy for intercalating nanoparticles between 2D
layered materials was successfully developed. In particular, the synthetic layered silicate
hectorite (NaosMg2sLiosSiaO10F2, NaHec) and a layered titanate (Hi07TiO1.7304-H20,
L-titanate) were investigated for their potential use as catalyst supports. Both are layered
materials with a permanent negative layer charge, neutralized by interlayer cations.
Furthermore, when immersed in water, these materials form nematic liquid crystalline phases
of sub-nanometer thick single nanosheets. Even at low solid contents and distances of more
than 50 nm, the nanosheets retain a co-facial orientation to each other due to their large lateral
platelet size. Pre-synthesized nanoparticles carrying a positive surface charge can be added
to such a nematic phase, and the large gallery height of adjacent nanosheets allows
nanopatrticles to diffuse between the nanosheets, whereupon the nanosheets collapse and
capture the nanoparticles. This process could be seen as a "quasi-ion exchange,” and a
special catalyst architecture can be obtained: nanoparticles sandwiched between two sub-

nanometer thick oxide sheets.

2D layered materials such as layered silicates have already been applied as catalyst supports
before, but the use of natural materials that are very heterogeneous and defective or
insufficient synthesis methods hampered access to well-structured catalysts. For this reason,
the influence of the confinement on the (catalytic) properties of the sandwiched nanopatrticles
has not been investigated deeply. In contrast, the "quasi-ion exchange" method described
above using a nematic phase of the nanosheets and pre-synthesized nanopatrticles leads to

well-defined architectures.

This thesis demonstrates that the very special sandwich architecture offers great potential
regarding increased temperature stability and influencing the electronic structure of
nanoparticles, leading to enhanced catalytic activity for CO oxidation and increased H; sorption

capacity.

In the first part of the presented work, y-Fe,Os nanoparticles were synthesized that were
colloidally stable in aqueous dispersion and carried a positive surface charge. These
nanoparticles were sandwiched between the nanosheets of a nematic NaHec dispersion. Even
though the loading of iron oxide was 64 wt%, a lamellar and mesoporous structure was
obtained. The sandwich-like confinement stabilized the nanopatrticles and hampered Ostwald
ripening up to 700 °C, whereas rapid growth of unsupported nanoparticles was observed
already at 400 °C. Additionally, the confinement suppressed the phase transition from y-Fe,O3
to a-Fe,O3 normally occurring at 300 °C. Changed thermodynamic phase stabilities of nano-

sized iron oxide were responsible for this effect.
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In the second part, the portfolio of nanoparticles that can be intercalated between the
nanosheets of a nematic NaHec phase was extended to Pd nanoparticles. The surface
potential of these nanoparticles was adjusted by pH that allowed the control of the intercalated
loading of nanoparticles. The obtained structure was a potential “bulk version” of literature
known model catalysts of flat metal surfaces that were (partially) covered with an ultrathin
(<1 nm) oxide layer. As a test reaction, CO was oxidized to CO,. The sandwiched Pd
nanoparticles proved to be more active than the same nanoparticles deposited on the
conventional support y-Al,O3 (temperature of 50 % conversion Tso of 145 °C and 191 °C,
respectively). Electronic interactions between nanoparticles and nanosheets rendered the
nanoparticle surface slightly positively charged, which was identified as the reason for the
enhanced catalytic activity.

The electron-deficient Pd nanoparticles were investigated for other possible applications in the
third part of the thesis. It is known from the literature that the H, sorption capacity of Pd
nanopatrticles is related to the number of holes in the band structure near the Fermi level. H-
pressure-dependent uptake curves and in situ X-ray diffraction demonstrated that sandwiching
Pd nanoparticles between nanosheets significantly influenced the sorption behaviour. The
maximum storage capacity of H, was increased by 86 % compared to identic Pd nanopatrticles

covered with polyvinylpyrrolidone.

In the last part, the intercalation strategy using a nematic phase of a 2D layered material was
extended to L-titanate. As observed for NaHec, electronic interactions between support and
Pd rendered the surface of Pd positively charged. However, the catalytic activity for the
oxidation of CO proceeded already below 100 °C (Tso of 86 °C). That implied that L-titanate
provided an additional enhancing effect for oxidation catalysis besides electronic influence.
Kinetic experiments revealed that L-titanate could donate activated oxygen from its lattice at
the support/metal interface (Mars-van Krevelen type mechanism). This bypassed CO
poisoning of the noble metal surface at low temperatures. The special sandwich architecture
was also of great importance for the enhanced catalytic activity. As the nanopatrticles were in
touch with the support from two directions, a particularly high interface was generated, making

oxygen donation very efficient.

The thesis is presented as a cumulative work. The results are discussed in detail in the

attached manuscripts.
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2 Zusammenfassung

Im Rahmen dieser Arbeit wurde eine modulare Strategie fir die Interkalation von
Nanopartikeln zwischen 2D-Schichtmaterialien entwickelt. Als Schichtmaterialien wurden das
synthetische Schichtsilikat Hectorit (NaosMg2 sLio sSiaO10F2, NaHec) und ein schichtférmiges
Titanat (H107TiO17304-H20, L-titanate) verwendet und deren Potential als katalytisches
Tragermaterial untersucht. Beide Materialien bestehen aus Schichten mit einer permanenten
negativen Schichtladung und Kationen zur Ladungsneutralitat zwischen den Schichten. Sie
bilden in Wasser nematische flissigkristalline Phasen aus (sub)nanometerdicken einzelnen
Nanoschichten aus. Selbst bei niedrigen Feststoffgehalten und Distanzen von Uber 50 nm
behalten die Nanoschichten aufgrund ihrer hohen lateralen Ausdehnung eine co-faciale
Orientierung zueinander. Bei Zugabe von Nanopartikeln mit positivem Oberflachenpotential zu
einer solchen nematischen Dispersion koénnen Nanopartikel zwischen die Schichten
diffundieren, die von den daraufhin kollabierenden Nanoschichten stabilisiert werden. Dies
entspricht einem "Quasi-lonenaustausch”. Durch diese Syntheseroute wird ein Zugang zu
einer speziellen Katalysatorarchitektur ermdéglicht: Nanopartikel, die zwischen zwei

(sub)nanometer dicken Oxidschichten eingeklemmt sind.

Schichtsilikate wurden bereits vielfaltig als Nanopartikeltrager eingesetzt, jedoch verhinderten
die Verwendung von natlrlichem Material oder unzureichende Synthesemethoden den
Zugang zu gut strukturierten Katalysatoren. Aus diesem Grund konnte der Einfluss des
confinements auf die (katalytischen) Eigenschaften der Nanopartikel nicht detailliert untersucht
werden. Die oben beschriebene Methode des ,Quasi-lonenaustausches®, die eine nematische
Phase der 2D-Schichtmaterialien ausnutzt, fihrt hingegen zu gut definierten Architekturen der

sandwichartig assemblierten Nanopartikel.

Diese Arbeit zeigt, dass die besondere Sandwich-Architektur ein grof3es Potential bietet, da
sie nicht nur die Temperaturstabilitidt der Nanopartikel erhéhte, sondern auch Einfluss auf
deren elektronische Struktur nahm, was zu einer erhdhten katalytischen Aktivitat sowie zu

einer erhdhten Ha-Sorptionskapazitéat fuhrte.

Im ersten Teil der Arbeit wurden y-Fe»Os-Nanopartikel synthetisiert, die in Wasser kolloidal
stabil waren und eine positive Oberflachenladung trugen. Diese Nanopartikel wurden zwischen
die Nanoschichten einer nematischen NaHec-Dispersion interkaliert. Obwohl die Beladung mit
Eisenoxid 64 wt% betrug, wurde eine lamellare und mesoportése Struktur erhalten. Die
sandwichartige Architektur stabilisierte die Nanopartikel und unterdriickte die Ostwald-Reifung
bis 700 °C. Bei unstabilisierten Nanopartikeln wurde ein rasches Wachstum bereits bei 400 °C

beobachtet. Zusatzlich wurde auch der Phasenibergang von y-Fe;Os; zu a-Fe;Os, der
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normalerweise bei Temperaturen um 300 °C beginnt, unterdriickt. Dieser Effekt wurde mit

veranderten thermodynamischen Phasenstabilitaten von Eisenoxid auf der Nanoebene erklart.

Das Portfolio an interkalierbaren Nanopartikeln wurde im zweiten Teil um Pd-Nanopartikel
erweitert. Das Oberflachenpotential dieser Nanopartikel konnte durch den pH-Wert eingestellt
werden, was wiederum die Kontrolle Uber die Beladung an interkalierten Nanopartikeln
ermdglichte. Die erhaltene Struktur konnte als eine "Bulk-Version" von literaturbekannten
Modellkatalysatoren gesehen werden, die aus Metalloberflachen bestehen, die (partiell) mit
einer ultradiinnen (< 1 nm) Oxidschicht bedeckt sind. Um den Einfluss der Sandwich-
Architektur zu studieren, wurde als Testreaktion CO zu CO; katalytisch oxidiert. Die
sandwichartig stabilisierten Pd-Nanopartikel erwiesen sich als deutlich aktiver als identische
Nanopartikel, die auf dem konventionellen Trager y-Al,O3; abgeschieden wurden (Temperatur
bei 50 % Umsatz Tso von 145 °C zu 191 °C). Die elektronischen Wechselwirkungen zwischen
Nanopartikeln und Nanoschichten flhrten zu einer leicht positiven Ladung der

Nanopartikeloberflache, die als Ursache fir die hohe katalytische Aktivitat identifiziert wurde.

Die elektronendefizitaren Pd-Nanopartikel wurden im dritten Teil der Arbeit fir andere
mogliche Anwendungen wie der Wasserstoffspeicherung untersucht. Es ist bekannt, dass die
H.-Sorptionskapazitat von Pd-Nanopartikeln mit der Anzahl an Lochern in der Bandstruktur
nahe dem Fermi-Niveau korreliert. Druckabhangige H. Aufnahmekurven und in situ
Rontgenbeugung zeigten, dass die Einlagerung von Pd-Nanopartikeln einen signifikanten
Einfluss auf das Sorptionsverhalten hatte. Die Speicherkapazitat von H, wurde im Vergleich

zu analogen Pd-Nanopartikeln, die mit einem Polymer bedeckt waren, um 86 % erhoht.

Im letzten Teil wurde die Interkalationsstrategie unter Verwendung einer nematischen Phase
eines 2D-Schichtmaterials auf L-titanate angewendet. Wie bei NaHec beobachtet wurde,
fuhrten Wechselwirkungen zwischen Trager und Pd zu einer positiv geladenen Pd Oberflache.
Die katalytische Oxidation von CO verlief hier jedoch bereits unterhalb von 100 °C (Tso von
86 °C), was implizierte, dass L-titanate neben dem elektronischen Einfluss einen zusatzlichen
Effekt auf die Oxidationskatalyse hatte. Kinetische Experimente zeigten, dass L-titanate in der
Lage war, aktivierten Sauerstoff aus seinem Gitter an der Trager/Metall-Grenzflache zu
Ubertragen (Mars-van Krevelen-Mechanismus). Dadurch konnte die CO-Vergiftung der
Edelmetalloberflache bei niedrigen Temperaturen umgangen werden. Die spezielle Sandwich-
Architektur war ebenfalls von grof3er Bedeutung fiir die hohe katalytische Aktivitat. Da die
Nanopartikel in Kontakt mit zwei Trageroberflachen standen, wurde eine besonders hohe

Grenzflache erzeugt, die die Sauerstoffibertragung sehr effizient machte.

Diese Arbeit wird als kumulative Arbeit prasentiert. Die Ergebnisse werden in den beigefugten

Manuskripten ausfihrlich diskutiert.
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3 Introduction

3.1 Fundamentals about layered materials

Layers can often describe the structure of crystalline solids, but truly layered materials are only
these materials that have anisotropic bonding properties. A well-known example is graphite
that consists of stacked layers of carbon atoms. The carbon atoms are covalently bound within
each layer and are arranged in a hexagonal pattern with a C-C distance of 1.42 A. The layers
are stacked in an AB manner, and weak van der Waals forces bind adjacent carbon layers.
The C-C distance between layers is 3.35 A. The differences in the binding situations result in
different physical properties parallel and perpendicular to the layers.* Due to the weak bonds
between adjacent layers of graphite, it can be stripped into single layers (graphene) by applying

the scotch tape method.?

Layered materials can be classified by different aspects, such as structure or composition.
Furthermore, they can be divided by the charge of their layers. For instance, hexagonal boron
nitride (h-BN)E! or graphite carry no charge, while layered double hydroxides® or layered
silicates can carry a permanent positive or negative layer charge, respectively.® For charged
layers, ions of opposite charge are necessary between the layers to serve for charge balance.
These so-called interlayer ions can be (reversibly) exchanged for other ions (atomic ions,
charged organic molecules, or charged clusters) and provide a useful toolbox to synthesize

heterogeneous materials with reactive interlayer spaces.

Since an individual layer of a material can behave significantly different from a tactoid of
stacked layers, another essential classification parameter of layered materials is their ability to
be separated into stacks of only a few layers (exfoliation) or single layers (delamination).®
Individual layers are often called nanosheets, as named for the first time by T. Sasaki in 1996.["!
The process to overcome the forces between adjacent layers is very important but can vary
for various layered materials. As already mentioned, graphite layers can be separated
mechanically by the scotch tape method.?! Other materials such as layered silicates show the
ability to swell osmotically in water.[! The solid content in dispersion and the ionic background
are two criteria to control the distance between adjacent individual layers and can exceed
several tens of nanometers. The ability of a 2D layered material to delaminate is also of utmost
importance for the main topic of this thesis as intercalation of nanoparticles without significant

kinetic hindrance is only possible at reasonable high distances of adjacent nanosheets.

The phenomenon of osmotic swelling, together with a structural introduction of the materials,
will be discussed in the following chapters on the examples of NaHec (Chapter 3.1.1 and
3.1.2) and L-titanate (Chapter 3.1.3 and 3.1.4).



Introduction

3.1.1 Synthetic sodium hectorite

Synthetic  sodium  hectorite  (NaHec) with the nominal composition  of
Nap s™e"2e"(Mg2 sLio.5)°'Sis®'010F2 belongs to the class of 2:1 layered silicates. A layer consists
of two sheets of corner-sharing SiO, tetrahedrons with a layer of edge-sharing MgXs (X = O?,
F) octahedrons in between. The tetrahedral sheets are condensed to the octahedral sheet via
their apical oxygen ions. Isomorphous substitution of Mg?* for Li* generates a permanent
negative layer charge. Na* cations balance this layer charge in the interlayer space, but it can
be synthesized with other cations such as Li*, K*, and Cs*, as well.[’! Having a layer charge of
0.5 per formula unit (p.f.u.), NaHec belongs to the class of smectites (range of 0.2 to 0.6 charge
p.f.u.). The tetrahedrons form a kagome type lattice with hexagonal cavities where the
interlayer Na* cations fit in. The amount of apical oxygen ions is not sufficient to saturate the
octahedral layers. F occupies the missing positions to complete the anion lattice. The total
thickness of one lamella of NaHec is 9.6 A (Figure 1). Charge homogeneity within the layer is
of great importance concerning osmotic swelling and intracrystalline reactivity. Therefore, the
isomorphous substitution of Mg?* for Li* must happen statistically. Above a synthesis
temperature of 1000 K, the octahedral cations arrange completely statistically to a solid
solution.* Hence, the used NaHec in this work was synthesized via melt synthesis at 1750 °C
and annealed at 1045 °C for six weeks.*! 22l The obtained NaHec demonstrates a very
homogeneous intracrystalline reactivity and is superior over natural layered silicates such as
montmorillonite (another prominent representative of smectites) that is very heterogeneous,

defective, and has lateral extensions of only 200 nm (~ 20000 nm for NaHec).*3!

Na’
Mg /Li*

Si*

00000

Figure 1: Sketch of the structure of NaHec: Mg?* and Li* (yellow) are randomly distributed in the centre of the
octahedrons. Si** (grey) is in the centre of the tetrahedrons. O? (red) and F- (green) build the anion lattice. Na* (pale
blue) is between the layers.
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The homogeneous intracrystalline reactivity features several advantages that cannot or only
partially be observed for natural layered silicates: NaHec swells spontaneously in water and
delaminates easily into single nanosheets. The high temperature synthesis yields very large
platelets with lateral dimensions of about 20 pm. Delamination to single nanosheets of
subnanometer size leads to an aspect ratio of about 20.000. The large aspect ratio makes
NaHec very promising as an additive for polymer films in gas barrier applications.*"1 The
interlayer cations can be exchanged for organic molecules to obtain a material class called
“microporous organically pillared layered silicates” (MOPS).[*8221 As the layer charge is very
homogenous, an ordered interlayer structure with well-defined pores can be obtained that is
very promising for gas separation applications.*822 Furthermore, NaHec offers the unique

possibility to synthesize ordered heterostructures with two alternating interlayer species.2%-2%

3.1.2 Delamination of NaHec

As mentioned before, interlayer cations of NaHec can be exchanged for other (small) organic
or inorganic cations even in the crystalline and stacked state. In contrast, intercalation of larger
molecules such as polymer chains requires an increased distance of the nanosheets to avoid
kinetic hindrance.?” This also applies to the intercalation of nanoparticles that is the objective
of this thesis. Therefore, osmotic swelling in water can increase the distance of adjacent
nanosheets to tens of nanometers. Delamination to individual nanosheets appears when the
attractive interaction between negatively charged layers and positively charged interlayer
cations can be overcome. The swelling behaviour of NaHec is well understood and is divided
into three stages/regimes (Figure 2).12%

A Regime | B-
r o SR
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o
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Figure 2: lllustration of the three regimes of swelling of synthetic NaHec. A) Water sorption isotherm depending
on the relative partial pressure of H20 in air (Regime l/crystalline swelling). b) d-values (layer distances) as a
function of the volume fraction of NaHec in liquid H20. The transition from Regime Il to Regime Il occurs at the
kink of the continuous and dashed lines. [Adapted with permission from referencel?%l. Copyright (2016) American
Chemical Society]
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The first regime (Figure 2A) is called crystalline swelling and depends on the water activity in
the air (relative humidity, r.h.). Na* possesses a high hydration enthalpy making NaHec highly
hygroscopic.?® Air of about 22 % r.h. is already sufficient to form one water layer in the
interlayer space. Three water molecules and three basal oxide ions coordinate Na*.[?l At a r.h.
of about 70 %, a second water layer forms, and six water molecules coordinate Na*.*®) From
dry NaHec powder to the one-layer hydrate and the two-layer hydrate, the distance between
the layers increases from 0 A to 2.7 A to 4.5 A, respectively.

Further increase of the layer distance can be achieved by swelling in liquid water (Figure 2B).
Here, the volume fraction ® of NaHec in water determines the distance of the nanosheets.
Osmotic swelling can be further divided into two regimes and appears only at a layer charge
of 0.55 p.f.u and below. Up to a @ of 2.5 vol% (corresponding to about 7 wt% or a nanosheet
distance d of about 30 nm), the distance of the nanosheets scales linearly with d ~ ®1.126] This
is called the Gouy-Chapman regime, and the NaHec dispersion forms a so-called Wigner
crystal.l?®! This Wigner crystal is characteristic of a highly ordered orientation of parallel aligned
nanosheets. Due to the strong repulsive forces, the nanosheets maximize their distance. Even
though a layer distance of 30 nm might be sufficiently high to allow nanoparticles below 5 nm
core diameter to diffuse between the nanosheets, the large platelets form a very viscous gel,
which hampers a fast diffusion. At higher dilutions (< 2.5 vol%), repulsive forces are more and
more screened, and the nanosheets start to tilt and form the last regime with a dependence of
d ~ ®0%5.1261 However, the high aspect ratio prohibits free rotation and no isotropic phase
forms. Instead, even at dilutions as low as 0.5 vol% (1.5 wt%) corresponding to a layer distance
of about 60 nm, the nanosheets are still held in a co-facial arrangement forming a nematic
liquid crystalline phase. At this stage, the viscosity is sufficiently low for a fast nanoparticle

diffusion between the wide-opened galleries of adjacent nanosheets.

3.1.3 Synthetic layered lepidocrocite-type titanate

Other layered materials with a permanent negative layer charge are layered transition metal
oxides such as layered titanates. These were already investigated as battery material®”,
photo®Y, and electro® catalysts. Layered titanates are related to the lepidocrocite family
(y-FeOOH) with a general formula of ATi>.,OsMy (A = K*, Cs*, Rb*, H"; M = Li* or vacancy o;
X = 0.7~0.8). The used layered titanate for this work had the formula Hi.07Ti1.73002704-H20
(further abbreviated as H*-L-titanate).% 34 The individual layer consists of a double layer of
edge-sharing TiOs tetrahedrons with Ti** vacancies creating a negative layer charge, balanced

by interlayer cations (Figure 3).
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Figure 3: Sketch of the structure of lepidocrocite-type layered titanate. Ti** (grey) is coordinated by six oxygen
ions. The octahedrons share edges. H* balances the layer charge. It should be noted that actually Hz:O* molecules
balance the layer charge.

The synthesis of H*-L-titanate proceeds in two steps. The first one is a solid-state synthesis of
TiO2, K2CO3 and LixCO3 at 1073 K to obtain Ko sTi173Lio27 O4 B At this stage of the synthesis,
Li* occupies some octahedral positions, and K* is the interlayer cation. Li* is leached out by
treatment with 0.5 M HCI and leaves o vacancies in the octahedral lattice. H;O* between the
layers serves for charge balance.8! H;O* can be exchanged for other inorganic or organic
cations, essential for the delamination process (Chapter 3.1.4).

3.1.4 Delamination of H*-L-titanate

Osmotic swelling is not restricted to NaHec but is known for other 2D layered materials(® 37-39,
and L-titanate is chosen as a second example to explain this phenomenon. NaHec
delaminates spontaneously in water, which can be ascribed to the high hydration enthalpy of
Na* and a sufficient layer charge of 2.1 charges per 1 nm2. A hectorite with a nominal formula
of Nap ™" (Mg2.4Li0 6)°'Sis®'O10F2 having a higher density of charges cannot delaminate in
water anymore due to too strong attractive forces between layer and interlayer cations.
H*-L-titanate has a layer charge of 7.1 charges per 1 nm?, making spontaneous delamination
in water impossible. However, delamination can be achieved for higher charged layered
materials when the layer distance exceeds a critical value (Gouy-Chapman length).?¢! After
exceeding this length, the hydration enthalpy of the interlayer cation overcomes the Coulomb
attraction, and the interaction between adjacent nanosheets becomes repulsive.?% 411 Bulky
organic molecules with a sufficient high hydration enthalpy are required to increase the
distance between two layers over this Gouy-Chapman length. Tetrabutylammonium TBA* or
tetramethylammonium TMA* are suitable for the delamination of L-titanates. 42 H*-L-titanate

immersed in a TBA'OH" solution starts to swell and ultimately delaminates to individual
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nanosheets after mechanical shaking.“®! The nanosheet distance can be controlled by
changing the ionic background (ratio of H* to TBA* added).*®! At low ionic backgrounds and
high nanosheet separations, a nematic liquid crystalline phase forms, showing structural
colours.¥ Furthermore, TMA* leads to nanosheets of lateral expansions of up to 10 um, while
delamination via TBA* leads to 500 nm-sized platelets.*! In the presented work, TBA* was
used to delaminate H*-L-titanate to a nematic phase for Pd nanoparticle intercalation in
Chapter 6.4.

10
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3.2 Fundamentals about nanoparticles

3.2.1 Dispersion and quantum effects
Apart from the support that can significantly affect catalytic properties (see Chapter 3.4), the
catalytically active nanoparticles are of great importance for the overall catalysts. The reasons

for the high catalytic activity of nanoparticles are discussed in this chapter.

Nanoparticles offer new perspectives for material and catalytic science and gained much
scientific interest in the past decades. The chemical and physical properties of a nanopatrticle
can be remarkably altered compared to the bulk.*®! According to the IUPAC definition, a
nanoparticle is “a particle of any shape with dimensions inthe 1 x 10° and 1 x 10" m range.”®"]
A prominent example of the “nano-size” effect is gold. As a bulk material, Au is yellow and
chemically very inert. When the size of an Au patrticle decreases, it changes its colour from
violet over blue to red due to the coherent oscillation of the conduction electrons on the surface
called a localized surface plasmon.?® Furthermore, small Au clusters are very active catalysts

compared to the inert bulk material.[*°!

Most of the altered properties can be explained by two phenomena: a higher fraction of surface
atoms or quantum size effects.

Surface atoms are in an under-coordinated state and thus very reactive. The dispersion of a
nanoparticle is a measure of the fraction of surface atoms per nanopatrticle. The dispersion
scales with N2 with N as the number of atoms per nanoparticle. The dependency implies that
the amount of surface atoms increases sharply for very small nanoparticles.®! The increased
amount of surface atoms influences the catalytic activity and affects the melting point of a metal
being significantly reduced compared to the bulk.!

The second phenomenon bases on quantum effects. In solids, atomic orbitals of the single
atoms overlap to continuous bands. When the number of atoms per nanoparticle decreases,

the amount of contributing orbitals also decreases. This influences the density of states (DOS)

A
bulk Pd nano
- E Pd
AEg
»
DOS D%S

Figure 4: lllustration of the DOS near the Fermi level of bulk Pd and Pd nanopatrticles of 2.6 nm size. The blue
colour represents the occupied states. A difference in the position of Femi level can be observed. [Reprinted with
permission from referencel®®. Copyright (2008) American Chemical Society.]
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and the Fermi level position and affects the electronic behaviour of a nanopatrticle. (Figure
4).15% Furthermore, the chemical behaviour of surface atoms alters as the DOS at the Fermi
level of small nanoparticles changes. The ability of a nanopatrticle surface to donate or accept
charge from adsorbate molecules is a crucial property that can significantly influence the
course of a catalytic reaction.? Both the under-coordinated surface atoms and the change in

the electronic structure must be considered for the high catalytic activity of small nanopatrticles.

Furthermore, nanopatrticles show other phenomena that cannot be observed in bulk: Elements
that are immiscible in the bulk phase and would always phase segregate or form core-shell
structures can be alloyed at the nanoscale.® Immiscible Pd and Pt form solid solutions of
about 6 nm nanoparticles.®* *! An alloy of immiscible Ru and Cu catalysed the CO oxidation
with higher performance than single Ru or Cu nanoparticles.®® Crystal structures that have
never been observed for bulk materials were accessible on the nanoscale: Ru crystallises in
the hcp structure, but the fcc structure was observed at the nanoscale.’” Those Ru
nanoparticles with fcc structure were more active for the oxidation of CO than comparable Ru

nanoparticles of hcp structure.

3.2.2 Synthesis strategies for nanoparticles

There are many methods to produce small nanoparticles roughly classified by top-down and
bottom-up approaches. Top-down means to break down larger objects into smaller ones, and
a classic example of this approach is ball milling. A powerful bottom-up process is chemical
vapour deposition.® Gas-phase molecules react with a surface, whereupon nanopatrticles
form on this surface. The conditions can be controlled precisely, and thus this technique is
beneficial to synthesize well-defined model systems. An often applied synthesis route of a
bottom-up process for larger scales is wet chemical synthesis. This strategy includes methods
such as reduction of precursors (e.g. H2, NaBHs, or ethanol), precipitation (e.g. iron oxide in
basic medium) or hydrothermal treatment. ¢

Nanoparticles synthesized without a stabilisation agent would not stay small for a long time as
nanoparticles try to minimize the energetically unfavourable high surface by Ostwald ripening
or agglomeration. Therefore, ligands can be added to the synthesis to suppress the growth of
the nanoparticles. When bulky polymers are used as ligands, this is called steric stabilisation,
but in this case, the surface of the nanoparticles might be totally covered. Another approach is
the electrostatic stabilisation. This can be achieved either by (de)protonation of surface atoms
or by the adsorption of charged molecules to the surface. The charged surfaces of the
nanoparticles repel each other and thus, prohibit agglomeration. The ¢ potential is the potential
at the shear plane and is a measure for the stability of a colloidal dispersion. The ¢ potential is
a function of the pH and can be determined by electrophoresis coupled with dynamic light

scattering.®Y A  potential of about 30 mV is typically regarded as sufficient for colloidal stability
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for a longer time. However, nanoparticles with lower potentials might be stable for a short
period of time. Furthermore, the functionalisation of the surface of a nanoparticle by organic
molecules can alter its dispersibility. Small charged molecules promote the dispersion in polar
media such as water, while molecules with a long organic chain promote nonpolar media
dispersion.t? €31 |n the presented work, phosphocholine was used as a ligand in Chapter 6.1
to obtain “cationic” iron oxide, and 4-dimethylaminopyridine (DMAP) was used to obtain
“cationic” Pd in Chapter 6.2, 6.3, and 6.4.

Synthesis strategies are not restricted to spherical nanopatrticles of one composition. Indeed,
there is a wide variety to synthesize differently shaped nanoparticles such as cubes®, 1D
objects (rods)®> ¢ or 2D objects such as platelets.’] These can be synthesized using
particular capping ligands that preferentially adsorb to specific facets of a nanoparticle and
restrict nanoparticle growth in this direction. Furthermore, the seeded growth approach allows

for the synthesis of core-shell nanoparticles. 68 ¢

Even though nanoscience demonstrates a huge variety of accessible nanoparticles, this work
applies spherical nanopatrticles of Pd and y-Fe;O3 to focus on the influence of the 2D layered
supports. Nevertheless, by the utilization of more sophisticated nanoparticles concerning

shape or composition (core-shell or alloy), the catalytic behaviour could be further fine-tuned.

The application of small nanoparticles for heterogeneous catalysis requires the deposition onto
a supporting material to provide good dispersion and suppression of ripening processes. The
following Chapter 3.3 covers the utility of layered silicates and layered titanates as supports

for catalytically active nanoparticles.
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3.3 Layered materials as supports for nanoparticles

3.3.1 Layered silicates as supports

Pillared layered silicates were applied for catalytic reactions such as hydrocracking or organic
reactions utilizing their lewis and brensted acid character."*%l Furthermore, as natural layered
silicates are very abundant and cheap, they were recognized as potential supporting materials
for catalytically active nanoparticles.” The confined space between the two layers was
supposed to stabilize and disperse nanopatrticles effectively.

There are two commonly used synthesis strategies for the deposition of nanoparticles on/in
layered silicates: In situ generation by chemical treatment of precursors in the presence of the
layered silicate or intercalation of preformed nanoparticles. Moreover, the nanoparticle location
can be distinguished between the layers or only on the external surface.

For instance, y-Fe>O3 nanoparticles of 10 — 30 nm size were precipitated on the outer surface
of stacked natural montmorillonite by adding NH4sOH to a mixture of Fe?*/Fe* salts. The broad
size distribution of the nanoparticles was already the first hint that the external surface was
insufficient to stabilize the nanopatrticles effectively. Moreover, rapid nanoparticle growth was
observed at temperatures as low as 400 °C.["®

Nanoparticles can be generated between the layers by applying an in situ route. Interlayer
cations such as Li* or Na* are exchanged for a precursor species followed by chemical
treatment (e. g. reduction by NaBH., hydrolysis, or hydrothermal ageing). This synthesis
strategy was expected to obtain very small nanoparticles as the confined space between the
layers would hamper the growth. Dekany and Kiraly exchanged interlayer Na* of natural
montmorillonite for Pd?* followed by reduction.l’® 76 771 The expected size control was not

achieved as rather large nanoparticles of over 10 nm size with a broad size distribution were
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Figure 5: A) TEM image of montmorillonite exchanged with Pd?* and reduced by ethanol. B) Schematic illustration
of the location of Pd nanoparticles in the layered silicate. [Reprinted from referencel’, Copyright (1996), with
permission from Elsevier]
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obtained. Furthermore, the basal reflection (001 reflection observed from powder X-ray
diffraction/PXRD) corresponding to the d spacing of two adjacent layers was not shifted to
higher values. Actually, that would be expected if nanometer-sized particles were located
between the layers. This observation was explained by the structure of the natural layered
silicate. Natural montmorillonite is very defective with many cavities and small platelets with a
maximum extension of about 200 nm. The nanoparticles grew either in the cavities or on the

external surface, where size control was lacking (Figure 5).

Pre-intercalated polymers such as polyvinylpyrrolidone (PVP) improved control over the
nanoparticle size. The polymer chains opened up the galleries and allowed the precursors to
penetrate the interlayer space more efficiently.’® 7 Indeed, the Pd nanoparticle size was
lowered below 5 nm, and the size distribution was narrower. A drawback of this approach was
the occupancy of the interlayer space by the polymer chains that restrained the diffusion of
reactant molecules and also blocked the active metal surface.[””

A variety of nanoparticle@layered silicate composites were synthesized and applied for
various catalytic reactions. Muhlhaupt et al.B% intercalated Pd?* in montmorillonite and reduced
it with hydrazine to Pd nanopatrticles. Furthermore, they adsorbed a hydrophobic organic
molecule to the surface. This allowed a better dispersibility of the catalyst in organic solvents.
The catalyst was active in hydrogenation and Suzuki-Miyaura coupling. As no reference
catalyst was applied, the performance can be hardly assessed.

Other noble metals were also deposited by the chemical reduction method: Ag@layered
silicate® proved to have antimicrobial behaviour, Rh® or Ru®! on montmorillonite were
applied for selective hydrogenation of alkenes. Nevertheless, the relatively large size of about
20 nm of Ru nanoparticles suggested a lack of size control by the layered silicate.® Smaller
nanoparticles are usually more active, and therefore, would be appreciated. Furthermore,
deposition of nanoparticles is not restricted to noble metals, but semiconductors such as

ZnOBsl CdS®8 or TiO, 789 were deposited on/in layered silicates as well.

Most of these studies have in common that the control of size and size distribution of the
formed nanoparticles was hardly feasible as defective natural layered silicates were applied.
It is often unclear whether the nanopatrticles were located between the layers to take a possible
advantage of the confined space. For sure, this prohibits a detailed investigation of the

interactions between nanoparticles and layers.

The group of Breu used the synthetic NaHec that is superior over natural material for in situ
generation of nanoparticles between the layers. Na* was exchanged for Pd?*, and

nanoparticles were obtained by microwave irradiation (Figure 6).°
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Figure 6: TEM image of a cross-section of Pd?* exchanged NaHec followed by microwave treatment. The Hec
nanosheets encapsulated the Pd nanoparticles.[®

Transmission electron microscopy (TEM) images revealed that elongated nanoparticles were
obtained as the confinement hampered the nanoparticle growth perpendicular to the
nanosheets to 2 - 3 nm, but the nanoparticles grew along with the layers to 7 - 8 nm. The more
serious problem over the size control was the flexibility®" of the nanosheets that encapsulated
the nanoparticles. When the distance of adjacent nanoparticles was too high, the nanosheets
collapsed. These nanoparticles were not accessible anymore and thus not utilizable for
catalysis. This problem originated from the low density of nanoparticles that was restricted by
the inherent cation exchange capacity (cec) of NaHec. The cec of NaHec is relatively low with
121 mmol exchangeable monovalent ions per 100 g of NaHec.*! This amount is halved for
divalent cations such as Pd?*, limiting the possible loading of Pd to about 6 wt%. Assuming a
Pd nanoparticle of 3.5 nm, there would be one nanoparticle per 1500 nm? of interlayer space.
This low density of nanoparticles is not sufficient to generate a porous structure. A higher
nanoparticle density is required to avoid collapsing of the nanosheets, but this is only possible
by intercalating pre-synthesized nanoparticles. However, the intercalation of nanoparticles into
a stacked tactoid is unfavourable due to the kinetic hindrance of the nano-objects. Therefore,
the nanosheets have to be separated to several nanometers by delamination to facilitate the
diffusion of pre-synthesized nanoparticles between the nanosheets. The intended strategy is
displayed in Figure 7 on the basis of Pd nanoparticles. Only a few reports about intercalation
of pre-synthesised nanoparticles exploit a nematic phase of a layered silicate.®? A possible
explanation that this approach has been somewhat overlooked so far is using natural layered
silicates. Due to impurities and inhomogeneities, natural montmorillonite does not
spontaneously delaminate into single nanosheets. It requires several demanding purification
steps to achieve delamination.
16
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Figure 7: Sketch of the intended intercalation strategy. Nanoparticles with a positive ¢ potential are synthesized
first. NaHec is delaminated to a nematic phase with a nanosheet separation > 50 nm. The nanoparticles are added
to the nematic phase, whereupon the nanopatrticles are captured between the nanosheets. Due to the high density
of nanoparticles, collapsing of the nanosheets is avoided. [Reprinted under the terms of CC BY 4.0 license from
referencel®d)]

Belova et al. ®+%! developed a very interesting approach to intercalate pre-synthesized
nanoparticles worth mentioning. They synthesized small Au nanoparticles of 3.5 nm size and
intercalated those into a stacked tactoid by ultrasound treatment. The cavities formed by the
ultrasound jets damaged the montmorillonite and ripped holes into the surface, and the
nanoparticles could penetrate the interlayer space through these holes. However, it was
observable from TEM that the nanoparticles were located only on the external surface or in

close vicinity to the holes.

3.3.2 Layered titanates as supports

Layered titanates are semiconductors and offer great potential for photocatalysis. However,
the bandgap of 3.8 eV is even higher than 3.2 eV of anatase.”! This allows exploiting only a
very small portion of the sunlight spectrum. The performance was enhanced by the deposition
of semiconductor nanoparticles with a narrower bandgap that increased charge separation or
served for sensitisation. Ko.es Ti1.73Li0.2703.93 was first modified with
3-(mercaptopropyl)trimethoxysilane to increase the distance between adjacent layers. It was
mixed with HAuCls and reduced by NaBHi. The as-received nanoparticles had a size of
3.5 nm. Due to the surface plasmon resonance of Au, the photocatalytic oxidation of benzene
to phenol was performed with high yield and selectivity.®® A mesoporous composite was
obtained by intercalating a positively charged iron oxide colloid into an exfoliated layered
titanate. The composite photocatalyst was active for the degradation of pollutants, while the
single titanate or iron oxide were not active when illuminated with visible light (A > 420 nm).[%
Pre-synthesized anatase nanoparticles were tried to be intercalated between delaminated
L-titanate nanosheets, but TEM images revealed a somewhat disordered structure with a high
share of collapsed nanosheets. However, the disordered composite was efficient as a

photoanode in a solar cell.’°0 Sasaki et al.*°y embedded citrate stabilized Au nanoparticles
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between L-titanate hanosheets by a layer-by-layer assembly. The coverage of Au by L-titanate
enhanced the plasmon resonance. As relatively low amounts of Au nanoparticles were applied,
the flexible nanosheets encapsulated the Au nanoparticles similar to what was observed for
Pd nanoparticles between NaHec. Thus, a high density of nanoparticles between the

nanosheets of L-titanate is mandatory for a porous network.

For layered titanates, most catalytic reactions aimed for photo- or electrocatalysis. However,
this class of layered materials may also be promising for (high temperature) oxidation catalysis
as TiO2 is a proven support for this type of reaction. Factors influencing the activity of

nanoparticles are discussed in the next Chapter 3.4.
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3.4 Fundamentals of catalysis

3.4.1 Interaction of nanoparticles and supports

As already mentioned, small nanoparticles have a high surface to volume ratio, and surface
species are unsaturated. Thus, they are in an energetically unfavourable state and tend to
minimize their surface via different mechanisms (e. g. agglomeration or Ostwald ripening). %2
Even though this leads to an energetically more favourable state, it normally causes catalyst
deactivation. For this reason, nanoparticles are deposited in low loadings on supporting
materials with a high surface to ensure a maximum distance of nanoparticles to each other.
Indeed, maintaining the high dispersion of nanopatrticles is one essential function of supports
that becomes even more challenging at realistic reaction conditions, often including elevated
temperatures.i*%® Deposition on a porous support surface is often not sufficient to prevent
catalyst deactivation, which led to more sophisticated support structures. Incorporating
nanoparticles in a support matrix®®: 8 ¢ or coating nanoparticles with a porous shell*%4-17 are
examples of already applied strategies. For this reason, sandwiching nanoparticles between
charged layers is a promising strategy to reduce nanoparticle mobility and growth. This is

studied in Chapter 6.1 based on iron oxide nanoparticles.

Apart from the function of stabilisation, the scientific effort has demonstrated that supports
have a significant impact on catalyst reactivity.!%® There is a huge variety of possible
interactions between nanoparticles and supports. Some important ones are electronic metal-
support interactions (EMSI), strong metal-support interactions (SMSI), spillover phenomena,
and influence on the morphology of the deposited nanoparticle.

Transfer of charge between nanoparticle and support is called electronic metal-support
interaction (EMSI). In close contact, nanoparticle and support try to equilibrate differences in
their Fermi levels and chemical potentials and the direction of the charge flow and extend
depends on the involved species.% Model systems of small Pt 119 or |11 clusters and Pd
cubes*? deposited on CeO, proved that electrons were transferred from the noble metal to
the support. An increased amount of the reduced Ce*" species determined by X-ray
photoelectron spectroscopy (XPS) convincingly evidenced that the clusters/nanopatrticles were
in a partially oxidized state M®". Au nanoparticles deposited on MoOx demonstrated a charge
transfer from support to noble metal.!*® In this combination, the electron flow directed towards
Au that charged the Au surface negatively.

The impact of this charge on the catalytic performance was evaluated for several systems:
Positively charged Pd*'# or Aul**®! species showed a higher catalytic activity for the oxidation
of CO to CO.. The lack of electrons in the noble metal was discussed to lower the adsorption
energy of CO, which led to a reduced CO poisoning™® and reduced reaction barriers.*"]

These model studies demonstrated that tuning the surface charge of a noble metal is crucial
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for optimising the catalyst performance. A partially positively charged surface of Pd was also
exploited in Chapter 6.2 for an improved activity for CO oxidation at lower temperatures.

Strong metal-support interactions (SMSI) in its classical sense cause the migration of
suboxides onto the metal nanoparticle and lead to a (partial) coverage.ll% 8 This
phenomenon was observed for the industrial used Cu/ZnO/Al,O; catalyst applied for methanol
synthesis*® or Au nanoparticles on TiO, [ |t can have both advantages and disadvantages:
When the metal is entirely overgrown by the oxide, this might lead to complete catalyst
deactivation. As long as this overlayer is porous, the catalytic performance and selectivity
might be significantly enhanced as reactive interface sites might be more active than individual

metal or support.[t20

The interface between noble metal and oxide support is of great importance as support and
metal might activate different reactants or catalyse different reactions. Furthermore, an
adsorbed species might be activated on one surface and then migrate to another surface called
spillover.?! The right choice of support can even change the reaction mechanism, which will
be explained on the basis of CO oxidation over noble metals. The bonding situation of CO to
the surface of a noble metal such as Pd can be explained by the Bhyholder model.[*?? A o-bond
is formed by overlapping of 5¢ orbital of the carbon atom and an empty d orbital of the metal.
Furthermore, 1 back donation occurs from an occupied d metal orbital to the anti-bonding 21*
orbital of CO. This creates a very strong bond between CO and noble metals at low
temperatures. CO blocks the surface and desorbs only at higher temperatures (typically
> 130 °C) which also explains why CO is regarded as a poison for noble metals in low
temperature catalysis. CO oxidation over non-reducible support such as Al,Os; proceeds
typically via the competitive Langmuir-Hinshelwood mechanism (Figure 8A).*2% The oxidation
occurs on the metal surface and requires both CO and O- to adsorb on the metal. As already

mentioned, at low temperatures, the metal surface is covered by CO, and it requires sufficient

A B

Figure 8: Two possible mechanisms for the total oxidation of CO. A) Langmuir-Hinshelwood mechanism: Both O>
and CO adsorb on the noble metal surface. B) Mars-van Krevelen mechanism: oxygen is activated and donated
via the oxygen lattice of the support.
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high temperatures so that O, can co-adsorb to initiate the reaction.*'4 It explains why noble
metals suffer from low activity for CO oxidation at temperatures below 100 °C. This is a severe
problem for exhaust gas purification right after the engine start. The cold catalyst cannot

oxidize CO, and thus, toxic CO is emitted into the environment.

Reducible oxides such as TiO, or CeO; are supports that can overcome this problem.[24131]
These materials can switch easily between oxidation states (Ti** < Ti* or Ce** <+ Ce®*). The
reduction of the metal is accompanied by the release of lattice oxygen to maintain charge
balance. In turn, this lattice oxygen can be donated to the oxide/metal, called oxygen storage
capacity. The vacancy in the oxide lattice is refilled by O, from the gas phase in a later step of
the catalytic reaction. This avoids the necessity of O, to adsorb directly to the noble metal
surface and allows the reaction to proceed already at lower temperatures. This reaction type
is called the Mars-van Krevelen mechanism (Figure 8B). For this type of mechanism, model
catalysts with different Pd/CeO: interface extensions demonstrated that a high interface is
crucial for high catalytic performance.®? The higher the interface was, the higher was the
catalytic activity for the oxidation of CO. A high interface between a reducible oxide and metal
was established in Chapter 6.4 by sandwiching Pd nanoparticles between two layers of L-

titanate.

The last influencing factor to be mentioned is the influence on the morphology of a
nanoparticle. The adhesion energy between support and metal affects the mobility of the
nanoparticles and influences their shape.*3 This leads to the exposure of different facets that

can have different catalytic activities.!*34

3.4.2 Learning from layered model systems

Knowledge about catalysis is often drawn from model systems having very defined structures
and tuneable complexity. Understanding the fundamental processes that appear at the surface
of the catalyst is of great importance for catalyst tuning.**® In recent years, ultrathin layers of
an oxide such as MgO, Al;Os3, or SiOyx deposited on a flat metal surface gained much scientific
interest. The thickness of such a layer ranges from a monolayer to a few layers (Figure 9A).
As sophisticated methods such as vapour phase deposition are applied, very defined
structures can be obtained. Those, in turn, can be studied deeply by techniques such as XPS,
scanning tunneling microscopy (STM), infrared reflection absorption spectroscopy (IRAS) or
atomic force microscopy (AFM), and computational methods can support findings.**®! These
model systems demonstrated that electrons could tunnel through a thin but insulating oxide

layer: For instance, electrons tunneled from an underlying Ag(001) surface through a
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Figure 9: lllustration of model systems of oxide layers deposited on flat metal surfaces. A) Sketch of a closed silica
bilayer on a Pd (111) surface. [Adapted from referencel'®”], Copyright (2018), with permission from Elsevier]
B) STM image of FeOa.x islands on a Pt (111) surface. [Adapted with permission from referencel’38l. © 2018 Wiley-
VCH Verlag GmbH & Co. KGaA, Weinheim]

sufficiently thin layer of MgO.**®! When an organic molecule adsorbs to the oxide surface, the
tunnelling electron can polarize or even charge this molecule. This cannot only change the
strength of bonding but even the bonding mode. The extent and direction of the charge flow
depend on the HOMO and LUMO levels of the adsorbate molecule and the Fermi level of the
underlying metal. The tunnelling of electrons through the insulating oxide layer is not restricted
to molecules but can also affect metal clusters. Au deposited on MgO/Mo(111) led to tunnelling
of electrons from Mo to the more electronegative Au and, finally, negatively charged Au
clusters.'*6 139 These charged species can take a significant influence on the catalytic

reaction, as mentioned in the previous Chapter 3.4.1.

However, there is also evidence that a thin layer of oxide deposited on metal influences the
electronic structure of the underlying metal. At the interface between metal and oxide, a charge
displacement can appear, which creates a dipole. The charge displacement arises either from
a charge transfer of electrons between oxide and metal or from compressive electrostatic
effects.’ This charge displacement alters the metal work function significantly.*4! Density
functional theory (DFT) calculations demonstrated that SiO; and TiO; layers on Mo(100) or
Mo(112) increased the metal work function by 0.5 — 1 eV due to charge transfer from Mo to
the oxide interface, which is in agreement with experimental results.*4? Furthermore, charge
transfer was computationally studied for a monolayer of lepidocrocite-type titanate deposited
either on Pt(111) or Ag(100).43 The charge transfer from the noble metal to the oxide layer
was pronounced for Ag compared to Pt. The accumulation of charge on the oxide reduced the
H adsorption capacity and disfavoured homolytic splitting for the Ag supported film.
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Moreover, only submonolayers of an oxide can be deposited onto a metal surface, leading to
the formation of oxide islands (Figure 9B).[*% The reactive interface at the perimeter leads to
a further pushing of the catalytic performance. Pt(111) was partially covered with FeOy, and
the structure was studied by STM and tested for the oxidation of CO. The film underwent a
restructuring process depending on the partial pressures of CO and O, and the already

mentioned Mars-van Krevelen mechanism was evidenced for this system.[244 145]

Based on the above explanation, there is clear evidence from model systems that ultrathin
oxide layers influence the electronic structure and catalytic activity of noble metals.®? Even
though these model catalysts can be produced with excellent precision, transferring this
knowledge to improve real catalysts is still challenging. [137: 146-148]

In this context, layered oxides such as NaHec or L-titanate are of great potential as they are a
source of well-defined subnanometer thin oxide nanosheets. By intercalating nanoparticles
between the nanosheets, the model catalysts can be effectively mimicked at a larger scale to
be more suitable for real applications. The idea of mimicking the well-studied model catalysts
are picked up in Chapter 6.2 and Chapter 6.4.

3.4.3 Oxidation catalysis

In this work, the total oxidation of CO to CO; is applied as a model catalytic reaction to
investigate the catalytic performance of the sandwiched catalysts. Its simple character makes
it one of the most studied heterogeneous catalytic reactions. However, this reaction is also
vital for exhaust gas purification due to the highly toxic CO."4°! Furthermore, CO responds very
sensitively to changes in the catalytic system. For instance, the reaction is strongly dependent
on the applied support that can even change the reaction mechanism (Chapter 3.4.1).
Furthermore, a charged surface of the noble metal can influence the adsorption behaviour of

CO due to an altered back donation capacity of electron density to CO.

A common way of measuring the catalytic performance of a total oxidation reaction is recording
light-off curves. The solid catalyst is placed in a fixed bed reactor, and the reactant gas mixture
flows through the catalyst bed. The catalyst bed temperature is stepwise increased, and the
course of the conversion or reaction rate as a function of the temperature is recorded. A typical
light-off curve is sketched in Figure 10. At low temperatures (section 1), the reaction rate slowly
increases with increasing temperature as the reaction is under kinetic control.>% The increase
is proportional to the activation energy of the catalyst. At low conversions (typically below
10 %), the apparent activation energy Ea can be determined by the Arrhenius plot (logarithmic
plot of the reaction rate against the inverse temperature). Ideally, the relationship is linear, and

Ea can be calculated by:

Ex=-aR ()
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Figure 10: Typical light-off curve for a total oxidation reaction over a noble metal catalyst.

a is the slope of the fitted line, and R is the universal gas constant.

As combustion reactions are typically exothermic, the catalyst warms up with increasing
reaction rate, and the reaction rate rises steeply (section 2, Figure 10). It is said that the
catalyst “lights-off”.[*>0 At higher temperature, the light-off curve flattens (section 3, Figure 10).
In this region, heat and mass limitations become rate-determining, depending on factors such
as the porosity of the catalyst or the reactor design. It should be mentioned that at even higher
temperatures, the homogenous gas phase reaction can also occur.** A measure for
performance is the temperature of 50 % conversion (Tsg) or 100 % conversion (T10) and the
activation energy. One scientific endeavour is the increase of catalytic performance at lower
temperatures. When the reaction requires lower temperatures, the threat of catalyst
deactivation via nanopatrticle ripening is often diminished. In addition, in the case of exhaust
gas purification, this reduces the required time for warming the catalyst after the engine start

to its working temperature. This leads to lower pollution of toxic volatiles to the environment.
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3.5 Hydrogen storage

This thesis mainly focuses on the advantages of the unique sandwich architecture concerning
catalytic or stability properties. However, Pd intercalated NaHec was also applied for H-
sorption in Chapter 6.3. Pd is a transition metal with a high DOS near the Fermi level, allowing
Pd to absorb high volumes of H, at ambient pressure and temperature.i*>!! Materials with a
high surface area such as activated carbon*>? or metal-organic frameworks**® can adsorb H>
physically, but this requires very low temperatures or high pressures. Metal hydrides such as
NaBH4, which form chemical bonds, require high temperatures to release H..1**¥ In contrast,
Pd can release H; at ambient temperatures.

Pd demonstrates a clear nano-size effect concerning its H storage capacity.®® In general, the
amount of H, that Pd can absorb depends on the DOS at the Fermi level that is altered for
nanoparticles (Figure 4). As the DOS at the Fermi level decreases with the size of the
nanoparticles, the storage capacity for H, decreases. For instance, at 303 K, bulk Pd can
absorb 0.65 H/Pd at a pressure of 101 kPa while nano-sized Pd of 2.6 nm size absorbs only
0.38 H/Pd.P% However, nanoparticles have the advantage of a faster sorption kinetic due to
shortened diffusion paths in the material. Research efforts tried to tune the electronic states of
nanoparticulate Pd to increase the maximum sorption capacity as the amount of H, that can
be absorbed is proportional to the holes in the 4d band of Pd.[** When Pd was alloyed with Ir
(replacement of 20 at% of Pd by Ir), the H. storage capacity doubled.*%¢! This was attributed
to a charge transfer from Pd to Ir that increased the number of holes in the Pd 4d band.
Furthermore, when Pd nanoparticles were covered with the metal-organic framework
HKUST-1, a charge transfer from Pd to Cu-O groups of the linker was observed that also
enhanced H; sorption.*5” The charge transfer was identified by a shift of the XPS Pd 3d signal
to higher binding energy (BE) values. This was interpreted in terms of an electron deficient Pd
species. Furthermore, the shift of the Cu 2p signal to lower BE compared to pristine HKUST-1
implied the electron transfer from Pd to the MOF linker groups. These findings demonstrated
that partially positively charged Pd species are superior for the H; storage capacity over neutral
ones. The influence of the confinement of Pd nanoparticles by the Hec nanosheets was

investigated in Chapter 6.3 for its impact on the storage capacity of Ho.
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3.6 Scope of this thesis

Noble metal nanoparticles are highly reactive catalysts for many (industrial) reactions. For
instance, Pd is very active in oxidation reactions which are crucial for exhaust gas purification.
However, the low abundance and high costs of precious metals make it mandatory to push
their activity and/or selectivity further and minimize their deactivation with time on stream. Size,
shape and composition are possible optimisation strategies on the nanoparticle side. On the
other side, the supporting material can influence the catalytic behaviour of nanoparticles.
Model catalysts based on ultrathin oxide layers deposited on flat metal surfaces have
demonstrated that the oxide layer alters the electronic structure and modifies the catalytic
activity of a noble metal. The preparation methods for the model catalysts are very demanding
and allow only fabrication at very small scales. However, a larger scale of oxide layers is
essential for an application in industrial processes. Layered materials such as NaHec comprise
hundreds of stacked ultrathin oxide layers with cations in between that can be separated into
single nanosheets when immersed in water. This offers the possibility to get access to a large

scale source of well-defined oxide layers.

The presented work aimed to design and develop a modular concept for intercalating
nanoparticles between swellable 2D layered materials. The influence of the confinement by
two ultrathin oxidic nanosheets on the nanoparticles was evaluated for temperature stability,
catalysis and H sorption. This led to a library of nanoparticles and layered supports that can
be combined to obtain tailor-made catalysts for the desired application. This thesis addressed

the following research steps:

e Synthesis of nanoparticles with suitable properties for the intercalation process,
including colloidal stability in water and positive  potential.

¢ Intercalation of nanoparticles between NaHec nanosheets by using a nematic phase.

e Structural characterisation of the intended sandwich-like architecture concerning the
necessary loading to obtain a porous structure.

¢ Investigation of the influence of the sandwich-like confinement on the thermal stability
employing y-Fe»O3 at a very high density of nanopatrticles.

¢ Investigation of the influence of the charged nanosheets on the electronic (surface)
structure of Pd and its influence on the catalytic activity for CO oxidation.

e Probing the impact of the sandwich-like confinement for other applications such as H»
storage.

e Transferring the intercalation strategy to a nematic L-titanate phase and evaluating its

impact on the catalytic performance of Pd nanoparticles.
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4 Synopsis

The presented cumulative thesis includes four manuscripts and the german translation of one
article. The manuscripts present a modular strategy to intercalate various kinds of
nanoparticles into swellable 2D layered materials. The synthesis strategy is based on
delamination of the layered materials to a nematic liquid crystalline phase to capture pre-
synthesized nanoparticles between the nanosheets. Four manuscripts focus on NaHec as the
supporting material and different types of nanoparticles (y-Fe;Os, Pd), while the last one
applies L-titanate as a second 2D layered support. In addition to demonstrating the modular
concept, each manuscript deals with beneficial aspects of the special sandwich architecture,
such as improved stability, enhanced catalytic activity or H> storage capacity. (graphical
synopsis: Figure 11).

Crystalllne tact0|d of NaHec

Osmotic swelling
in water

1) Study of feasibility and 3) Application of the intercalation
temperature stability % strategy to nematic L-titanate phase
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o increased sinter stability up to 700 °C l « donation of lattice oxygen

- « very high performance for CO oxidation
© no phase fransition to a-Fe,0, 2) Influence on the (surface) charge of Pd ryhiene
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«increased H: storage capacity

Hec@Pd@Hec\' o

Figure 11: Graphical synopsis of this thesis demonstrating the modular intercalation concept. In step 1), y-Fe20s are
intercalated between the nanosheets of NaHec and tested for their stability at high temperatures. In step 2), Pd
nanoparticles are intercalated between NaHec nanosheets and the influence on the nanoparticle surface charge and
influence on catalytic activity and Hz uptake are investigated. In step 3), the intercalation concept is extended to a
nematic phase of L-titanate and the catalyst is probed for its oxidation performance.
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Chapter 4.1 and the publication “High Temperature Stable Maghemite Nanoparticles
Sandwiched between Hectorite Nanosheets” (Chapter 6.1) serve as a feasibility study as the
intercalation of preformed nanoparticles exploiting a liquid crystalline nematic phase of a
layered silicate is rather unexplored. Therefore, y-Fe>Os nanoparticles with suitable properties
are applied as a first nanoparticle species. The obtained sandwich-like structure is
characterized to identify advantages over in situ generation of nanoparticles between the
nanosheets. In addition, the influence of the sandwich confinement on the thermal stability of

y-Fez0sis investigated.

In Chapter 4.2 and the publication “Nanoparticles Supported on Sub-Nanometer Oxide Films:
Scaling Model Systems to Bulk Materials” (Chapter 6.2), the intercalation concept is extended
to the intercalation of small Pd nanoparticles. It is known for layered model systems that
electronic interactions between metal and support exist (Chapter 3.4.2). Thus, this study
focuses on possible electronic interactions between Hec and Pd. The structure of sandwiched
nanopatrticles is further applied in catalysis to identify the influence of the very special catalyst
architecture. The publication claims that exploiting a nematic phase of a swellable 2D layered
material such as NaHec is a scalable approach to mimic the model systems obtained by

sophisticated but poorly scalable methods such as vapour phase deposition.

Chapter 4.3 and the publication “Enhancing Hydrogen Storage Capacity of Pd Nanopatrticles
by Sandwiching between Inorganic Nanosheets” (Chapter 6.3) identify another possible
application for Pd nanoparticles sandwiched between Hec nanosheets. The H; storage
capacity of Pd nanopatrticles depends on the electronic states near the Fermi level. The study
elaborates an increased H; storage capacity due to electron-deficient Pd nanoparticles as a

result of the influence of the Hec nanosheets.

So far, two different types of nanoparticles were applied, but the layered material was always
NaHec. To confirm the modular concept claimed above, Chapter 4.4 and the publication
“‘Enhancing the Catalytic Activity of Palladium Nanoparticles via Sandwich-Like Confinement
by Thin Titanate Nanosheets” (Chapter 6.4) apply the developed intercalation strategy to the
2D layered material L-titanate. This publication identifies electronic interactions between
nanoparticles and support, but in relation to Chapter 6.2, the catalytic activity for the oxidation
of CO increases significantly. Furthermore, the study applies kinetic experiments to identify the

possible reaction mechanism to explain this enhanced catalytic activity.
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4.1 High Temperature Stable Maghemite Nanoparticles Sandwiched between

Hectorite Nanosheets

In Chapter 3.3.1, it was already explained that the exchange of interlayer cations followed by
chemical treatment is insufficient to obtain catalysts with a high accessible surface as the
flexible nanosheets would encapsulate the nanoparticles. A higher nanoparticle density is
mandatory to generate a porous structure, but the intrinsic cec of NaHec is the limit.
Furthermore, some nanoparticles such as iron oxide are even unsuitable for in situ generation
in the interlayer space. Fe** salts dissolved in water induce an acidic pH between 3 and 4.
NaHec already starts dissolving at this low pH, which prohibits the proper exchange of Na* for
Fe®* without harming the Hec. Adjustment of the pH before intercalation is not possible
because an increase of the pH leads to rapid precipitation of iron(oxy)hydroxides. For this
reason, iron oxide nanoparticles have to be synthesized first and modified to carry a positive
surface charge at a pH = 5. However, intercalation of pre-synthesized nanoparticles between
the nanosheets of a stacked tactoid is kinetically unfavourable. Delamination of a 2D layered
material to single nanosheets with a sufficient high separation of adjacent layers might solve
this problem, but this approach has rather been overlooked so far.

This publication addresses the intercalation of preformed y-Fe»Os nanoparticles as a proof of
principle that a nematic liquid crystalline phase of NaHec is sufficient to capture high amounts
of nanoparticles between the nanosheets. As NaHec delaminates in water and the nanosheets
carry a permanent negative charge, two crucial requirements for the nanoparticles are a stable
dispersion in water and a positive surface potential. Therefore, iron oxide nanoparticles were
synthesized on the application of a modified polyol method.*%® %91 FeCl,-4 H,O and
FeCls-6 H,O were dissolved in a molar ratio of 2:1 in diethylene glycol (DEG). DEG acted as
both solvent and complexing agent for the iron species. NaOH was added for the hydrolysis at
higher temperatures. The formed metal-organic complexes prevented the iron species from
precipitation at the initial basic pH. When heated with a controlled ramp of 2 K-min* to the
boiling point of DEG at about 220 °C, nanoparticles formed. According to TEM, the heating
ramp allowed the synthesis of nanoparticles with a narrow size distribution of (5.5 + 1.1) nm.
DEG also served as an initial ligand to stabilize the as-synthesized nanoparticles from
agglomeration. Post synthesis, the nanoparticle surface was modified with the organic ligand
phosphocholine that enabled stable dispersion of the nanoparticles in water. Furthermore, the
guaternary ammonium group led to a positive C potential of + 42 mV at a pH of 7. According to
Mo6Rbauer spectroscopy at 4.2 K, the obtained iron oxide phase was y-Fe;Os. Even though
Fe2* was in the initial precursor solution, the isomeric shift and the hyperfine field splitting

indicated Fe®* in the inverse spinel structure of y-Fe;Os. As the nanoparticles were handled
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neither under inert gas atmosphere after synthesis nor was the water degassed, Fe?* readily

oxidized due to the high surface of the small nanopatrticles.

NaHec was immersed in water (1 wt% solid content) until full delamination to yield a nanosheet
separation of about 100 nm. Nanoparticles were added in excess to the Hec dispersion under
vigorous stirring. After addition, flocculation occurred due to coagulation of the oppositely
charged species. The dispersion was still coloured from the remaining nanopatrticles that were
not intercalated. This implied that only the amount necessary for the charge balance was
intercalated. The flocculate was easy to be separated either by centrifugation or by application

of a magnet.

The iron oxide content of the obtained composite (y-Fe-Os/NaHec) was as high as 64 wt%.
Furthermore, Na* was not found in the composite, indicating a complete ion exchange. It
should be noted that even at this high loading, a mesoporous structure was obtained with a
median pore size of 5.5 nm and a BET surface of 237 m2 g*. This high loading was necessary
to obtain a porous structure as a composite with only 40 wt% of y-Fe,Os was still not porous
(unpublished result).

PXRD of a textured sample revealed a 00l series corresponding to the distance of two adjacent
nanosheets. The basal 001 reflection was found at 1.3° 2 © (Cu anode) corresponding to
6.9 nm, which is in good agreement with the expected sum of the nanoparticle size of 5.5 nm
and the thickness of one Hec nanosheet of ~ 1 nm (Figure 12A). Furthermore, TEM images

of ultramicrotome slices demonstrated that the nanoparticles were successfully sandwiched

rel. Intensity /a. u. >

Figure 12: Structural characterisation of the lamellar Structure of y-Fe20s/NaHec. A) PXRD showing a shift of the
basal spacing of Hec due to the intercalation of nanoparticles (red) in comparison to the basal reflection of NaHec
(black). B) TEM image of ultramicrotome slice of iron oxide nanoparticles between the nanosheets of Hec.
[Adapted under the terms of CC BY 4.0 license from referencel16%]
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between Hec nanosheets (Figure 12B). The distance of the adjacent layers (TEM) was in
accordance with the PXRD findings.

After successful intercalation and verification of an achieved sandwich-like structure, this
special confinement from two directions was tested for its capability of stabilizing the
nanoparticles against heat treatment. An efficient catalyst requires to stand high temperatures
without rapid deactivation due to nanoparticle ripening processes. Here, NaHec offers another
critical advantage over natural layered silicates. The anion lattice of NaHec is completed by F-,
while OH" serves this purpose in natural materials. Dihydroxylation that damages the layers
commences at about 500 °C. In contrast, F containing NaHec can stand temperatures up to
800 °C.

y-Fe>Os/NaHec was annealed at 700 °C in the air for 20 h to probe the influence of the
sandwich-like confinement on the sinter stability. After the treatment, PXRD did not show a
narrowing of the broad y-Fe-Os reflections that would suggest an increase in the size of
coherent scattering domains (Figure 13A). Reflections such as the 2/11 band at 7.1° 2 © (Ag
anode) derived from the crystalline nanosheet were still present that implied that the layered
structure survived the heat treatment. According to TEM micrographs, the nanoparticles
retained their size (Figure 13B and C). Furthermore, no significant loss of surface appeared.
Even at such a high density of hanoparticles, no obvious ripening process occurred.

MoRbauer spectroscopy at room temperature revealed a quadrupole doublet characteristic for
fast superparamagnetic relaxation processes of small y-Fe>O3 nanoparticles. Measurement at
4.2 K revealed signals still matching y-Fe,Os. No phase transition from the metastable y-Fe,O3
to a-Fe, O3 appeared even at 700 °C. Differential scanning calorimetry (DSC) further confirmed
this finding as an endothermic peak corresponding to the phase transition commencing at
about 750 °C was observed. The phase transition of bulk y-Fe.Os; appears at about

rel. Intensity /a. u. >

Pre Treatment

Figure 13: A) PXRD of y-Fe203/NaHec before and after treatment at 700 °C and 800 °C for 20 h. B) TEM image
of y-Fe203/NaHec after synthesis showing a homogenous distribution of nanoparticles. The white box is magnified
in the inset. C) y-Fe20s/NaHec after treatment at 700 °C showing no ripened nanopatrticles. [Adapted under the
terms of CC BY 4.0 license from referencel*6%]
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300 - 350 °C.I'%Y The retarded phase transition was explained by altered thermodynamic
stabilities of the iron oxide phases at the nanoscale.!*%> 1¢3l The phase transition only occurred
above a certain threshold size of about 10 nm.!!641%l This was an additional proof that
nanoparticles must have retained their size upon heat treatment. Only above the thermal
stability of Hec at about 800 °C, the stabilisation effect faded and nanoparticle growth was
observed accompanied by the phase transition to a-Fe,Os. As a control experiment, the
nanoparticles were dried without support. Sharp reflections of a-Fe,Oz indicating a
microcrystalline powder were already observed at temperatures above 400 °C as determined
by PXRD, which means that the sandwich confinement increased sinter stability at least by
300 K.

This publication provided proof that exploiting a nematic liquid crystalline phase of a 2D layered
material is viable for intercalating nanoparticles and obtaining an ordered lamellar structure.
Furthermore, it was also shown that this special sandwich architecture retarded nanoparticle
mobility and suppressed sintering effects. This demonstrated the possible utility for high

temperature applications of such a sandwich-like structure.
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4.2 Nanoparticles Supported on Sub-Nanometer Oxide Films: Scaling Model

Systems to Bulk Materials
As already mentioned in Chapter 3.4.2, thin layers of oxides alter the catalytic performance of
metal nanoparticles. However, it was only studied for model catalysts requiring demanding
synthesis strategies, restricting their potential use to only small scale applications. However,
oxidic silicate nanosheets of sub-nanometer size can be obtained on a large scale by
delamination of NaHec. The scope was to synthesize a “bulk version” of these model catalysts
and investigate the influence of the special sandwich-architecture on the catalytic activity of Pd

nanoparticles.

Pd nanoparticles that were dispersible in water were synthesized by a modified literature
method.[*5"1 Na,[PdCls] and 4-dimethylaminopyridine (DMAP) were dissolved in water to form
a complex that was reduced by NaBHa. The core size of the nanoparticles was (3.5 + 0.5) nm,
according to TEM. The positive ¢ potential was adjustable by pH variation between + 14 mV to
+ 34 mV, whereas the layer charge was independent of pH.

The solid content of the NaHec dispersion was increased to 1.5 wt% (nanosheet separation of
about 60 nm according to small-angle X-ray scattering) to make larger scales possible. Scales
up to about 1 g of catalysts were synthesized and successfully manageable. NaHec was added
to the nanoparticles either at a pH of 9.5 (C potential: 28 mV) or 10.8 (22 mV). With the variation
of the ¢ potential, the number of intercalated nanoparticles was controllable. At 22 mV, the
loading was as high as 72 wt% Pd (Hec@Pd72@Hec) and 65 wt% (Hec@Pd65@Hec) at
28 mV. Elemental analysis (CHN), XPS, and scanning electron microscopy coupled with
energy-dispersive X-ray spectroscopy (SEM-EDS) revealed that neither Na® nor organic
molecules remained in the structure after washing. This strongly suggested that the

nanoparticles were responsible for the charge balance of the negatively charged nanosheets.

After intercalation, an ordered lamellar structure was observed for Hec@Pd65@Hec (Figure
14A). The architecture mimicked the ideal structure of a metal (partially) covered by a thin
oxide layer. On the contrary, for Hec@Pd72@Hec, some agglomerated nanoparticles were
observed in the interlayer space (Figure 14B). The surface potential was too low to achieve
charge balance with only one layer of nanoparticles. A rational 00l series with a periodicity of
4.7 nm implied a high degree of crystalline order along the stacking direction of
Hec@Pd65@Hec. BET and CO chemisorption gave evidence for a mesoporous structure and
accessible Pd surface of Hec@Pd65@Hec. The metal dispersion was 24 %. The catalytic
activity was probed for CO oxidation. For comparison, the same nanoparticles used for
Hec@Pd@Hec were also deposited on y-Al,Os (Pdex@AIl203) as a standard catalyst support
and on the external surface of non-swollen NaHec (Pdex@Hec). The Pd loading of the

references was only 1 wt% to avoid agglomeration during the deposition process.
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nanoparticles between hectorite nanosheets. The inset shows that a mesopore was opposite a nanopatrticle. B)
Hec@Pd72@Hec showing some Pd agglomerates between the nanosheets. [Adapted under the terms of CC BY
4.0 license from referencel®3)]

The catalytic performance of Hec@Pd65@Hec was the highest with a Tso already at 145 °C.
The Tso values of Hec@Pd72@Hec and Pde.x@Hec were already higher, with 163 °C and
172 °C, respectively. The same nanoparticles on the standard support y-Al.O3; showed the
worst performance with a Tsoof 191 °C (Figure 15A).

XP spectra of Hec@Pd65@Hec revealed the Pd 3ds: signal at a binding energy (BE) of
335.8 eV (Figure 15B). This was considerably shifted from 335.0 eV reported for bulk Pd.[*68
Such a shift was interpreted in terms of a slightly electron-deficient Pd species, which is
reasonable as the Pd nanoparticles have to carry a positive charge to balance the negative
layer charge of Hec.!*®% In contrast, the BE values determined for Pdex@Al:O3, Pdex@Hec,
and Hec@Pd72@Hec were 335.2 eV, 335.3 eV, and 335.5 eV, respectively. The BE of
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Figure 15: A) Light-off curves of Hec@Pd65@Hec (black), Hec@Pd72@Hec (blue), Pdex@Hec (red), and
Pdex@Al203 (brown) for the oxidation of CO. Conditions: 50 mL min? (1 vol% CO, 1 vol% O2 balanced by N2),
1 mg Pd per catalysis. B) XP spectra of Pd 3d region of Hec@Pd65@Hec (red) and Pdex@Al20z3 (black). C) CO-
DRIFT spectra of the C-O stretching region at room temperature of Hec@Pd65@Hec (red) and Pdex@Al203
(black). [Adapted under the terms of CC BY 4.0 license from reference!®d]
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Hec@Pd72@Hec was less shifted than Hec@Pd65@Hec that might be attributed to the lower
¢ potential of the nanopatrticles applied in the intercalation process and due to the agglomerates
in the interlayer space. As the signal of Pdex@Hec was at 335.3 eV, the sandwich-confinement
between two nanosheets seems to be crucial for a maximized shift. Furthermore, a clear trend
between the BE shift and the Tso values was observed. The Tso decreased with a larger shift
of the Pd 3d BE to higher values.

According to diffuse reflectance infrared Fourier transform spectroscopy (CO-DRIFTS) of
chemisorbed CO to the Pd surface, a shift of the C-O stretching vibrations of Hec@Pd65@Hec
to higher wavenumbers as compared to Pdex@AIl203 was observed (Figure 15C). When less
electron density from Pd can be donated to the 21m* orbital of CO, the internal C-O bond is
strengthened, leading to a wavenumber shift to higher values. DFT calculations supported that
the adsorption energy of CO to a positive Pd surface was reduced as compared to the neutral
surface. On the contrary, the adsorption energy of O, was hardly effected by charge. Thus, the
higher catalytic activity was explained with two reasons. First, the slightly positive surface of
Pd led to weaker binding of CO to the Pd surface. When CO desorbs at lower temperatures to
allow O, to co-adsorb, the reaction can start already at lower temperatures. Second, DFT
calculations proved that charge reduces the activation barriers of the catalytic cycle.!'”] This
was in accordance with the finding that the activity increased with larger BE shifts observed
from XPS. The obvious reason for the positively charged surface of Pd was the necessity of
balancing the negative charge of the Hec nanosheets. However, as mentioned in Chapter
3.4.2, electronic interactions between layered oxides and metals were already observed for

model systems. Therefore, electron energy loss spectroscopy (EELS) was performed to
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Figure 16: EEL spectra at the Si L2 3 edge of Hec@Pd65@Hec (red) and pristine NaHec (black). [Reprinted under
the terms of CC BY 4.0 license from reference!®?]]
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investigate whether such an electronic interaction could also appear in the special architecture
of Hec@Pd65@Hec that was supposed to mimic the model systems. A shift of both Si K and
L.; edge (Figure 16) to lower energy losses compared to pristine NaHec was observed. This
implied a slightly reduced Si** species. These findings suggested that some electron density
was transferred from the sandwiched Pd nanoparticles to the oxidic nanosheets implying

electronic interactions between nanoparticles and nanosheets.

This publication proved that intercalation of noble metal nanoparticles between oxide
nanosheets exploiting a liquid crystalline nematic phase of NaHec is a suitable strategy to
synthesize a “bulk version” of previous model systems. The altered electronic surface structure
of Pd improved the catalytic activity for the oxidation of CO and demonstrated that tuning the
surface charge is a crucial parameter to enhance catalytic performance. The strategy is for

sure extendable to other catalytic reactions besides CO oxidation.
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4.3 Enhancing Hydrogen Storage Capacity of Pd Nanoparticles by

Sandwiching between Inorganic Nanosheets

The previous chapter demonstrated that Pd nanoparticles intercalated between Hec
nanosheets carry a positive surface charge due to charge balancing and electronic interactions
between the oxidic nanosheets and Pd nanoparticles. The enhanced catalytic activity was
attributed to the positive Pd surface.

Another application to take advantage of an electron-deficient Pd species is H» storage. The
maximum amount of H» that can be absorbed is related to the number of holes in the 4d band
(Chapter 3.5), so an electron-deficient Pd species, as suggested for Hec@Pd65@Hec, is
interesting for H, storage. This study was performed through collaboration with the group of

Prof Hiroshi Kitagawa at Kyoto University.

The previous chapter has shown a possible relationship between the applied pH during the
intercalation process and the shift of BE observed from the XP spectrum. This encouraged to
maximize the ¢ potential by lowering the pH to 6.0, corresponding to 34 mV. It should be noted
that further decreasing the pH caused destabilisation of the nanoparticles and rapid
agglomeration. Furthermore, a pH of 9.5 was applied, as used for the synthesis of
Hec@Pd65@Hec that granted an ordered structure. The nanoparticle synthesis was the same
as applied in Chapter 4.2. The obtained metal loading was 39.3 wt% (Hec@Pd39@Hec) and
64.5 wt% (Hec@Pd65@Hec) at pH 6.0 and pH 9.5, respectively. TEM investigation of
Hec@Pd65@Hec revealed a well-ordered structure (Figure 17A, B). In contrast, the higher
positive surface charge in the case of Hec@Pd39@Hec resulted in the intercalation of too low
amounts of Pd and led to sections of collapsed nanosheets with no Pd in between (Figure
17C). While Ar-physisorption and CO-chemisorption of Hec@Pd65@Hec showed an
accessible Pd surface (24 % metal dispersion), the collapsed areas of Hec@Pd39@Hec
caused a non-porous structure with a Pd surface below the detection limit due to nanoparticle

encapsulation. Even though the loading was largely increased compared to the standard
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Figure 17: TE cross-section micrographs of A) + B) Hec@Pd65@Hec at different magnifications showing a
well-ordered lamellar structure. C) Cross-section of Hec@Pd39@Hec with collapsed nanosheets without
nanoparticles in between. [Adapted under the terms of CC BY 4.0 license from referencel*7"]
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“cation exchange and reduction-route” (Chapter 3.3.1), that would only grant about 6 wt% Pd,
39.3 wt% were still insufficient for a porous network which emphasized that the proper
adjustment of the surface potential was mandatory. The XPS shift of the Pd 3d signal of
Hec@Pd39@Hec was larger than Hec@Pd65@Hec (336.0 eV vs 335.8 eV) as expected, but
the non-porous network already implied that it might be not useful for H, storage. Pressure-
composition (PC) isotherms were recorded at 303 K to study the H> uptake behaviour of Pd
nanoparticles sandwiched between the nanosheets of Hec (Figure 18A). Hec@Pd39@Hec
absorbed nearly no H; as the encapsulated nanoparticles were not accessible even for the
small H> molecule. Hec@Pd65@Hec absorbed H with increasing H> pressure to a maximum
of 0.65 H per Pd at 101 kPa. As a reference material, the identical nanoparticles used for the
intercalation were covered with PVP. This prevented the nanoparticles from agglomeration
during the drying process. However, PVP is regarded to grant H, access to the Pd surface and
to have little effect on the sorption behaviour of small Pd nanoparticles.*’* 172l The maximum
sorption capacity of the polymer covered nanoparticles was 0.35 H/Pd, so the intercalation
between the inorganic oxide layers increased the storage capacity by 86 %. Furthermore, the
plateau-like region was decreased by 35 % compared to Pd black, which means that the
miscibility gap between a-phase (a solid solution of Pd+H) and p-phase (formation of a hydride
Pd-H) narrowed, typically for nanoparticles.”® The XPS 3ds., signal of the PVP covered Pd
nanoparticles was found at 335.1 eV, 0.7 eV less shifted than Hec@Pd65@Hec (Figure 18B).
The nanoparticles sandwiched between the nanosheets carried an increased number of
positive charges, that increased the number of holes in the 4d band. This finally led to the
enhanced H. storage compared to PVP covered nanoparticles. Similar to the Pd nanocubes
covered with HKUST-1, the enhanced storage capacity was attributed to the positively charged

Pd nanoparticles.[*57"]
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Figure 18: A) PC isotherms measured at 303 K and B) XP spectra of Pd 3d region of Hec@Pd39@Hec (red),
Hec@Pd65@Hec (black), and PVP covered Pd nanoparticles (blue). [Adapted under the terms of CC BY 4.0
license from referencel?)
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However, the enhanced storage capacity of Hec@Pd65@Hec might have another reason
besides the increased number of holes in the 4d band. A spillover of H, from the nanoparticles
to the Hec might occur, which had to be excluded. The formation of the Pd hydride causes a
lattice expansion of Pd and, therefore, is a measure for the sorption of H. in the
nanoparticle.*>” In situ PXRD patterns were recorded under various H, pressures at the
synchrotron facility SPring-8 in Japan (Figure 19). The reflections corresponding to the fcc
lattice (e. g. at about 20° 2 ©) of Pd shifted to lower angles with increasing H> pressure while
reflections derived from the Hec bands (e.g. at 10° 2 ©) kept their position. When decreasing
the H» pressure again, the reflections returned to their initial position, which is a clear sign of
reversibility. The lattice parameter of each diffraction pattern was determined by Le Bail fitting.
The lattice expanded with increasing H: pressure and shrunk back to its original value when
the pressure was reduced. The lattice constant followed the PC isotherm course that strongly
suggested that the uptake of H, was not due to a spillover phenomenon but through absorption
in the Pd lattice. Even though Pd is not the most suitable material for H, storage due to its
weight and high costs, this publication demonstrated that Hec had a significant influence on
the sorption behaviour of Pd nanoparticles when sandwiched between Hec nanosheets. It is
another example of the positive influence on nanoparticle properties and states that possible

applications are not restricted to catalysis.
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Figure 19: A) In situ PXRD patterns of Hec@Pd65@Hec at various Hz pressures. B) Lattice constant derived
from Le Ball fitting at various H2 pressures. The colour of the diffraction pattern in A) corresponds to the same
coloured dot in B). [Adapted under the terms of CC BY 4.0 license from referencel’7%]
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4.4 Enhancing the Catalytic Activity of Palladium Nanopatrticles via Sandwich-

Like Confinement by Thin Titanate Nanosheets
This publication intends to answer whether the intercalation concept can be applied to other
2D layered material such as Hio7Ti17304 -H2O (L-titanate) and identify its influence on the
catalytic behaviour. L-titanate that has already been introduced in Chapter 3.1 was
synthesized in cooperation with Prof Takayoshi Sasaki at the National Institute for Materials
Research (NIMS) in Japan. Synthesis and delamination conditions can be found in Chapter

3.1.3 and Chapter 3.1.4, respectively.

While a stable dispersion in water and a positive ¢ potential were the necessary specifications
for the nanoparticles in the previous chapters, it turned out that in this case the nanoparticles
had to be stable at a pH = 10 and still carry a positive surface charge. The high pH was
mandatory as the nematic phase of L-titanate was only stable at the basic pH. The Pd
nanoparticles used for Hec@Pd@Hec fulfilled this additional criterion, which offered good
comparability between Hec and L-titanate as supporting materials. As TBA* was necessary for
the delamination process (Chapter 3.1.4), the question appeared whether the bulky organic
molecule would somehow influence the intercalation. The strategy was the same as in the
previous chapters, and the obtained catalyst was denoted as L-titanate @Pd@L-titanate. After
synthesis, the elemental analysis revealed that some TBA* (~ 20 % of the cec) remained in
the structure, but this could be removed by calcination in the air at 500 °C. During calcination,
Pd was oxidized to PdO but could be reduced back to Pd metal by H, treatment at 200 °C
according to PXRD (Figure 20A). The Pd loading after calcination und reduction was as high
as 49 wt%. Furthermore, reflections derived from L-titanate (hk bands, denoted with T in
Figure 20A) were still present, proving that the layered support survived the procedure. TEM

cross-sections revealed a lamellar structure comparable to Hec@Pd@Hec (Figure 20B). The
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Figure 20: Structural characterisation of L-titanate@Pd@L-titanate: A) PXRD after calcination at 500 °C for 5 h
(black) and reduction by Hz at 200 °C (red). No evident narrowing of the width of the reflections was observed. T
stands for reflections derived from L-titanate. B) TEM cross-section showing the lamellar structure after calcination
and reduction process. C) PXRD at low angles displaying a 00l series. [Adapted under the terms of CC BY 4.0
license from referencel4]
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Figure 21: Light-off curves of L-titanate@Pd@L-titanate (black), Pdex@P25 (green), and Pdex@Al203 (red).

Conditions: 1 mg of Pd per catalysis; 50 mL min-t (1 vol% CO, 1 vol% Oz, N2 balance). [ Adapted under the terms
of CC BY 4.0 license from referencell74]

special sandwich-architecture stabilized the nanopatrticles during the the pretreatment process
against ripening as the size of the nanoparticles was still (3.8 + 0.6) nm (Figure 20B).

PXRD at low angles revealed a periodicity of the 00l series of 4.6 nm, which is in good
agreement with the expected value of the nanosheet thickness of 0.75 nm and the core size
of the nanoparticles of 3.8 nm (Figure 20C). In contrast, when pristine L-titanate was treated
at 500 °C, it readily transformed into the thermodynamically stable anatase phase, a known
phenomenon from the literature.®* However, when single nanosheets are sufficiently
separated, the phase transition is unfavoured.'” This provided additional proof that the
nanoparticles kept the nanosheets apart from each other. Ar physisorption and CO
chemisorption revealed a mesoporous network with an accessible Pd surface and a metal
dispersion of 19 % after the calcination process.

The catalytic activity of L-titanate@Pd@L-titanate was probed for the oxidation of CO and
compared with identical nanoparticles deposited on the surface of Degussa P25 (a mixture of
anatase and rutile, Pdex@P25) and y-Al,O3 (Pdex@Al2O3). The Tsovalue of L-titanate@Pd@L-
titanate was already observed at 86 °C, significantly lower than the values of the reference
catalysts Pdex@P25 (148 °C) or Pdex@Al,O3 (183 °C) (Figure 21). To find a possible
explanation for the high catalytic activity, the catalyst was investigated for a possible positive
surface charge similar to Chapter 4.2. Indeed, both the Pd 3d region derived from XPS (Figure
22A) and the C-O stretching vibration derived from CO-DRIFTS implied a partial positive Pd
surface similar to Hec@Pd65@Hec. However, the catalytic performance was much higher,
especially below 100 °C as compared to Hec@Pd65@Hec. The highly increased activity
implied the existence of an additional promoting effect of L-titanate. In Chapter 3.4.1, it was

explained that CO oxidation could proceed via various mechanisms that might include lattice
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Figure 22: Evaluation of charge states of L-titanate@Pd@L-titanate and references. A) XP spectra of Pd 3d region
of L-titanate@Pd@L-titanate (black), Pdex@P25 (red), and Pdex@Al203 (green). The position of the ds2 signal at
335.0 eV of bulk Pd is marked. B) XP spectra of the Ti 2p region of L-titanate@Pd@L-titanate (black), pristine H*-
L-titanate (red), and Pdex@P25 (green). The position of Ti** at 458.5 eV is marked. The dashed lines represent
the deconvoluted spectra, and the coloured lines are the overall fitted spectra. A reduced Ti species is only present
in L-titanate@Pd@L-titanate. C) EEL spectra at Ti L2,3 edge of L-titanate@Pd@L-titanate (black) and pristine H*-
L-titanate (red). Dashed lines mark the positions of the peaks. [Adapted under the terms of CC BY 4.0 license
from referencel?74)]

oxygen participation from the support. As anatasel'?> 126l js capable of lattice oxygen donation,

the question was whether a single nanosheet of L-titanate would be able to do the same.

Kinetic measurements revealed that the reaction orders of L-titanate@Pd@L-titanate were
+ 0.13 for CO and + 0.29 for O,. The reaction orders of Pdex@Al>O3 were - 0.67 for CO and
+ 0.91 for O,. In the case of Pdex@AlO3, the increase of CO partial pressure exacerbates the
CO poisoning, while an increase in O, partial pressure helps O to displace CO from the Pd
surface. A high negative reaction order with respect to the CO partial pressure and a high
positive reaction order for O, are typical for a Langmuir-Hinshelwood mechanism expected for
Pd on y-Al,03.1*% This mechanism was also identified for Hec@Pd@Hec (unpublished result).
In contrast, the low positive order for O, of L-titanate@Pd@L-titanate indicated that the
reaction rate was rather independent of the O, partial pressure and suggested that the required
oxygen was donated from the support lattice. The positive reaction order for CO also
suggested that the catalyst did not suffer from CO poisoning at low temperatures. These were
all signs for a Mars-van Krevelen type mechanism and explained the catalytic activity below
100 °C. In this case, it is not required that gas-phase O has to displace CO from the surface
and proved that single nanosheets of L-titanate were also capable of lattice oxygen donation
as it is reported for TiO».

The much higher catalytic activity compared to Pdex@P25 that also followed the Mars-van
Krevelen mechanism was attributed to the special sandwich architecture of
L-titanate@Pd@L-titanate. XPS (Figure 22A) and DRIFTS revealed a more positively charged
surface compared to Pdex@P25. Furthermore, model catalysts proved that a large
metal/support interface is mandatory for a high catalytic activity for oxygen donating

42



Synopsis

supports.32 For this reason, it was claimed that contact with the support from two directions
due to the sandwich-like confinement played a crucial role in the high catalytic activity of
L-titanate@Pd@L-titanate and made oxygen donation especially efficient.

As observed for Hec@Pd65@Hec, electronic interactions between support and Pd appeared
as deconvolution of the Ti 2p region (XPS, Figure 22B) revealed an additional reduced species
at lower BE. The EEL spectrum at the Ti L, 3 edge (Figure 22C) of L-titanate@Pd@L-titanate
revealed features (shift, the ratio of L to Ls, crystal field splitting) that also indicated a reduced
Ti species. This was further corroborated as the O K edge showed a reduced crystal field
splitting compared to pristine H*-L-titanate, which occurs when reduced Ti* species (x < +4)

are involved.

This publication demonstrated that the intercalation strategy of exploiting a nematic phase of
a 2D layered material is not restricted to NaHec, but worked for L-titanate. This leads to the
assumption that the strategy will work for other delaminated materials, such as layered
antimony phosphates.® The special catalyst architecture offered both electronic interaction
between support and metal and improved oxygen donation that made this catalyst highly active

at low temperatures.
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Abstract. Maghemite (y-Fe,O5) is a metastable iron oxide phase and
usually undergoes fast phase transition to hematite at elevated tempera-
tures (>350 °C). Maghemite nanoparticles were synthesized by the
polyol method and then intercalated into a highly swollen (>100 nm
separation) nematic phase of hectorite. A composite of maghemite
nanoparticles sandwiched between nanosheets of synthetic hectorite
was obtained. The confinement of the nanoparticles hampered Ostwald

ripening up to 700 °C and consequently the phase transition to hema-
tite is suppressed. Only above 700 °C y-Fe,O; nanoparticles started to
grow and undergo phase transition to a-F,0;. The structure and the
phase transition of the composite was evaluated using X-ray diffrac-
tion, TEM, SEM, physisorption, TGA/DSC, and MoBbauer spec-
troscopy.

Introduction

Due to high abundancy and low toxicity iron oxides are ap-
plied as pigments in cosmetics, as advanced (photo-)oxidation
catalyst in waste water treatment and for diagnostics, drug de-
livery, sensoring or magneto optical devices.!'! Iron(IIl) oxide
crystallizes in four well known polymorphs (c, B, v, and &-
phase). More recently, a new fifth polymorph, {-phase, was
discovered under high pressure conditions.? All of them exhi-
bit significantly different structural, physical and chemical
properties and might be of use for different biomedical, cata-
lytic or magnetic applications."®! Parameters that affect the
phase transitions were extensively studied.*! Spinel type v-
Fe,03 (Fd3m) is thermodynamically metastable at room tem-
perature and bulk maghemite undergoes a rapid phase transi-
tion to corundum type o-Fe,O; (R3¢ ) at temperatures around
350 °C. &-Fe,04 (Pna2,) and B-Fe,0, (a3) are only observed
as nanoparticles.!!
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Moreover, calorimetric and computational data suggest that
the relative thermodynamic stability of the different iron oxide
phases may also change on the nanoscale.!® For instance, for
nanoparticulate y-Fe,O5 the phase transition to hematite has
been shown to be suppressed until a certain threshold size is
reached that is normally above 10-20 nm.l”} A common way
to shift the phase transition to higher temperature is coating or
embedding of the particles into a matrix.!® For instance, when
nanoparticulate y-Fe,Oj; is coated by an amorphous silica shell,
particle growth is prevented and the phase transition is retarded
up to 1000 °C.1" A silica xerogel loaded with low amounts of
v-Fe,O5 nanoparticles (molar ratio Fe/Si of 0.013) retards the
phase transition up to 900 °C. When the molar ratio is in-
creased to 0.2, a-Fe,0s5 is already observed at 500 °C.I'0!

Synthetic fluorohectorite (NaHec, [Nag s]™"[Mg, sLig 5]
[Sig]*'OoF5) is a 2D layered silicate with permanent nega-
tively charged nanosheets balanced by Na* cations in the inter-
layer space. NaHec can be gently delaminated into individual
silicate layers by thermodynamically allowed, repulsive os-
motic swelling.!''! This most gentle way of delamination pre-
serves the diameter of pristine NaHec platelets and yields
nanosheets with a thickness of 1 nm and lateral dimensions
of 20 um.!"?! Consequently, even in very dilute suspensions
(<1 wt%) the separation is insufficient to allow for free rota-
tion of the nanosheets and instead of isotropic suspensions
rather a nematic liquid crystalline phase is obtained.'3! The
strong electrostatic repulsion of the negatively charged nano-
sheets forces the nanosheets to adopt a cofacial arrangement
even with nanosheet separations exceeding 100 nm.!'#! This
nematic phase allows for “intercalation™ of nanoparticles car-
rying a positive surface potential between the nanosheets. By
sandwiching nanoparticles in the confined space between two
negatively charged nanosheets Ostwald ripening can by re-
tarded and phase transition from y-Fe,O;5 to a-Fe,O5 can be
suppressed up to 700 °C.
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Results and Discussion

Composite Synthesis, Characterization, and Location of the
Nanoparticles

For intercalation of nanoparticulate y-Fe,O5 a positive sur-
face charge is required. We applied a polyol method that al-
lows for modification of the surface with phospocholine post
synthesis yielding a positive surface charge.!'>! Briefly, a mix-
ture of FeCl,*4H,0 and FeCl;6H,0 was dissolved in diethyl-
ene glycol and ramped by 2 Kemin™" to 220 °C. After refluxing
for two hours the dispersion was allowed to cool to 90 °C and
[calcium (phospocholine)] chloride tetrahydrate was added
(1 mmol in 20 g diethylene glycol). After precipitation with
acetone and decantation of diethylene glycol, the nanoparticles
were redispersed in water.

According to transmission electron micrographs (TEM), the
as prepared nanoparticles exhibited a size of 5.5 % 1.1 nm (100
particles, Figure 1A and B). According to dynamic light scat-
tering (DLS) the hydrodynamic diameter was determined to be
6.9 = 1.3 nm (Figure 1C). This value is higher than the core
size determined by TEM as the hydrodynamic diameter probed
by DLS also includes the capping ligand and the solvation
shell. At a pH of 7 the particles had a positive surface charge
with a C-potential of +42 mV. The aqueous dispersion was
stable for several weeks when stored at room temperature. The
amount of phospocholine capping ligand was determined to be
5.5 wt% according to thermogravimetric analysis (TGA, Fig-
ure 1D).
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Figure 1. Analysis of nanoparticulate y-Fe,05 before intercalation. (A)
TEM image of y-Fe,O; nanoparticles after synthesis. Inset: High mag-
nification image. (B) Histogram of the core sizes of 100 particles.
(C) Hydrodynamic diameter according to DLS measurement. (D) TGA
measurement under flowing air.

NaHec powder was swollen in water to a nematic phase with
a solid content of 1 wt%. This corresponded to a nanosheet
separation of about 100 nm — much larger than the nanoparticle

size of 5.5 nm. The aqueous NaHec dispersion was added
rapidly to the aqueous nanoparticle dispersion under mechani-
cal stirring with a weight ratio of y-Fe,O3 and NaHec of 5:1.
Upon addition hetero coagulation was triggered and after about
one minute, visible flocculation occurred. The brown to orange
flocculate was separated by a magnet from the still slightly
brownish supernatant.

The loading level of y-Fe,O; was determined by inductively
coupled plasma atomic absorption spectroscopy (ICP-AAS). The
ratio of Fe to Si was determined to be 2.1:1. This corresponded to
a nominal formula of (Fe;03)4,(Mg; 5Lig 5S140,0F>) or a weight
fraction of 64 wt% y-Fe,O5 (Table S1, Supporting Information).

The X-ray diflractogram (XRD) comprised two sets of re-
flections: In the low angle range a 00/ (/ = 1-3) series was
observed corresponding to the one-dimensionally (1D) ordered
intercalation compound (Figure 2A). The basal reflection (001)
at 1.30° 28 (6.9 nm) corresponds to the sum of silicate layer
thickness (1 nm) and nanoparticle diameter (5.5 nm). The
scanning electron microscopy (SEM) of the composite showed
that upon flocculation with the nanoparticles the nanosheets
restacked (Figure 2B).

1 }oo1| QO
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0.96 nm

rel. Intensity / a. u.

F~—r—r————rr—r—r—
234567382910
26Cu/*

Figure 2. Structural analysis of the y-Fe,Os/NaHec composite. (A)
Red: XRD of textured sample of y-Fe,Os/NaHec. Black: 00/ of pris-
tine NaHec for comparison. (B) SEM image of the restacked tactoid.
(C) TEM image of top view of the composite. The inset shows the
magnification of the white square of highly loaded nanosheets. (D)
Cross sectional TEM image with view between the nanosheets.

TEM of the composite drop casted on a copper grid showed
highly loaded platelets (Figure 2C). From these images it was
not possible to identify the z-location of the particles nor could
be distinguished between surface supported or intercalated. To
overcome this problem, the composite was embedded in a resin
and sliced applying an ultramicrotome. TEM images of this
cross sections granted a look between the nanosheets. Well
separated nanosheets with nanoparticles in between were ob-
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served (Figure 2D). Due to the particle size distribution of y-
Fe,05 the nanosheets could not restack perfectly parallel. The
average periodicity as measured at 30 different sample spots
gave a distance of 7.1 = 1.2 nm, which is in decent agreement
with the basal spacing observed in XRD. The varying distance
of the nanosheets also is responsible for the broad reflections
and the limited rationality of the 00/ series observed from the
XRD (Figure 2A).

The second set of peaks in the XRD correspond to the in-
tercalated nanoparticles and could be indexed with a cubic unit
cell (space group Fd3m) of a spinel type iron oxide phase (Fig-
ure 3A). No reflections of hematite or another crystalline iron
oxide phase were observed. The reflections marked with
circles are the 02/11 and the 06 bands of NaHec derived from
the 2D crystal structure of the nanosheets in ab direction while
the relative position along the ¢ direction is random due to
stacking faults.
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Figure 3. Evaluation of the phase of the y-Fe,0O; nanoparticles in the
composite. (A) Wide angle PXRD using Ag-K, (4 = 0.5504075 A)
radiation. (B) Room temperature MdBbauver spectrum showing only
one quadrupole doublet. (C) 4.2 K M&Bbaver spectrum with two sex-
tets for Fe’* in tetrahedral sites (red) and octahedral sites (blue).

Since for the synthesis in air a mixture of Fe?* and Fe’*
salts was applied to obtain a nanoscopic ferromagnetic phase,

ARTICLE

MoBbauer spectroscopy had to be employed to distinguish be-
tween the two spinel phases maghemite y-Fe,05 and magnetite
Fez0,4. The RT spectrum showed only one quadrupole doublet
due to fast superparamagnetic relaxation processes that is char-
acteristic for small sized iron oxide nanoparticles (Figure 3B).
The spectrum recorded at 4.2 K showed two sextets with
nearly identical hyperfine fields and nearly no quadrupole in-
teraction (Figure 3C). The isomeric shifts of 0.053 mmes~! and
0.33 mm-s~! corresponded to the tetrahedral and octahedral
sites of Fe®*, respectively. Fe?* that would indicate a magnetite
phase could not be chserved. Apparently, Fe®* is readily oxid-
ized to Fe** when exposed to air during synthesis. Tt should
be noted that the direct synthesis of y-Fe,O5 using single va-
lent FeCly always yielded microcrystalline hematite.

In the TEM micrograph, the y-Fe,O3 nanoparticles appeared
to be densely packed (Figure 2C and D). This, however, is an
artefact caused by the superposition/projection of particles in
the sample slice that is about 50 nm thick. The Ar-physisorp-
tion isotherm showed a type IV(a) behavior that corresponds
to a mesoporous network (Figure S2A, Supporting Infor-
mation). The shape of the hysteresis can be attributed to the
H2(b) type. This type of hysteresis in the desorption branch
normally is caused by a broad distribution of pore necks[!¢]
This is not surprising given the broad particles size distribution
of y-Fe,Os acting as pillars. The surface area determined by
BET method was 237 m®g™" and the average pore size is
5.5 nm (Figure S2B). Clearly, the nanoparticles are not packed
densely but rather a mesoporous material with open space be-
tween nanoparticles within a given interlayer space was ob-
tained. This renders the composite also interesting for photo-
catalytic applications as short y-Fe,O; nanoparticles are sta-
biled on a substrate assuring short diffusion lengths of charge
carriers.

Phase Transition

Deposition of nanoparticles on conventional (porous) sup-
ports as Al,Os or Si0, normally allows only a very small load-
ing. A higher loading triggers aggregation, blocking of pores
of the support or fast Ostwald ripening. With the synthesis
protocol presented here, the particle density was very high.
One might consequently assume rather fast growth of the
nanoparticles. The nanoparticles in the y-Fe,Os/NaHec are,
however, not conventionally supported on a single external
surface, but were sandwiched between two negatively charged
nanosheets.

To study the influence of confinement combined TGA and
dynamic scanning calorimetry (DSC) in air was performed
(Figure 4). An endothermic weight loss at the beginning can
be attributed to desorption of interlayer water (ca. 5 wt%). The
second weight loss of about 3.5 wt% can be attributed to the
exothermic combustion of the phosphocheline capping ligand.
Finally, a very broad exothermic event commenced at 800 °C
without accompanying weight loss. This peak is related to the
phase transition of y-Fe,Oj to the thermodynamically more
stable 0-Fe,O5 phase.!*] The very broad peak suggests a rather
sluggish transition.
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Figure 4. Thermal characterization of y-Fe,O3/NaHec. TGA and DSC
curves from 30 °C to 950 °C with a heating ramp of 10 K'min~' and
flowing air as atmosphere.

To rule out kinetic contributions to this high onset tempera-
ture of the phase transition, the composite was annealed at
700 °C for 20 h in air. No changes were observed in the PXRD
pattern (Figure SA), nor in the RT and 4.2 K MéBbauer spectra
(Figure 5B and C). TEM analysis revealed that the nanopar-
ticles retained their size within experimental error upon anneal-
ing (5.7 = 1.2 nm, Figure 5F). Furthermore, the nanoparticles
were still not faceted but spherical. The Ar-physisorption iso-
therm showed no significant changes upon annealing at 700 °C
for 20 h (Figures S2C and S2D, Supporting Information, BET
surface of 214 m*g~' and an average pore size of 5.8 nm).
All parameters thus indicated that the confinement between
hectorite nanosheets retarded the growth of the particles.
Moreover, as long as a certain threshold size is not exceeded,
the phase transition to hematite was completely suppressed. It
is noteworthy that Ostwald ripening and phase transition was
retarded even at such high loadings and only by a sub nanome-
ter thick “coating” layer. In contrast, when y-Fe,O; was coated
by amorphous SiO, suppression of the phase transition re-
quired much thicker coatings."”! Since y-Fe,O; that is precipi-
tated on the external surface of the natural layered silicate
montmorillonite!'” is only thermally stable up to 530 °C, the
stabilization by the electrostatic attraction with only one nega-
tively charged surface is insufficient. Apparently, the sand-
wich-like fixation from two directions is the crucial factor.

Please note that we apply a fluorohectorite that is far more
stable than ordinary layered silicates containing hydroxyl
groups. XRD, TEM, and TGA/DSC all gave no indication for
the formation of a new solid phase.

Pushing it to the limit of thermal stability of NaHec for
which decomposition starts at around 800 °C as evidenced by
the decrease of intensity of the 02/11 band (Figure 5A), the
phase transition can finally be triggered: When the composite
is heated to 800 °C for 20 h, the PXRD exhibited a mixture of
reflections of y-Fe,O3 and o-Fe,Os. It was observed that the
reflections of u-Fe,O3; were much sharper. This suggests that
only the bigger particles that reached a certain size undergo
phase transition. TEM images suggested (Figure 5G) that at
this temperature intercalated y-Fe,O; nanoparticles gained
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Figure 5. Evaluation of the phase and size of the y-Fe,O3 nanopar-
ticles in the composite after heat treatment. (A) Wide angle PXRD
using Ag-K,, (4 =0.5594075 A) radiation. (B) + (C) Room temperature
and 4.2 K MoBbauer spectra after treatment at 700 °C. (D) + (E) Room
temperature and 4.2 K Mdfbauer spectra after treatment at 800 °C. (F)
+ (G) TEM images after treatment at 700 and 800 °C.

enough mobility to be able to grow by coalescence to bigger
nanoparticles (9.2 = 2.3 nm). Furthermore, nanoparticles of ir-
regular shape and dimensions of >20 nm were observed.
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The 4.2 K MoBbauer (Figure SE) spectrum showed not only
the two sextets for the tetrahedral and octahedral sites of magh-
emite (hyperfine fields of 51.3 and 52.5 T, respectively), but
an additional sextet (53.7 T) with a shift of 0.32 mmes~' which
can be ascribed to well crystalline hematite particles capable
of undergoing the Morin transition. According to area under
the spectra the composition is 40 % hematite and 60 % magh-
emite. The RT spectrum (Figure 5D) exhibited a sextet origi-
nating from the hematite particles with an area of 41 %. The
other very broad sextet belonged to maghemite particles with
slower relaxation times as compared to the samples treated at
700 °C, which means that the particles were bigger in size.
This is in accord with the bigger nanoparticles observed in the
TEM image. The Ar-physisorption isotherm measured for the
composite annealed at 800 °C was of type II, which corre-
sponds to a nonporous or macroporous network and the BET
surface was drastically reduced to 35 m*g~' (Figure S2E, Sup-
porting Information). This also was in line with a collapse of
the porous structure upon annealing at 800 °C.

To stress the crucial role of the confinement by the hectorite
nanosheets, dried unsupported nanoparticles were annealed as
control (Figure S3, Supporting Information). Up to 400 °C the
nanoparticles retained their size and phase as no changes in
the PXRD were observed. After treatment at 450 °C micro-
crystalline hematite is the only phase observed. This indicated
that also in agreement with results published by Belin et al.l"!
unsupported nanoparticles started ripening already above
400 °C accompanied by the phase transition. In contrast, the
same nanoparticles confined between the hectorite nanosheets
retained their size and phase at least up to 700 °C.

Conclusions

To hamper phase transition of nanoparticulate y-Fe,O; to u-
Fe,O; at higher temperature the size of the nanoparticles re-
quires to be kept small.'* The essential suppression of Ostwald
ripening can be achieved by sandwiching y-Fe,O; nanopar-
ticles between hectorite nanosheets. This can simply be
achieved by “intercalation” of nanoparticles carrying a positive
surface charge into highly swollen (=100 nm gallery height)
nematic hectorite suspension. The electrostatic interaction with
the negatively charged nanosheets retards Ostwald ripening of
the nanoparticles up to 700 °C even at very high loadings
(=60 wt%). As the nanoparticles retain their size, they conse-
quently do not undergo phase transition to a-Fe,0s.

In general, wrapping with charged nanosheets of hectorite
appears to represent an efficient tool to disperse and stabilize
small nanoparticles. As the composite structures obtained are
mesoporous, they should be interesting heterogeneous catalyst
systems not only for Fe,O;, but for any kind of nanopar-
ticles.!'®! Since the accessible surface is preserved even to high
temperatures, in particular catalytic reactions at high tempera-
ture! ! will be tested next.

Experimental Section

Materials: FeCl,*4H,0 (98 %), FeCly+6H,0 ( = 99 %), NaOH (pellets,
= 98%) and diethylene glycol (99 %) were purchased from Sigma

ARTICLE

Aldrich. Phospchocholine chloride calcium salt tetrahydrate (98 %)
was purchased from abcr GmbH. The water used was of MilliQ quality
(18.2 MQ). NaHec was synthesized via melt synthesis.!'?!

Synthesis of y-Fe,03 Nanoparticles: Nanoparticles were obtained by
a slightly modified published procedure.!'! FeCly*4H,O (398 mg,
1.00 mmol) and FeCly*6H,O (1,05 g, 2.00 mmol) were dissolved in
40.0 g diethylene glycol (DEG). NaOH (640 mg, 16.0 mmol) in 80.0 g
DEG was added and the solution was degassed under a flow of argon
for 3 h. The solution was heated to 220 °C with a ramp of 2 K-min™'
and kept at this temperature for 2 h. The dispersion was allowed to
cool to 90 °C and phospchocholine chloride calcium salt tetrahydrate
(330 mg, 1.00 mmol) in 20.0 g DEG was rapidly added under vigorous
stirring. The temperature was kept for 1 h and then cooled to room
temperature. The particles were precipitated in 600 mL of acctone,
washed two times with 400 mL of acetone and then redispersed in
water. The dispersion was dialyzed in 4 L of water for 48 h with water
being exchanged after 6 and 24 h.

Synthesis of y-Fe,03/NaHec: NaHec was delaminated as | wt% dis-
persion in water. For the intercalation the pH of both NaHec and nano-
particle dispersions was adjusted to pH 7. NaHec was rapidly added
to excess of particle dispersion under mechanical stirring. The floccul-
ate was recovered by a magnet, washed 3 times and then dried at
80 °C. To remove organics adsorbed to the surface, the powder was
calcined under a flow of clean air at 500 °C for 5 h.

Characterization: Hydrodynamic diameter and (-potential were re-
corded on a Litesizer 500 (Anton-Paar). Thermogravimetric analysis
(TGA) and differential scanning calorimetry (DSC) were acquired with
a Netzsch STA 449 F3 Jupiter with a heating ramp of 10 K*min™" in
flowing air. Textured X-ray diffraction patterns (XRD) at low angles
were acquired on a Bragg-Brentano type diffractometer (Empyrean,
PANalytical) with nickel filter and Cu-K,, radiation (4 = 1.54187 A).
The higher angle XRD patterns were recorded applying a STOE
STADI-P equipped with four MYTHEN2 R 1 K detectors and Ag-K,,
(/.= 0.5594075 A). The samples were filled into 0.5 mm glass capillar-
ies for this purpose. To determine the elemental composition to about
20 mg of the sample was added a mixture of 1.5 mL 30 wt% HCl
(Merck), 0.5 mL of 85 wt% H;PO, (Merck), 0.5 mL. 65 wt% HNO;
(Merck) and 1 mL of 48 wt% HBE, (Merck). The sample was digested
in a MLS 1200 Mega microwave digestion apparatus for 6.5 min and
heated at 600W (MLS GmbH). The sample was allowed to cool to
room temperature and the clear solution was diluted to 100 mL and
analyzed with a Varian AA100. Scanning electron microscopy (SEM)
was performed on a Zeiss Ultra plus with an accelerating voltage of
3 kV. Transmission electron microscopy (TEM) images were acquired
using a JEOL JEM-2200FS (200 kV). For cross sectional TEM the
powder was embedded and was cut with a Leica Ultramicrotom
UC7+FC7. Physisorption isothermes were recorded on a Quantach-
rome Autosorb-1 with argon as adsorbate at 87 K. The isotherms were
evaluated using the Brunauer-Emmet-Teller (BET) method and the
pore size distribution was calculated with the NLDFT method. The
MoBbauer measurements were performed in transmission geometry
with a spectrometer operating with a sinusoidal velocity waveform.
The source was about 25 mCi of *’Co in rhodium. The gamma rays
were detected with a proportional counter filled with a krypton/CO,
mixture. Measurements at liquid helium temperature were performed
in a liquid helium bath cryostat, in which both the source and the
absorber were cooled to 4.2 K.

Supporting Information (see footnote on the first page of this article):
Results of ICP-AAS, Ar-physisorption and control study of unsup-
ported nanoparticles.
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High temperature stable maghemite nanoparticles
sandwiched between hectorite nanosheets

Kevin Ament, Daniel R. Wagner, Frederieke Meij, Friedrich E. Wagner and Josef Breu*

Abstract: Maghemite (y-Fe,O3) is a metastable iron oxide phase and usually undergoes fast phase transformation to hematite
at elevated temperatures (>350 °C). Maghemite nanoparticles were synthesized by the polyol method and then intercalated into
a highly swollen (>100 nm separation) nematic phase of hectorite. A composite of maghemite nanoparticles sandwiched
between nanosheets of synthetic hectorite was obtained. The confinement of the nanoparticles hampered Ostwaldt ripening up
to 700 °C and consequently the phase transition to hematite is suppressed. Only above 700 °C y-Fe,O3 nanoparticles started to
grow and then transformed to o-F,0;. The structure and the phase transformation of the composite was evaluated using X-ray
diffraction, TEM, SEM, physisorption, TGA/DSC and MoRbauer spectroscopy.

Table of Contents

1) Results of ICP-AAS
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3) Control study of unsupported y—Fe,O3 nanoparticles
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1) Results of ICP-AAS

Table S1. Elemental composition according to ICP-AAS.

Element® Weight fraction of the element [%]
Na !

Mg 5.7

Fe 44.8

Interlayer Na* is completely replaced by “ion-exchange with the colloidal cations.”

Assuming an ideal composition of Fe;O3 the weight fraction can be calculated to be 64 wt%. Then the nominal formula was
calculated to be (Fe203)s.2(Mga2sLiosSisO1oF2). From this formula the weight fraction of Mg would be 5.9 wt% which is in decent
agreement with the value found by ICP-AAS. Si was not detected directly via ICP-AAS. The amount of Si was rather calculated
assuming the atomic ratio of Mg to Si of 2.5:4 as required by the Hec-composition.
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2) Ar-physisorption isotherms
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Figure S2. A) Ar-isotherm of y-Fe203/NaHec and B) corresponding pore size distribution before heat treatment. C) Ar-isotherm and D)
corresponding pore size distribution after treatment at 700 °C. E) Ar isotherme after treatment at 800 °C.
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3) Control study of unsupported y—Fe>O3; nanoparticles
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Figure $3. PXRD of unsupported y-Fe,O3 nanoparticles treated at 300, 400 and 450 °C in air for 20 h.
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6.2 Nanoparticles Supported on Sub-Nanometer Oxide Films: Scaling Model
Systems to Bulk Materials
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most of the characterisation. | performed the catalytic experiments with input on the evaluation
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6.2.1 Nanoparticles Supported on Sub-Nanometer Oxide Films: Scaling Model
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Nanoparticles Supported on Sub-Nanometer Oxide Films: Scaling

Model Systems to Bulk Materials
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Christopher J. Heard, Annette Trunschke, Thomas Lunkenbein, Marc Armbriister, and

Josef Breu*

Abstract: Ultrathin layers of oxides deposited on atomically
flai metal surfaces have been shown to significantly influence
the elecironic structure of the underlying metal, which in turn
alters the catalytic performance. Upscaling of the specifically
desigited architectures as vequired for technical utilization of
the effect has yer not been achieved. Here, we apply liquid
crystalline phases of fluorohectorite nanosheets to fabricate
such architectures in bulk. Synthetic sodium fluorohectorite,
a layered silicate, when immersed into water spontaneoiisly and
repulsively swells to prodiice nematic suspensions of individual
negatively charged nanosheets separated to more than 60 nm,
while refaining parallel orientation. Info these galleries oppo-
sitely charged palladinm  nanoparticles were intercalared
whereupon the galleries collapse. Individual and separated
Pd nanoparticles were thus captured and sandwiched between
nanosheels. As suggested by the model systems, the resulting
catalyst performed better in the oxidation of carbon monoxide
than the same Pd nanoparticles supported on external surfaces
of hectorite or on a conventional AlLQ; support. XPS
confirmed a shift of Pd 3d electrons to higher energies upon
coverage of Pd nanoparticles with nanosheets to which we
attribuie the improved catafytic performance. DFT cafcula-
tions showed increasing positive charge on Pd weakened CO
adsorption and this way damped CO poisoning.

Introduction

Many nanoparticulate catalysts are prepared by wet
impregnation on an oxidic support. The oxidic surface is often
regarded as an “inert” support assuring stabilization and
dispersion while hampering Ostwald ripening." Recent results
show, however, that the right choice of support can have
significant influence on the selectivity and activity of catalysts.”’
In particular, the so called electronic-metal-support interaction

(EMSI) was shown to alter the catalytic performance of
catalysts by electronic interaction between support and metal
In the past years, model systems were applied, which are based
on ultrathin oxidic films deposited on atomically flat metal
surfaces, to study EMSLP A modification of the work
function of the metal was observed when thin oxide films were
deposited on flat metal surfacest) This phenomenon can be
attributed either to charge transfer between metal and support,
electrostatic, or compression effects.”™™*! For model catalysts
composed of Pt or Tr'¥ clusters deposited on CeQ, films,
a charge transler [rom the noble metal to the oxide was
observed resulting in a positively charged metal cluster.

Such model catalysts helped to greatly deepen our
understanding of the performance of real catalysts under
working conditions. While model lilms can be [abricated with
utmost control (Scheme 1) synthesis protocols for sub-
nanometer oxidic supports as required for bulk-scale materi-
als are lacking.

Negatively charged layered materials such as clays have
been explored as supports [or nanoparticles and their
catalytic performance has been tested to some extent.!
Taking advantage of the cation exchange capacity, desired
cations have been introduced on and/or between the silicate
layers followed by reduction (e.g. Pd, Cu, Ru)"'! or precip-
itation (c.g. CdS)™ to obtain the final nanoparticulate
catalysts. Typical cation exchange capacitics for natural clays
of <100 mmol/100 ¢! limit the loading (e.g. ~6 wt% Pd)
that can be obtained via the cation exchange route corre-
sponding 1o as little as one particle per 1500 nm* (assuming
3.5nm sized particles). As natural clays typically come in
lateral sizes smaller than 200 nm, the very few nanoparticles
produced this way preferentially end up at external surfaces
as suggested by Dékdny et al.®! and as indicated by insignif-
icant shilts of the basal spacing.

[¥] M.Sc. K. Ament, Prof. Dr. |. Breu
Bavarian Polymer Institute and Department of Chemistry, University
of Bayreuth
UniversitatsstralSe 30, 95447 Bayreuth {Cermany)
E-mail: josef.breu@uni-bayreuth.de
M.Se. N. Kéwitsch, Prof. Dr. M. Armbriister
Faculty of Natural Sciences, Institute of Chemistry, Materials for
Innovative Energy Concepts, Chemnitz University of Technology
Strafe der Nationen 62, 09111 Chemnitz (Germany)
M.Sc. B. Hou, Dr. C. |. Heard
Department of Physical and Macromolecular Chemistry, Charles
University
Hlavova 8, 128 00 Prague 2 (Czech Republic)

Wiley Online Library

© 2020 The Authors, Angewandte Chemie International Edition published by Wiley-VCH GmbH

Dr. T. Gétsch, Dipl. Ing. |. Kréhnert, Dr. A. Trunschke,

Dr. T. Lunkenbein

Department of Inorganic Chemistry, Fritz-Haber-Institut der Max-
Planck-Gesellschaft

Faradayweg 4-6, 14195 Berlin (Germany)

@ Supporting information and the ORCID identification number(s) for
the author(s) of this article can be found under:
https://doi.org/10.1002/anie.202015138.

[f © 2020 The Authors. Angewandte Chemie International Edition
published by Wiley-VCH GmbH. This is an open access article under
the terms of the Creative Commons Attribution License, which
permits use, distribution and reproduction in any medium, provided
the original work is properly cited.

Angew. Chem. Int. Ed. 2021, 60, 58905897

67



Results

GDCh

model catalyst

upscaling

. n1c"51| -

hectorite
bulk catalyst

Scheme 1. Upscaling of a model architecture consisting of a single
thin oxide layer (<1 nm) on bulk metal to a mesostructured catalyst
with large accessible active area by exploiting the layered silicate
hectorite as thin separator.

To achieve a higher loading of nanoparticulate catalysts,
preformed particles comprising hundreds of atoms need to be
intercalated. Given interlayer heights of less than 1 nm, this is,
however, unlikely for kinetic reasons.

More recently, the synthetic clay sodium fluorohectorite,
(NaHec, [Na,s]™"[Mg, sLiys]*'[Siy]*'O,yF,) which belongs to
a handful of layered compounds that show the long-known!"*!
but rare phenomenon of osmotic swelling, became avail-
able"™ Osmotic swelling is a thermodynamically allowed
process!'! and therefore produces liquid crystalline phases
with a uniform separation of adjacent silicate layers. For
NaHec nanosheets with 0.96 nm thickness and a median
diameter of 20 um " rotation of the nanosheets, even in very
dilute suspensions (< 1 vol %), is hindered and nematic liquid
crystalline phases are formed instead of isotropic suspen-
sions."! As has been reported for titanate nanosheets!"!
dilute aqueous dispersions of negatively charged NaHec
nanosheets adopt a cofacial arrangement due to strong
clectrostatic repulsion. In this nematic state, adjacent Hec
nanosheets are not only held in a coherent cofacial geometry,
but are separated to long, well defined distances determined
by the clay content, typically exceeding 50 nm. Loading these
nematic phases with nanoparticles was previously proven by
the intercalation of maghemite nanoparticles between the
nanosheets.”"!

As we will show here, this nematic nanosheet phase offers
a scalable route to produce nanoparticulate catalysts between
sub-nanometer oxidic supports that resemble the model
architectures (Scheme 1). Pdnanoparticles arc first synthe-
sized by established protocols” and capped with 4-dimethy-
laminopyridine (DMAP) yielding “nanoparticulate metal
cations” that can easily diffuse into the open galleries
between adjacent nanosheets similar to a cation exchange
(Scheme 2). To probe the influence of the nanosheets on the
properties of Pd nanoparticles, the mesostructured composite
was tested in the oxidation of carbon monoxide (CO).
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Scheme 2. Schematic outline of the synthesis of Pd intercalated Hec
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Results and Discussion
Synthesis and Characterization of Hec@ Pd@ Hec Catalysts

According to transmission electron microscope (TEM)
images the as-synthesized spherical nanoparticles had a nar-
row size distribution of 3.5+ 0.4 nm (Figure S1a). They were
readily dispersible in water with a hydrodynamic diameter of
4.5+ 1.3 nm as determined by dynamic light scattering (DLS).
The C-potential could be tuned from +34 to +14 mV by
adjusting the pH in the range from 6 to 12, respectively
(Figure S1b). At the given and fixed cation exchange capacity,
the surface charge density of the NaHec determines the
number of nanoparticles required for charge balance and thus
the loading can be tuned via the pH (Table 1).

Typically, a 0.1 wt% dispersion of the Pd nanoparticles
were added to a 1.5 wt% dispersion of a nematic phase of
NaHec under vigorous stirring. At this NaHec content, the
separation of adjacent parallel oriented nanosheets was found
to be more than 60 nm by small angle X-ray scattering in
aqueous dispersion (Figure S2). This large gallery height and
the positive surface potential of Pd nanoparticles allowed for
fast incorporation (< 30 seconds) of the catalyst whereupon
hetero-coagulation is triggered. Element mapping suggested
a uniform loading of Pd (Figure S3). Moreover, as indicated
by CHN analysis, the capping ligand could be completely
removed by repeated centrifugation and washing (Table S1).
To stress the sandwich confinement, we refer to the samples
by Hec@Pdx@Hec where x corresponds to the weight fraction
of Pd as determined by inductively coupled plasma optical
emission spectroscopy (ICP-OES). The loading was cross-
checked by scanning clectron microscopy with cnergy dis-
persive X-ray spectroscopy (SEM-EDS) (Table 1). Moreover,
interlayer Na  had been completely replaced according to
ICP-OES, SEM-EDS (no signal at 1.04 keV, Figure S3) or X-
ray photoelectron spectroscopy (XPS, no signal [or Na 1s at

Table 1: Weight fraction of Pd in the catalyst depending on the initial pH
of hectorite and nanoparticle dispersion.

Sample pH C-potential ~ Pd-loading Pd-loading
[mv] (ICP-OES)  (SEM-EDS)

wt%] wt%]

Hec@Pd65@Hec 9.5 28 65.2 67.8

Hec@Pd72@Hec 10.8 22 72.5 76.0
www.angewandte.org
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around 1070 eV, Figure S4) indicating that Na' was com-
pletely replaced and that the negative charge of Hec nano-
sheets was fully balanced by the intercalated Pd nanoparti-
cles.

As expected for such a quasi-ion-exchange, the weight
fraction of Pd increased to a maximum of 72.5 wt% with
decreasing surface potential of the nanoparticles. Contrary to
the simple ion-exchange route mentioned in the introduction,
very high loadings were achieved by intercalation of pos-
itively charged nanoparticles. For instance, the sample con-
taining 65.2wt% Pd resulted in a stoichiometry of
Pds;Mg, sLi;sSi,0,0F,. For comparison, by simple ion ex-
change of Na' for Pd*' followed by reduction, the composi-
tion would be limited to Pd,,sMg, sLi; sS1,0,,F,.

Upon hetero-coagulation, the nematic structure collapses
to lamellar composites and adjacent Hec nanosheets sand-
wich the Pd nanoparticles (Figure 1). The nanoparticles are
not densely packed, but separated from each other (Fig-
ure 1b, inset). Each Pd nanoparticle is separated from the
adjacent nanoparticle layer by exactly one silicate layer of
0.96 nm thickness. Since the Pd nanoparticle layers are
randomly shifted relative to each other, thousands of
architectures similar to what is sketched in Scheme 1 were
obtained where a Pd nanoparticle is separated by a Hec
nanosheet from an opposite mesopore (Figure 1b, inset). This
architecture was further confirmed by a grayscale analysis
(Figure S5) of TEM images along a line of adjacent Pd
nanoparticles in a layer (red and blue line in Figure 1b). The
nanoparticles retained their spherical shape after washing off
the DMAP. In contrast, prolonged heating indeed caused
some elongation of the nanoparticles (Figure S6).

Since monomodal Pd nanoparticles were applied, the
restacking upon hetero-coagulation produces one-dimension-
al periodic composite structures along the stacking direction.
The periodicity was determined to be 4.6 +0.7 nm by TEM
analysis. At higher loadings (Hec@Pd72@Hec), few multi-
layers of Pd nanoparticles were formed in the interlayer space
(Figure S7) which represent defects in the periodicity. Appa-
rently, the surface charge density at pH10.8 (22mV -
potential) was too low to accomplish charge balance of the
anionic hectorite nanosheets purely in monolayers of cationic
Pd nanoparticles. Powder X-ray diffraction (PXRD) traces of
textured samples confirm the one-dimensional crystalline

Figure 1. TEM images of cross sections of Hec@Pd65@Hec at differ-
ent magnifications. The red and blue line were used for grey scale
analysis (Figure S5). The inset shows adjacent Pd nanoparticles
separated from each other.
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order. In good agreement with the TEM results for
Hec@Pd65@Hec, a rational 00! series with a periodicity of
4.7 nm was observed (Figure 2). Summing the thickness of
a Hec nanosheet of 0.96 nm and the diameter of the nano-
particles of 3.5 nm a value of 4.46 nm would be expected. At
a loading of 72 wt% (Hec@Pd72@Hec), the few defects of
interstratified Pd double layers caused the 00/ series to be
apparently shifted to 5.5 nm. Concomitantly, these defects
lead to a greatly increased full width at half maximum
suggesting that the observed shift was actually an artefact due
to random interstratification of mono- and double-layers. The
X-ray beam then averages between the different d-spacings
within its coherence length.

As already suggested by the TEM images, the Pd nano-
particles are not densely packed, but the Pd layers are porous
as independently shown by Ar physisorption and CO
chemisorption measurements (Table 2 and Figure S8). For
instance, the dy, pore size for Hec@Pd65@Hec was 4.3 nm,
which is in the same range as the size of the Pd nanoparticles,
suggesting that some 50% of the volume of the Pd nano-
particle layers is actually empty space. With randomly stacked

E = = : < = 5
c

= W X )
m ~ — = - ~ =

rel. Intensity [a. u.]

Figure 2. PXRD pattern of Hec@Pd65@Hec (black), and
Hec@Pd72@Hec (red).

Table 2: Results of Ar adsorption® und chemisorption of CO.%

Sample Seer [m?g '] Pore Pore Metal
size [nm]  volume  dispersion
[ccg™] [%]
NaHec 4 / / /
Hec@Pd65@Hec 147 43 0.132 23.7
Hec@Pd72@Hec 87 38 0.088 19.9

[a] determined by Ar physisorption at 87 K. [b] determined by CO double
isotherm method.
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layers the chances of having such a pore arranged opposite of
a Pd nanoparticle (Scheme 1) are high.

In contrast, the Ar-isotherm of pristine NaHec revealed
a nonporous structure with a BET surface as low as 4 m*>g~".
With this material, the gallerics have collapsed and Ar has no
access to the internal (interlayer) surfaces. The structure
becomes porous only after intercalation of Pd nanoparticles
acting as pillars.

The dispersion (ratio of surface to bulk atoms) for single,
free-floating, spherical Pd nanoparticles of 3.5 nm diameter is
expected to be 32%. Due to the good accessibility of the
intercalated Pd nanoparticles, a surprisingly high experimen-
tal dispersion of 24% for Hec@Pd65@Hec was measured.
Apparently, only a small share of the surface became shielded
by supporting it from two sides by Hec nanosheets.

Evaluation of the Catalytic Activity

The oxidation of carbon monoxide (CO) to carbon
dioxide (CO,) was chosen as a simple test reaction to study
the catalytic performance and to probe for an electronic-
metal-support interaction due to the special architecture. This
reaction is one of the most studied heterogeneous catalytic
reactions due to its simplicity yet enormous importance for
exhaust gas purification as CO is highly toxic.””! For each
catalysis run the amount of catalyst was chosen to involve
1 mg of Pd in a feed gas stream of 50 mLmin ' (1 vol% CO,
1 vol% O, in N, carrier gas) and light-off curves from 80°C to
220°C were recorded. Each catalyst was cycled three times.
All three consecutive light-off curves of Hec@Pd65@Hec are
shown in Figure S9. In Figure 3 the third light-off curve is
presented (Figure 3 and Table 3).

For Hec@Pd65@Hec, which mimics the preferred archi-
tecture best (Scheme 1 and Figure 1), the temperature of
50% conversion (Ts,) was found to be as low as 145°C. The

100

80+

60 -

404

Conversion of CO [%]

20 1

150 200

Temperature [°C]

100

Figure 3. Light-off curves for CO oxidation: Hec@Pd65@Hec (black),
Hec@Pd72@Hec (blue), Pd.,@Hec (red), and Pd.,@Al,O; (brown).
Conditions: 50 mLmin™" (1 vol% CO, 1vol% O, balanced by N,).
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Table 3: Catalytic light-off behavior in CO oxidation.

Sample Twl’C  Tol’Q TeolC Ex[kmol™]
Hec@Pd65@Hec 124 145 156 42
Hec@Pd72@Hec 138 163 173 51
Pd,,@Hec 150 172 177 49
Pd...@Al,O, 169 191 198 57

apparent activation energy £, determined at conversions
below 10% was 42 kJmol ! (Figure $10), which is lower than
reported values for Pd metal supported on conventional
supports such as y-ALO; or MgO (55-80 kImol ) or silica
(65-120 kI mol™").¥

The good catalytic activity of Hec@Pd65@Hec might
be related to several factors: First, influence of the
structure inherent elements such fluoride. Second, stabiliza-
tion of atomically dispersed Pd, third an influence of the
mesoporous confinement, and fourth, an electronic interac-
tion between support and metal as discussed in the introduc-
tion.

Although the structural fluoride is remote from the
surface and not directly in contact with the Pd nanoparticles,
we realize that such elements could have some influence on
the catalytic behavior. This aspect can, however, only be
addressed in future work when fluoride deficient layered
supports will be investigated.

The Pd nanoparticles were dialyzed for several days
before combining them with the nematic hectorite suspen-
sion. Dialysis is expected to remove smaller clusters. They still
could have been freshly produced by dissolution during
mixing with hectorite. Since the external basal planes of
hectorite also carry a negative surface charge, they should be
equally capable of stabilizing atomically dispersed Pd if
indeed present. The same Pd nanoparticles (Pd.,@Hec,
Figure S11a and Table S2) used to synthesize Hec@Pd65@-
Hec, but deposited on the outer surface of non-swollen Hec
crystals instead of being sandwiched in the interlayer space,
showed a much higher Ts, of 172°C. This indicates that it is
not, or at least not only, stabilization of smaller clusters or
atomically dispersed Pd that improves the catalytic perfor-
mance.

Hec@Pd65@Hec and Hec@Pd72@Hec loadings show
similar pore size distributions while the metal dispersion of
the latter is lowered by about 20 %. The few double layers of
Pd nanoparticles observed in Hec@Pd72@Hcec, however, had
a huge detrimental effect on catalytic activity. T, increased
from 145°C for Hec@Pd65@Hec to 163°C for Hec@Pd72@-
Hec, which is already close to the value of only external Pd
(Pd.@Hec). The activation energy also increased
(42 kImol™, 51 kImol™, 49 kImol™' for Hec@Pd65@Hcc,
Hec@Pd72@Hec, and Pd,@Hec, respectively). The reduc-
tion of the activity clearly is much larger than what is expected
based on the smaller dispersion, which indicates that the
mesoporosity may not be the determining effect for the good
catalytic activity of Hec@Pd65@Hec.

It seems that the fourth factor, the special architecture
might indeed be the determining factor for the activity.
Applying a support with a less negative surface potential
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(—20 mV at a pH of 10) like y-AlL,O; loaded with 1 wt% Pd
nanoparticles (Pd. @Al Os, Figure S11b and Table S2) yield-
ed a catalyst with Ty, of 191°C and E, of 57 kJimol '
(Figure S10), values which are in good agreement with
literaturc.> Although the chemistry of ALO; is different
from Hec, this comparison suggests that the special support
architecture potentially in collaboration with the fact that Pd
has to counterbalance the large negative charge density (1
negative charge per 48 A? of support) of Hec might indeed
have some influence.

As mentioned carlier, Pd nanoparticles in Hec@Pd65@-
Hec have to balance the permanent negative charge of the
Hec nanosheets. XPS of Pd 3d region of Hec@Pd65@Hec
showed asymmetric signals of Pd 3ds;, and Pd 3d,;, at binding
energiecs (BE) of 335.8 ¢V and 341.0 ¢V, respectively (Fig-
ure 4a).

These values are shifted to higher energies as compared to
bulk Pd metal at 335.0 eV or nanoparticles supported on
ALO; (335.0-335.5eV)* or SiO, (334.8-335.4 ¢V).”") This

335.0eV
Pd 3d i

1
'
'
1
1
'
'
1
'
'
i
i

rel. Intensity [a.u.]

ec@Pd65@Hec

i Pdext@AIZOS
345 340 335
Binding Energy [eV]
b 1978 1864
2080 p 1928
; Hec@Pd65@Hec

Kubelka Munk units [a. u.]

Pdext@AIZOS

2200 2100 2000 1900 1800 1700
Wavenumber [cm™]

Figure 4. Characterisation of Pd nanoparticles of Hec@Pd65@Hec
(red) and Pd,,,@Al,O; (black). a) XP spectra of Pd 3d region and

b) DRIFT spectra of CO chemisorbed at 300 K to the surface of Pd at
an equilibrium pressure of 2 mbar CO.
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shift might be attributed to an electron deficient species
Pd®' .l Furthermore, as expected from the lower -potential
of the Pd nanoparticles applied for Hec@Pd72@Hec the shift
of the Pd 3d region was smaller (335.5¢V, Figure S12).
Pd 3ds;, of the same Pd nanoparticles applied in the synthesis
of Hec@Pd@Hec, but supported on the external surface of
NaHec (Pd.,@Hec) or y-AlLO; (Pd,,@AlL0O;) showed con-
siderably lower BE of 335.3 eV and 335.2 eV, respectively
(Figure 4a and S12). These trends clearly show that both the
negative charge of the nanosheets and the special architecture
obtained by intercalation of Pd into the nematic Hec phase,
indeed seem to have an influence on the electronic structure
of Pd nanoparticles. This trend is also in line with the
increasing performance for the oxidation of CO.

It has also been discussed that “cationic” Au species are
important for higher catalytic activity in the case of Au
catalysts.” Furthermore, DFT calculations of Pd@zeolite
FAU have indicated that positively charged Pd atoms lead to
lower energy barriers assuming a Langmuir-Hinshelwood
mechanism.?) Based on DFT calculations, the higher activity
of Pd> species was attributed to weaker CO binding to
positively charged Pd.1**!

As the CO adsorption is very sensitive to the Pd surface
constitution, the stretching vibration region of CO chemisor-
bed to the Pd surface of Hec@Pd65@Hec and Pd @ALO;
was recorded by diffuse reflectance infrared Fourier trans-
form spectroscopy (CO-DRIFTS, Figure 4b). Massive shifts
of the stretching frequency were observed with increasing CO
partial pressure up to 60 mbar CO due to dipolar coupling
with increasing surface coverage (Figure S13). After outgas-
sing of CO to an equilibrium pressure of 2 mbar CO,
Pd.@Al,O; showed four bands centered at 2080, 1976,
1928, and 1864 cm '. These can be attributed to different
binding modes of CO to the surface of Pd, that are CO
linearly bound to corners (2080 cm™)" and bridge bound
CO on steps (1978 em™)."Y The two broad bands at lower
wavenumber (1928 and 1864 cm ') are ascribed to bridge or
three-fold bonds on different planes.”'! At the same equilib-
rium pressure of CO, the DRIFT spectrum of Hec@Pd65@-
Hec showed also four bands at 2094, 1991, 1945, and
1877 cm™, all shifted to higher wavenumbers as compared
to Pd.@AlLO; (Figure 4b). A Pd surface with a partial
positive charge as suggested for Hec@Pd65@Hec can back-
donate less electrons to the antibonding CO 2n* orbital that
results in a stronger C-O bond and a wavenumber shift to
higher wavenumbers.*?) A weaker back-donation would also
lead to weaker adsorption of the CO molecules to the Pd
surface.

In order to further corroborate the hypothesis of the
influence of a positive charge ol Pd nanoparticles on the
adsorption strength on CO, DFT calculations were performed
to examine the adsorption of CO/O upon a representative
nanoparticle model: icosahedral Pd,,; This nanoparticle has
a diameter of 1.5 nm and contains (Z11) microfacets which
closely approximate the extended (/1/) surface. CO and
atomic oxygen were adsorbed onto the hep hollow sites of the
metallic particle at a local microfacet coverage of #=10.1
(details of the model (Figure S14-S17) and methods are
provided in the supporting information). Adsorption energies
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for CO were observed to decrease linearly with increasing
positive charge on the particle over the considered range (of
Pdy; to Pdy,’'), while the O adsorption energies were
unchanged (Figure 5). Concomitant with the reduction in
CO adsorption encrgy, was a lengthening of the average Pd—C
bond from 2.057 A to 2.066 A, and a shortening of the C—O
bond, from 1.197 A to 1.187 A. Therefore, the present DFT
calculations are consistent with the experimental DRIFTS
results. This finding is understood in terms of molecule-metal
bonding models that suggest the depletion of electrons in the
metal d states near the Fermi energy reduce the occupation of
the net-bonding m channel between CO and Pd. This in turn
weakens adsorption and strengthens the internal C-O
bond.” The nanoparticle charge may thus enhance CO
oxidation by reducing CO poisoning. Furthermore, computa-
tional data™ revealed lower energy barriers in the catalytic
cycle for positively charged Pd sites due to the altered binding
strength of CO that is in line with the observed lower
activation energy of Hec@Pd@Hec.

For Hec@Pd@Hec, the high permanent negative charge
density inherent to this support might not be the only source
of hole formation in intercalated Pd. It has long been shown
that for the special architecture (Scheme 1, Figure 1), charge
transfer between metal and ultrathin yet neutral oxide layers
may occur and thus have an influence on the work function of
the metal.™®! It was found that an ultrathin layer of SiO,
deposited on Mo(772) increased the metal work function by
0.5-1 eV due to dipole effects arising from charge transfer
from the metal to the oxide.™™ To probe such a possible
electronic interaction between the hectorite nanosheets and
the Pd nanoparticles leading to an additional charge transfer
from Pd to silicate support, electron energy loss spectra
(EELS) at the Si L,; edge were measured (Figure 6).
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Figure 5. a) Calculated adsorption energies of low coverage CO (blue)
and O (red) as a function of nanoparticle charge. b) Average Pd—C
(blue) and Pd—O (red) bond lengths as a function of nanoparticle
charge.
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Figure 6. ELL spectra at the Si L,; edge of NaHec (black) and
Hec@Pd65@Hec (red).

It revealed a chemical shift of both the white line at about
109 eV and the resonance at around 116 eV to lower energy
losses for Hec@Pd65@Hec as compared to pristine NaHec. A
chemical shift to lower energy losses of about (.8 eV was also
detected at the Si K edge (Figure S18). EELS thus suggests
a slight but significant reduction to a Si* (x < +4) species
upon intercalation of Pd nanoparticles corroborating an
electronic interaction between Pd and the support.® As has
been observed for model systems'™® and although the Pd
already carries a positive charge for reasons of charge
neutrality, “coating” the Pd nanoparticles triggers an addi-
tional transfer of electron density to Si in the hectorite
structure. This also resembles observations by Li et al** who
synthesized Pd nanocubes covered with the Cu-containing
MOF HKUST-1. They also reported similar shifts of Pd 3d
BE as determined by XPS to higher energies, while concom-
itantly the Cu 2p BE is lowered. This was attributed to Cu-O
groups acting as electron acceptors,™

Conclusion

For model architectures of ultrathin layers of oxides
deposited on noble metals modulations of the metal clec-
tronic structures have long been established and are advanta-
geous for catalytic activity. These architectures can be
mimicked at bulk scale by sandwiching positively charged
metal nanoparticles between negatively charged clay nano-
sheets. Like for the model system, a charge transfer from the
Pd nanoparticles to the nanosheets was observed by XPS,
EELS, and CO-DRIFTS and a higher catalytic activity in CO
oxidation was observed as compared to Pd on conventional
supports such as y-AlLO;. The synthesis route via intercalation
into nematic phases of anionic nanosheets is certainly not
restricted to Pd metals nor to hectorite nanosheets, but is
applicable for a broad spectrum of metal nanoparticles of
various sizes and shapes™! on one side, and other liquid
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crystalline supports like lepidocrocite-type titanates,"™ or
layered antimony phosphates!'**¢ on the other side. Needless
to say, the concept can also be extended to catalytically more
attractive alloy nanoparticles.®
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Abstract: Durch die Abscheidung von ultradiinnen Oxid-
schichten auf atomar-flachen Metalloberflichen konnte die
elektronische Struktur des Metalls und hierdurch dessen
katalytische Aktivitit beeinflusst werden. Die Skalierung dieser
Architekturen fiir eine technische Nutzbarkeit war bisher aber
kaum moglich. Durch die Verwendung einer fliissigkristallinen
Phase aus Fluorhectorit-Nanoschichten, konnen wir solche
Architekturen in skalierbarem Mafstab imitieren. Syntheti-
scher Natriumfluorhectorit (NaHec) quillt spontan und repul-
siv in Wasser zu einer nematischen fliissigkristallinen Phase
aus individuellen Nanoschichten. Diese tragen eine permanen-
te negative Schichtladung, sodass selbst bei einer Separation
von iiber 60 nm eine parallele Anordnung der Schichten
behalten wird. Zwischen diesen Nanoschichten konnen Palla-
dium-Nanopartikel mit entgegengesetzter Ladung eingelagert
werden, wodurch die nematische Phase kollabiert und sepa-
rierte Nanopartikel zwischen den Schichten fixiert werden. Die
Aktivitit zur CO-Oxidation des so entstandenen Katalysators
war hoher als z. B. die der gleichen Nanopartikel auf konven-
tionellem ALO; oder der externen Oberfliche von NaHec.
Durch Rontgenphotoelektronenspektroskopie konnte eine
Verschiebung der Pd-3d-Elektronen zu hoheren Bindungs-
energien beobachtet werden, womit die erhohte Aktivitiit
erklirt werden kann. Berechnungen zeigten, dass mit erhohter
positiver Ladung des Pd die Adsorptionsstirke von CO
erniedrigt und damit auch die Vergiftung durch CO vermindert
wird.

Einleitung

Eine hiufig genutzte Methode zur Generierung von
Nanopartikeln auf oxidischen Trigern ist die Imprignierung
mit Priakursoren, gefolgt von chemischer oder thermischer
Behandlung. In viclen Fillen wird der oxidische Tréger als

inert angesehen und dient zur Dispergierung und Stabilisie-
rung der Nanopartikel gegen Ostwald Reifung.! Allerdings
kann die geschickte Auswahl des richtigen Trigers dic
Sclektivitdt und Aktivitdt des nanopartikuldren Katalysators
signifikant verindern.”’ Es konnte gezeigt werden, dass
sogenannte Elektronische-Metall-Trager-Wechselwirkungen
(EMSI) Einfluss auf die katalytische Aktivitit von Metallen
nchmen konnen”) Um dicse EMSI-Effckte zu studieren,
wurden in den letzten Jahren Modellsysteme ctabliert, die auf
ultradiinnen oxidischen Schichten auf Metalloberflichen
beruhen.?*l

Nach Abscheidung des Oxids wurde eine Modifizierung
der Austrittsarbeit des Metalls beobachtet.”! Dieses Phino-
men kann verschiedene Ursachen, wie Ladungstransfer,
elektrostatische oder Kompressions-Effekte, haben.™*! Fiir
Cluster aus Pt oder Ir™*! auf CeO, Filmen wurde zum
Beispiel ein Ladungsfluss vom Edelmetall zum Oxid beob-
achtet. Dadurch wurde die Metallober(ldche positiv aufgela-
den.

Mit Hilfe dieser Modelle konnte ein tieferes Verstidndnis
der Arbeitsweise von Realkatalysatoren geschaffen werden.
Zwar konnen diese Modelle mit hochster Prizision herge-
stellt werden, jedoch ist die Skalierung von subnanometerdi-
cken Oxidschichten in groem Mafstab nicht praktikabel
(Schema 1).”!

Schichtmaterialien mit permanenter negativer Schichtla-
dung, wie Schichtsilikate, sind bekannte Triger fiir katalytisch
aktive Nanopartikel."”! Durch die Kationenaustauschkapazi-
tit der Schichtsilikate konnen die Zwischenschichtkationen
durch Prikursoren ausgetauscht werden, aus denen durch
Reduktion (z.B. Pd, Cu, Ru)"! oder Fillung (CdS)"! Nano-
partikel generiert werden konnen. Diese Kationenaustausch-
kapazitit von natiirlichen Schichtsilikaten liegt in der Gro-
Benordnung von < 100 mmol/100 g, was dic maximal mog-

[*] M.Sc. K. Ament, Prof. Dr. J. Breu
Bavarian Polymer Institute and Department of Chemistry, University
of Bayreuth
UniversititsstraRe 30, 95447 Bayreuth (Deutschland)
E-Mail: josef.breu@uni-bayreuth.de
M.Sc. N. Kéwitsch, Prof. Dr. M. Armbriister
Faculty of Natural Sciences, Institute of Chemistry, Materials for
Innovative Energy Concepts, Chemnitz University of Technology
Strale der Nationen 62, 09111 Chemnitz (Deutschland)
M.Sc. D. Hou, Dr. C. . Heard
Department of Physical and Macromolecular Chemistry, Charles
University
Hlavova 8, 128 00 Prague 2 (Tschechische Republik)

Wiley Online Library

© 2020 Die Autoren. Angewandte Chemie verdffentlicht von Wiley-VCH GmbH

Dr. T. Gétsch, Dipl. Ing. J. Kréhnert, Dr. A. Trunschke,
Dr. T. Lunkenbein
Department of Inorganic Chemistry, Fritz-Haber-Institut der Max-
Planck-Gesellschaft
Faradayweg 4-6, 14195 Berlin (Deutschland)

(@ Hintergrundinformationen und die Identifikationsnummer (ORCID)
eines Autors sind unter:
https://doi.org/10.1002/ange.202015138 zu finden.
© 2020 Die Autoren. Angewandte Chemie veréffentlicht von Wiley-
VCH GmbH. Dieser Open Access Beitrag steht unter den Bedin-
gungen der Creative Commons Attribution License, die jede
Nutzung des Beitrages in allen Medien gestattet, sofern der
urspriingliche Beitrag ordnungsgemif zitiert wird.

Angew. Chem. 2021, 133, 5954 —5961

75



Results

GDCh

Modellkatalysator

Skalierung
. -

Hectorit -
bulk Katalysator

Schema 1. Skalierung der Modellarchitektur einer einzelnen oxidischen
Lage (<1 nm) auf einer Metalloberfliche zu einem mesostrukturierten
Katalysator mit einer hohen zugénglichen und aktiven Oberfliche.
Hierbei wird das Schichtsilikat Hectorit als diinne Oxidschicht verwen-
det.

liche Beladung limitiert. Im Falle von 3.5nm grofien Pd
Nanopartikeln wiirde dies einer maximal moglichen Bela-
dung von 6 Gewichtsprozent (Gew% ) entsprechen, was einer
Dichte von einem Nanopartikel pro 1500 nm* Zwischen-
schichtraum entspricht.

Weiterhin ist die laterale Ausdehnung von natiirlichen
Schichtsilikaten typischerweise kleiner als 200 nm. Dékédny
et al."™ beobachteten, dass Nanopartikel deswegen vor allem
auf den duBeren Oberflichen oder Kavititen erzeugt wurden.
Dies spielgelte sich auch in insignifikanten Verschiebungen
des Basalflichenabstands wider. Durch die limitierende Ka-
tionenaustauschkapazitit kénnen hohere Beladungen nur
realisiert werden, wenn bereits fertige Nanopartikel interka-
liert werden. Bei Zwischenschichtabstinden von weniger als
einem Nanometer ist dies aus kinetischer Sicht jedoch
unwahrscheinlich.

Das synthetische Schichtsilikat Natriumfluorhectorit (Na-
Hece, [Nags]"“[Mg,sLigs]™[Sis]*'OF,) besitzt dic Eigen-
schaft osmotisch zu quellen."¥! Damit gehort es zu einem
kleinen Kreis von Schichtmaterialien, bei denen dieses selte-
ne Phinomen beobachtet werden kann.!"™! Es handelt sich um
einen thermodynamisch erlaubten Prozess,'®! welcher eine
fliissigkristalline Phasc erzeugt. Einzelne Schichtsilikatlamel-
len sind dabei uniform voneinander entfernt. NaHec besitzt
eine mittlere laterale Plittchenausdehnung von 20 um,"" was
es den individuellen Schichten mit einer Dicke von 0.96 nm
nicht ermoglicht selbst bei hohen Verdiinnungen (< 1 Volu-
menprozent) frei zu roticren. Dadurch bildet sich cine
nematische flissigkristalline Phase aus!"! Wie auch fiir
schichtformige Titanate!'”! gezeigt wurde, adaptieren ver-
diinnte Dispersionen von NaHec durch die starke elektrosta-
tische AbstoBung der gleichgeladenen Schichten eine co-
faciale Orientierung. In der nematischen Phase wird diese
Geometrie selbst bei groBen Abstinde zwischen den Schich-
ten (> 50 nm) behalten.
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Die Verwendung dieser nematischen Phase von NaHec
zur Interkalation von Nanopartikeln wurde bereits anhand
von Maghemit Nanopartikeln gezeigt.™ AuBerdem bietet die
Nutzung einer nematischen Phase die Moglichkeit fir eine
skalicrbare Synthescroute hin zu nanopartikuldren Katalysa-
toren zwischen subnanometer dicken oxidischen Schichten.
Pd Nanopartikel werden zunichst iiber eine bekannte Syn-
these®!  hergestellt und mit 4-Dimethylaminopyridin
(DMAP) als Ligand bedeckt. Aul diese Weise entstehen
nanopartikuldre, metallische Kationen, die ohne kinetische
Hinderung zwischen die separierten Nanoschichten diffun-
dieren konnen. Dies entspricht im Prinzip einem Kationen-

dpge-1) DMAP L
i M IDNBER

Pd - @ a
P2 NaH, @ @ @ 'Y X )
+ C-Potential pH [ M )
® 00
S ® o
osmotische, .
e y Hec@Pd@Hec

Queliung

krystalliner NaHec nematische NaHec Phase

Schema 2. Schema zur Synthese von Pd interkaliertem Hec

(Hec@Pd@Hec).

austausch (Schema 2). Der Einfluss der Nanoschichten auf
(elektronische) Eigenschaften der Pd Nanopartikel wurde
anhand der Oxidation von Kohlenmonoxid (CO) untersucht.

Ergebnisse und Diskussion

Synthese und Charakterisierung der Hec@ Pd@ Hec
Katalysatoren

Die synthetisierten Pd Nanopartikel besaBen laut Trans-
missionselektronenmikroskopie (TEM) eine enge Grofen-
verteilung von 3.5+0.4 nm (Abbildung S1a). Diese waren
laut Dynamischer Lichtstreuung (DLS) stabil in Wasser
dispergierbar und wiesen einen hydrodynamischen Durch-
messer von 4.5+ 13 nm auf. Durch Anpassung des pH-
Wertes konnte das {-Potential zwischen + 34 und + 14 mV
eingestellt werden (Abbildung S1b). Da die Schichtladung
und damit die Ladungsdichte von NaHec fix ist, bestimmt dic
Oberflichenladung der Nanopartikel die Beladung, die notig
fiir den Ladungsausgleich ist (Tabelle 1). Fiir die Interkala-
tion wurden die Nanopartikel als 0.1 Gew% Dispersion
verwendet und Hectorit wurde als 1.5 Gew% Dispersion

Tabelle 1: Gewichtsanteil an Pd abhingig von pH der NaHec- und
Nanopartikel- Dispersion.

Bezeichnung pH  C-Potential  Pd-Beladung  Pd-Beladung
[mv] (ICP-OES)  (REM-EDX)
[Gew%%)] [Gew%]
Hec@Pdé5@Hec 9.5 28 65.2 67.8
Hec@Pd72@Hec 10.8 22 72.5 76.0
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unter Rithren zugegeben. Bei diesem Gehalt an NaHec
betrug der Abstand zweier Nanoschichten mehr als 60 nm,
was durch Kleinwinkelstreuung nachgewiesen wurde (Abbil-
dung S2). Dieser hohe Abstand ermdglichte eine schnelle
Diffusion der Nanopartikel zwischen den Schichten. Durch
die gegensitzliche Ladung von Nanoschichten und Nanopar-
tikeln wurde eine Heterokoagulation ausgelost und die
Nanopartikel zwischen den Lamellen fixiert. Laut energiedi-
spersiver Rontgenspektroskopie (REM-EDX) ist das Pd
uniform iiber das Schichtsilikat verteilt (Abbildung S3). Au-
Berdem war laut Elementaranalyse (CHN) DMAP durch
wiederholtes Zentrifugieren und Waschen komplett entfern-
bar (Tabelle S1). Die so hergestellten Katalysatoren werden
als Hec@Pdx@Hec bezeichnet, um die sandwichartige Archi-
tektur hervorzuheben. X bezeichnet dabei die Beladung in
Gew% laut optischer Emissionsspektrometrie mit induktiv
gekoppeltem Plasma (ICP-OES). Die Beladung wurde zu-
dem durch REM-EDX bestitigt (Tabelle 1). Das Zwischen-
schicht Na™ wurde laut ICP-OES, REM-EDX (kein Signal bei
1.04 keV, Abbildung S3) und Réntgenphotoclektronenspek-
troskopie (XPS, kein Signal fiir Na 1Is bei 1070 ¢V, Abbil-
dung S4) vollstindig entfernt. Dies weist darauf hin, dass der
Ladungsausgleich tatsdchlich durch die interkalierten Pd
Nanopartikel vollzogen wird.

Wie fiir einen Quasi-Ionenaustausch in der Einleitung
vermutet wurde, konnte die Beladung an Pd bis zu einem
Maximum von 72.5 Gew% (Hec@Pd72@Hec) gesteigert
werden. Im Gegensatz zur iiblichen Ionenaustausch-Route
konnen durch Interkalation von positiv geladenen Nanopar-
tikeln sehr hohe Beladungen erzielt werden. Eine Beladung
mit 65.2 Gew% (Hec@Pd65@Hcc) wiirde cine Stéchiometrie
von Pdg;Mg,:Li,sSi,0,F, bedeuten. Durch lonenaustausch
von Na' durch Pd®' und anschlieBender Reduktion wire die
Zusammensetzung auf Pd,,sMg, sLi, s81,0,,F, limitiert.

Durch die Heterokoagulation kollabiert die nematische
Phase zu ciner lamellaren Struktur, wobei benachbarte Hee
Nanoschichten die Nanopartikel fixieren (Abbildung 1). Da-
bei sind die Nanopartikel nicht dicht gepackt, sondern sind
voneinander separiert (Abbildung 1b, inset). Jede Nanopar-
tikelschicht ist von der niichsten durch exakt eine 0.96 nm
dicke Silikatschicht getrennt. Es entsteht eine Struktur wie in
Schema 1 beschrieben, wobei die Nanopartikel gegeneinan-
der verschoben sind und gegeniiber einem Nanopartikel eine

Abbildung 1. TEM Aufnahmen von Hec@Pd65@Hec bei verschiede-
nen Vergréferungen. Die roten und blauen Linien wurden zur Graustu-
fenanalyse (Abbildung S5) verwendet. Der inset zeigt benachbarte
Nanopartikel, die voneinander separiert sind.

www.angewandte.de
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Mesopore gefunden werden kann (Abbildung 1b, inset). Dies
wurde auch durch Graustufenanalyse entlang der blauen und
roten Linie in Abbildung 1b weiter bestiitigt (Abbildung S5).
Es sollte erwiihnt werden, dass die Nanopartikel ihre sphi-
rische Form auch nach der Entfernung des Liganden behalten
haben. Lingeres Tempern fiihrte jedoch zu einer Verformung
(Abbildung S6).

Die monomodalen Pd Nanopartikel erzeugten entlang
der Stapelung eine eindimensional periodische Struktur. Die
Periodizitit betrug laut TEM 4.6 + 0.7 nm. Bei noch hoherer
Beladung (Hec@Pd72@Hec) entstanden in ecinigen Zwi-
schenschichten Multilagen an Pd Nanopartikeln (Abbil-
dung S7), was als Storung der Periodizitit angesehen werden
kann. Dies geschieht vermutlich, da die Oberflichenladungs-
dichte bei pH 10.8 (22 mV {-Potential) zu niedrig war, um den
Ladungsausgleich der anionischen Nanoschichten in einer
Monolage zu erzielen. Pulverdiffraktometrie (PXRD) von
texturierten Proben bestiitigten die eindimensional kristalline
Ordnung. Eine rationale 00! Serie mit einer Periodizitidt von
4.7 nm wurde gefunden, dic in gutem Einklang mit der TEM-
Bestimmung steht (Abbildung 2). Die Summe aus der Dicke
einer Lamelle von 0.96 nm und dem Durchmesser eines
Nanopartikels von 3.5 nm wiirde einen Wert von 4.46 nm
ergeben. Bei einer Beladung von 72 Gew% (Hec@Pd72@-
Hec) fithrten die Stérungen in der Periodizitdt durch die
wenigen Multilagen zu einer statistischen Wechsellagerung
und einer Verschiebung der 00! Serie zu 5.5 nm. Dies wurde
von einer Erhohung der Halbwertsbreite der Reflexe beglei-
tet. Der hohere Schichtabstand lisst sich deswegen mit einer
statistischen Wechsellagerung aus Mono- und Doppellagen
aus Pd Nanopartikeln erkldren, da der Rontgenstrahl iiber die
unterschiedlichen Schichtabstinde innerhalb seiner Kohi-
renzlinge mittelt.

rel. Intensitét [a. u.]

Abbildung 2. Diffraktogramme von Hec@Pd65@Hec (schwarz) und
Hec@Pd72@Hec (rot).
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Tabelle 2: Ergebnisse der Ar-Physisorption® und Chemisorption von
coM

Bezeichnung Seer [mPg 1] Poren- Poren- Metall-
grofe [nm]  volumen  dispersion
gl 94
NaHec 4 / / /
Hec@Pd65@Hec 147 4.3 0.132 23.7
Hec@Pd72@Hec 87 38 0.088 19.9

[a] bestimmt durch Ar-Physisorption bei 87 K, [b] bestimmt durch CO
Doppelisothermen-Methode.

Dic TEM Aulnahmen licen bereits vermuten, dass dic
Nanopartikel in der Zwischenschicht nicht dicht gepackt sind,
sondern Poren zwischen den Nanopartikeln existicren miis-
sen. Dies konnte iiber Ar-Physisorption und CO-Chemisorp-
tion bestiitigt werden (Tabelle 2 und Abbildung S8). Die ds,
Porenverteilung von Hee@Pd65@Hcece betrédgt 4.3 nim, was in
der GroBenordnung cines Pd Nanopartikels licgt. Dics lidsst
annchmen, dass etwa die Halfte des Zwischenschichtraums
tatsdchlich leerer Raum ist. Dies macht auch wahrscheinlich,
dass sich gegeniiber von einem Nanopartikel auf der anderen
Scite der Lamelle cine Mesopore befindet (Schema 1). Zum
Vergleich deutete die Ar-Isotherme von reinem NaHec cine
unpordse Struktur mit ciner BET Oberfldche von lediglich
4m’g " an. Die Schichten sind kollabiert und Ar hat keinen
Zugang zur internen Oberfliche von NaHec. Die Struktur
wird nur durch Interkalation von Pd Nanopartikeln, die als
Séulen [ungicren, pords.

Dic Metalldispersion (Verhiltnis von Oberflichen- zu
Volumenatomen) fiir cinen freien, sphirischen Pd Nanopar-
tikel mit einer GroBe von 3.5 nm betrigt 32 %. Durch die gute
Zuginglichkeit der Pd Nanopartikel betrug die experimentell
bestimmte Dispersion von ITec@Pd65@IIec durch CO-Che-
misorption 24%. Dcr Oberflichenverlust kann mit der
Bedeckung der Nanopartikel mit den Nanoschichten erklért
werden.

Untersuchung der katalytischen Aktivitdt

Die Oxidation von Kohlenmonoxid (CO) zu Kohlendi-
oxid (CO,) wurde als einfache Testreaktion gewihlt, um die
Aktivitdt der Katalysatoren in Bezug aul clcktronische
Metall-Trager-Wechselwirkungen resultierend aus der beson-
deren Architektur zu untersuchen. Aufgrund der hohen
Toxizitit ist die CO-Oxidation von enormer Bedeutung fiir
dic Abgasnachbehandlung.”? Fiir jeden katalytischen Test
wurde die Menge an Katalysator so gewihlt, dass 1 mg Pd
verwendet  wurde. Der  Gasstrom  betrug 50 mLmin ™
(1 Vol% CO, 1 Vol% O,, 98% N,) und light-off Kurven im
Temperaturfenster von 80°C bis 220°C wurden bestimmt.
Jeder Katalysator wurde dreimal zykliert. Die dritte Kurve ist
in Abbildung 3 und Tabelle 3 dargestellt. Alle drei konseku-
tiven Kurven werden cxemplarisch fiir Hec@Pd6S@Hece in
Abbildung S9 gezcigt.

Die Temperatur bei 50 % Umsatz (Ts,) von Hec@Pd65@-
Ilec, welches die Architektur aus Schemal am besten
widerspiegelt, betrug 145°C. Die Aktivierungsenergie L,
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Abbildung 3. Light-off Kurven der CO Oxidation: Hec@Pdé5@Hec
(schwarz), Hec@Pd72@Hec (blau), Pd.,@Hec (rot) und Pd_.@Al,O;
(braun). Bedingungen: 50 mLmin™" (1 Vol% CO, 1 Vol % O, 98% N,).

Tabelle 3: Katalytische Charakterisierung der (Referenz)-Katalysatoren.

Probe Ty [°C) Tsol°Cl Toe [°Cl = [k] mol"]
Hec@Pd65@Hec 124 145 156 42
Hec@Pd72@Hec 138 163 173 51
Pd,,@Hec 150 172 177 49
Pd.,,@Al,0, 169 191 198 57

(unterhalb von 10% Umsatz bestimmt) betrug 42 kJmol !
(Abbildung S10), was geringer als auf Trigern wic y-AlLO;
oder MgO (55-80 kJ mol ") oder Silica (65-120 kJ mol *)**
ist.

Die hohe katalytische Aktivitit von Ilec@Pd65@IIec
kénnte dabei aul verschicdene Faktoren zuriickgeliihrt wer-
den: Aul dic extrem clektroncgativen Fluoridanionen im
Hectorit: auf die Stabilisierung von atomardispergierten Pd:
das mesoporose Konfinement oder auf elektronische Wech-
sclwirkung zwischen Triger und Metall, wic ¢s bereits in der
Einlcitung vorgestellt wurde.

Das Fluorid ist nicht an der Oberfldche der Nanoschicht
und damit nicht in direktem Kontakt zum Pd, dennoch kénnte
es Einfluss auf die Aktivitit nehmen. Diese Fragestellung
kann jedoch nur in Zukunft beantwortet werden, wenn
schichtférmige Tridger ohne Fluorid verwendet werden.

Zum zweiten Punkt: Die Nanopartikel wurden mehrfach
dialysiert vor der Interkalation. Dadurch sollten kleine
Cluster entfernt worden sein. Dennoch kénnten diese auch
durch Auflésung wihrend der Interkalation entstanden sein.
Dic externen Flachen des Hectorits tragen auch cine negative
Ladung und sollte demzufolge in der Lage sein diese Cluster
ebenfalls zu stabilisieren. Aus diesem Grund wurden die
gleichen Pd Nanopartikel, die auch fiir Hec@Pd65@Hec
verwendet wurden, aufl die duBere Oberfliche von nicht
gequollenem NaHec abgelagert (Pd,@Hcc, Abbildung S11a
und Tabelle 82). Dic bestimmte Ts, war jedoch deutlich héher
mit 172°C. Dies weist darauf hin, dass es nicht oder zumindest
nicht nur kleine Cluster sein konnen, die fir die hohe
Aktivitit verantwortlich sind.
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Hec@Pd65@Hec und Hec@Pd72@Hec besitzen dhnliche
PorengroBen, wobei die Metalldispersion von letzterem nied-
riger ist. Die katalytische Aktivitit von Hec@Pd72@Hec ist
dennoch deutlich geringer. Die Ty, steigt von 145°C
(Hec@Pd65@Hec) auf 163°C, was bereits nah an Pd,,@Hcec
liegt. Weiterhin stiegen auch E, auf S51kJmol™ fiir
Hec@Pd72@Hec bzw. 49 kIJmol ' fiir Pd, @Hec. Die Ver-
ringerung der Aktivitit ist deutlich ausgeprigter als es der
Unterschied in der Dispersion erwarten lassen wiirde.

Es scheint, dass der letzte Aspekt, dic besondere Archi-
tektur tatsdchlich ecine wichtige Rolle spielt. Aus diesem
Grund wurde y-Al,O; mit einer deutlich geringeren Oberfla-
chenladungsdichte (—20 mV bei pH 10) mit 1 Gew% Pd
Nanopartikeln beladen (Pd.@AlLO,, Abbildung S11b und
Tabelle S2). Die Ty, lag hier bei 191°C und E, bei 57 kImol ™
(Abbildung $10), was in guter Ubercinstimmung mit der
Literatur ist.”™! Natiirlich ist die Oberflichenchemie von
AlLO; anders als die des Hectorits, dennoch ldsst dies
vermuten, dass die besondere Architektur zusammen mit
der hohen Ladungsdichte des Hectorits (1 negative Ladung
pro 48 A?) Einfluss auf dic katalytische Aktivitit nimmt.

335.0eV
Pd 3d i
E
S,
)
‘@
[ =
{0}
IS
T
| WP @AL0;
345 340 335
Bindungsenergie [eV]
b 1978 1864
2080 ) 1928
Hec@Pd65@Hec

Kubelka-Munk-Einheiten [a. u.]

Pdex(@AlZOS

2200 2100 2000 1900 1800 1700
Wellenzahl [cm™]
Abbildung 4. Charakterisierung der Pd Nanopartikel auf Hec@Pd65@-
Hec (rot) und Pd,, @Al,O; (schwarz). a) XP Spektren der Pd 3d Region

und b) DRIFT Spektren von CO chemisorbiert bei 300 K an die
Oberfliche des Pd bei einem Gleichgewichtsdruck von 2 mbar CO.
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Wie bereits zuvor erwihnt, miissen die Pd Nanopartikel
die permanente negative Ladung der Hec Nanoschichten
ausgleichen. XPS der Pd 3d Region von Hec@Pd65@Hec
zeigte asymmetrische Signale mit Bindungsenergien (BE)
von 335.8 ¢V fiir das Pd 3ds;, Signal und 341.0 ¢V fiir das Pd;;,
Signal (Abbildung 4a).

Im Vergleich zu bulk Pd Metall (Pd 3ds, Signal bei
335.0eV) sind diese zu hoheren Werten verschoben.” Pd
Nanopartikel auf AL, O, zeigen Signale im Bereich von 335.0-
335.5 eV bzw. 334.8-335.4 ¢V auf SiO,.””! Die hier beob-
achtete Verschiebung konnte auf eine elektronendetizitiare
Spezies Pd”  zuriick zu fiihren sein.”™! Fiir Hec@Pd72@Hec
wurde eine geringere Verschiebung beobachtet (335.5 eV,
Abbildung S12), was auch durch das geringere Oberflichen-
potential der Nanopartikel bei der Synthese zu erwarten war.
Das Pd 3ds, Signal der Pd Nanopartikel auf der duBeren
Oberfliche von NaHec (Pd.@Hec) oder auf +v-ALO;
(Pd.@ALO;) waren lediglich zu 3353 eV bzw. 3352eV
verschoben (Abbildung 4 a und S12). Dieser Trend zeigt, dass
sowohl dic negative Schichtladung als auch dic besondere
Architektur von Hec@Pd@Hec Einfluss auf die elektronische
Struktur der Pd Nanopartikel haben. Dieser Trend spiegelt
sich auch in der katalytischen Aktivitdt wider. ,.Kationisches*
Gold wurde ebenfalls als Grund fiir eine erhohte katalytische
Aktivitit in der CO Oxidation identifiziert.*

Berechnungen mit Hilfe der Dichtefunktionaltheorie
(DFT) von Pd auf dem Zeolith FAU gaben Hinweise, dass
positiv geladene Pd Atome zu geringeren Aktivierungsbar-
rieren im Langmuir-Hinshelwood Mechanismus fithren.*!
Die erhohte Aktivitit von Pd®" wurde mit einer geringeren
Bindungsstirke von CO an positiv geladenes Pd erklart.”

Die Adsorption von CO ist sehr empfindlich in Bezug auf
die Oberflichenbeschaffenheit von Pd. Eine Verdnderung
des Pd im Hinblick auf eine mogliche Oberflichenladung
kann deshalb in der Veriinderung der C-O Streckschwingung
verfolgt werden. Aus diesem Grund wurde Diffuse Reflexi-
ons-Fourier-Transform-Infrarotspektroskopie (DRIFTS) an
Hec@Pd65@Hec und Pd,@ALO; durchgefithrt (Abbil-
dung 4b). Bei Erhohung des CO Partialdrucks bis 60 mbar
traten ausgeprigle Verschiebungen der Streckschwingung
aufgrund von dipolaren Kopplungen durch dic steigende
Oberflichenbedeckung auf (Abbildung S13). Nach anschlie-
Bender Einstellung eines Gleichgewichtsdrucks von CO auf
2 mbar konnten fiir Pd @Al O; vier Banden bei 2080, 1976,
1928 und 1864 cm™' beobachtet werden (Abbildung 4b).
Dicse konnen verschiedenen Adsorptionsmoden von CO
auf der Pd Oberfliche zugewiesen werden. Die Bande bei
2080 cm ' beschreibt die lineare Anbindung von CO an
Ecken bzw. Kanten.™ CO Molekiile, die verbriickend zwi-
schen zwei Pd Atomen auf Stufen der Nanopartikel adsor-
bicren, konnen der Bande bei 1978 em™ zugeordnet wer-
den.’ Die beiden breiten Banden bei kleinerer Wellenzahl
(1928 und 1864 cm ') beschreiben verbriickte bzw. CO Mo-
lekiile zwischen drei Pd Atomen auf verschiedenen Kristall-
ebenen”!! Bei gleichem Gleichgewichtsdruck zeigt das
DRIFT Spektrum von Hec@Pd65@Hec ebenfalls vier Ban-
den bei 2094, 1991, 1945 und 1877 cm '. Im Vergleich zu
Pd.@Al,O; waren diese alle zu hoheren Wellenzahlen
verschoben (Abbildung 4b). Bei einer leicht positiv gelade-

Angew. Chem. 2021, 133, 5954—5961

79



Results

GDCh
=

nen Oberfliche, wie es fiir Hec@Pd65@Hec hier vorgeschla-
gen wird, ist das Vermogen zur mt-Riickbindung vermindert.
Durch die verringerte Besetzung der anti-bindenden 2m*
Orbitale des CO wird die interne C-O Bindung gestirkt, was
zu ciner Verschicbung der C-O-Streckschwingung zu héheren
Wellenzahlen fiihrt.*'" Durch die geschwichte Riickbindung
wiirde dies insgesamt zu einer verringerten Adsorptionsstar-
ke des CO an die Pd Oberfliche fiihren.

Um diese Hypothese weiter zu untermauern, wurde der
Einfluss einer positiven Oberfldchenladung der Pd Nanopar-
tikel auf die Adsorptionsstiarke von CO mit Hilfe der DFT
berechnet. Die CO/O Adsorption wurde an dem représenta-
tiven Modell eines ikosaedrischen Nanopartikels Pd,,; be-
trachtet. Dieser hat einen Durchmesser von 1.5nm und
besitzt (111) Mikrofacetten, die in schr guter Niherung cine
ausgedehnte (777) Oberfliache approximieren. CO und ato-
marer Sauerstoff wurden auf die hcp Besetzungsplitze einer
metallischen Oberfliche adsorbiert, wobei ein Bedeckungs-
grad 0 von 0.1 angenommen wurde (weitere Details des
Modeclls und der Berechnungen sind in der ST zu finden,
Abbildung S14-S17). Die Adsorptionsenergic von CO sank
linear mit einer Erhohung der positiven Ladung auf dem
Nanopartikel im betrachteten Bereich von Pd,; bis Pd,,; .
Dahingegen blieb die Adsorptionsenergie von O unverédndert
(Abbildung 5). Mit der Verringerung der CO Adsorptions-
energie verldangert sich auch die Pd-C Bindungslinge von
2.057 A auf 2.066 A und die C-O Bindungslinge verkiirzte
sich von 1.197 A auf 1.187 A. Dies bestitigt, dass eine
Verschiebung der Banden der C-O-Streckschwingung von
einer leicht positiv geladene Pd Oberfliche herrithren kann.
Die Verringerung von Elektronen in den Metall d-Zustinden
nahe der Fermi-Kante fiihrt zu einer verringerten Besetzung
des nicht-bindenden n-Kanals zwischen CO und Pd. Dadurch
wird die Adsorptionsenergie verringert, wobei gleichzeitig die
interne C-O Bindung gestirkt wird™ Die positive Oberfli-
chenladung kénnte die CO Oxidation durch cine gemilderte
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Abbildung 5. a) Berechnete Adsorptionsenergien bei geringer CO
(blau) und O (rot) Bedeckung als Funktion der Nanopartikeloberfla-
chenladung. b) Gemittelte Pd-C (blau) und Pd-O (rot) Bindungslangen
als Funktion der Nanopartikeloberflichenladung.

Angew. Chem. 2021, 133, 59545961

Forschungsartikel

© 2020 Die Autoren. Angewandte Chemie verdffentlicht von Wiley-VCH GmbH

CO-Vergiftung der Pd Obertliche begiinstigen. Berechnun-
gen®! bestitigten zudem, dass die Energiebarrieren fiir ein
positiv geladenes Pd durch die verinderte Bindungsstirke
von CO gesenkt werden. Dies steht auch in Einklang mit den
verringerten experimentell bestimmten  Aktivierungsener-
gien fiir Hec@Pd@Hec.

Die permanente und hohe Schichtladungsdichte des Hec
ist moglicherweise nicht der einzige Grund fiir die beobach-
tete positive Oberflichenladung der interkalierten Pd Nano-
partikel. Wie bereits erwihnt, konnen elektronische Wech-
selwirkungen zwischen ultradiinnen, jedoch neutralen Oxid-
schichten und Metall auftreten und die Austrittsarbeit des
Metalls beeinflussen.

Eine ultradiinne Schicht aus SiO, auf Mo(1/2) erhéhte
beispiclsweise die Austrittsarbeit um 0.5-1 eV durch Dipol-
wechselwirkungen aufgrund von Ladungsiibertragung vom
Metall auf das Oxid.""! Um einen moglichen Ladungstransfer
zwischen Pd und Hec zu priifen, wurde deswegen Elektro-
nenenergieverlustspektroskopie (EELS) an der Si L,; Kante
durchgefiihrt (Abbildung 6). Im Vergleich zu reinem NaHec
trat cine chemische Verschiebung beider Signale bei 109 eV
und bei 116 eV zu kleineren Verlusten fiir Hec@Pd65@Hec
auf. Eine Verschiebung von 0.8 eV zu kleineren Verlusten
wurde auch an der Si K Kante beobachtet (Abbildung S18).
Dies impliziert eine kleine, aber dennoch messbare Reduzie-
rung der mittleren Oxidationsstufe von Si* (x < -+ 4) durch die
Interkalation der Nanopartikel. ! Wie bereits an den Mo-
dellsystemen'™*! beschrieben und auch wenn das Pd bereits
eine positive Ladung aufgrund des Ladungsausgleiches trigt,
regt die Bedeckung des Pd mit Hec Nanoschichten einen
zusitzlichen Transfer von Ladungsdichte an. Ein Ladungs-

Hec@Pd65@Hec

NaHec

norm. Intensitét [a. u.]

105 110 115 120

Energieverlust [eV]

100

Abbildung 6. ELL Spektren an der Si L,; Kante von NaHec (schwarz)
und Hec@Pd65@Hec (rot).

transfer wurde unter anderem auch von Li et al.** gefunden,
dic Pd Nanowiirfel mit dem Cu beinhaltenden MOF HKUST-
1 iiberwuchsen. Auch hier wurde eine Verschiebung des Pd 3d
Signals zu hoheren BE durch Ladungstransfer festgestellt.
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Cu-O Gruppen des MOF wurden dabei als die Ladungsemp-
finger festgestellt.*!

Schlussfolgerung

Fiir Modellsysteme, bestehend aus ultradiinnen Schichten
eines Oxides auf einer Edelmetalloberfliche, konnte gezeigt
werden, dass die elektronische Struktur des Metalls beein-
flusst wird. Diese Architektur kann auf einer skalierbaren
Ebene imitiert werden, indem positiv geladene Nanopartikel
zwischen negativ geladene Schichtsilikatlamellen einge-
klemmt werden. Wie auch fiir die Modellsysteme beobachtet,
konnten elektronische Wechselwirkungen zwischen Pd und
den Nanoschichten mit Hilfe von XPS, EELS und CO-
DRIFTS nachgewiesen werden, die sich auch in einer erh6h-
ten katalytischen Aktivitit in der Oxidation von CO wider-
spiegelten. Die Verwendung einer nematischen Phase eines
delaminierbaren Schichtmaterials zur Interkalation von Na-
nopartikeln ist keineswegs auf Pd oder NaHec beschrinkt,
sondern auf ein breites Spektrum von Metall-Nanopartikeln
unterschiedlicher GroBe und Form anwendbar.™! AuBerdem
konnen andere schichtformige Tréiger verwendet werden, die
fliissigkristalline Phasen ausbilden, wie zum Beispiel Titana-
1e!*® und Antimonphosphate.l***! Natiirlich ldsst sich dicses
Konzept auch auf katalytisch attraktivere Legierungen aus
Nanopartikeln ausweiten.*!
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1 Experimental Procedures

Materials

PdCl> (99.999% Pd, Premion), NaCl, 4-Dimethylaminopyridine (DMAP), NaOH and NaBH4 were purchased from Alfa Aesar. y-Al;O3
with high surface area was purchased from Alfa Aesar. The pellets were grounded to a powder before use. The used water was of
MilliQ quality (18.2 MQ).

Catalyst synthesis

Synthesis of Pd nanoparticles:

The synthesis of Pd nanoparticles was executed using a modified literature procedure.! Palladium(ll) chloride (235 mg, 1.33 mmol)
and Sodium chloride (155 mg, 2.66 mmol) were dissolved in 40 ml water and 4-Dimethylaminopyridine DMAP (833 mg, 6.82 mmol) in
80 mL water was added. After 20 min of stirring NaBH4 (110 mg, 2.91 mmol) in 11 ml water was added dropwise under vigorous stirring
resulting in a black dispersion. After 2 h the nanoparticle dispersion was dialyzed in 4 | water with water changes after 12 and 24 hours.

NaHec was synthesized via melt synthesis and is described elsewhere.?

Synthesis of Hec@Pd@Hec:

For the synthesis of the catalysts the hectorite was delaminated to a 1.5 wt% dispersion to achieve a layer distance of about 60 nm.
Both the aqueous particle and hectorite dispersions were adjusted with NaOH resulting in surface potentials of the nanoparticles of 28
mV or 22 mV, respectively.The nematic hectorite suspension was added rapidly to the nanoparticle dispersion under vigorous stirring.
Visible flocculation appeared within 30 seconds. The black flocculate was separated from the supernatant by centrifugation. DMAP
was removed by repeated washing cycles. Finally, the catalysts were freeze dried to obtain a fluffy powder.
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Synthesis of PdexHec:
To a dispersion of Pd nanoparticles (1 mg/ml) crystalline NaHec was added under stirring. After 24 h the resulting black solid was
separated by centrifugation and washed several times. The catalyst was freeze dried to obtain a fluffy powder.

Synthesis of PdexAl203:
To a dispersion of Pd nanoparticles (1 mg/ml) was added y-Al,O3 under stirring. The solvent was slowly removed under stirring at 80 °C.
The catalyst was finally dried at 130 °C.

Measurement and Characterization Techniques
Dynamic light scattering (DLS) and determination of {-potential were recorded on a Litesizer 500 (Anton-Paar).
CHN analysis was acquired with an Elementar Vario EL Ill.

Powder X-ray diffraction (PXRD) measurements were done using a STOE Stadi P diffractometer. Cuka1 radiation and a Mythen 1K
silicon strip-detector were used. PXRD of traces of textured samples were recorded on a Bragg-Brentano type diffractometer (Empyrean,
PANalytical) with nickel filter and Cuk, radiation (. = 1.54187 A).

SAXS data were measured using a “Double Ganesha AIR" system (SAXSLAB,Denmark). The X-ray source of this laboratory-based
system is a rotating anode (copper, MicroMax 007HF, Rigaku Corporation,Japan) providing a microfocused beam. The data was
recorded by a position sensitive detector (PILATUS 300 K, Dectris)

Transmission electron microscopy (TEM) images were acquired using a JEOL JEM-2200FS (200 kV). For cross sectional TEM the
powder was embedded into a resin (EPO-TEK 301) and was cut with an Ar beam into thin slices using a Jeol Cryo lon Slicer.
Scanning electron microscopy (SEM) images and energy dispersive spectroscopy (EDS) were recorded on a FEI Quanta FEG 250.

Photoelectron spectroscopy (XPS) was conducted on a PHI 5000 Versa Probe llI fitted with an Al Ka excitation source and spectra
were analyzed with Multipak software pack. Spectra were referenced to C 1s at 284.8 eV.

Electron energy loss spectroscopy (EELS) measurements were conducted using a double-corrected JEOL JEM-ARM200F microscope,
operated at 200 kV and equipped with a Gatan GIF Quantum imaging filter with DualEELS capabilities. Plural scattering was removed
from all spectra by Fourier ratio deconvolution.

Adsorption isotherms were recorded on a Quantachrome Autosorb-1 with Ar as adsorbate at 87 K. The isotherms were evaluated using
Brunauer-Emmet-Teller (BET) method and pore size distribution was evaluated with NLDFT. Metal surface was acquired with a
Quantachrome Autosorb-1 with CO at 35 °C using the double isotherm method.

To determine the elemental composition, to about 20 mg of the sample was added a mixture of 1.5 mL 30 wt% HCI (Merck), 0.5 mL of
85 wt% H3PO4 (Merck), 0.5 mL 65 wt% HNOgz (Merck) and 1 mL of 48 wt% HBF4 (Merck). The sample was digested in a MLS 1200
Mega microwave digestion apparatus for 6.5 min and heated at 600W (MLS GmbH). The sample was allowed to cool to room
temperature and the clear solution was diluted to 100 mL and analyzed with a Varian Vista-Pro radial ICP-OES.

Diffuse reflectance infrared Fourier transform (DRIFT) spectra were collected on a Cary 680 FTIR spectrometer from Agilent equipped
with a MCT detector and a Praying Mantis™ low temperature reaction cell from Harrick. Spectra were recorded at a spectral resolution
of 2 cm™" and accumulation of 1024 scans. Samples were dried at 130 °C under a flow of Ar (50 ml/min) over night and then reduced
at 150 °C under a flow of Hz (10 vol%) for 1 h. To remove H, the samples were evacuated at 150 °C for 30 min and then let allow to
cool to room temperature. Spectra were taken at 300 K. CO isotherms were recorded by dosing CO at increasing equilibrium pressures
ranging from 0.03 to 60 mbar. The spectra are presented in Kubelka—Munk units F(Rx) = (1 = Rx)2/2R«

Catalysis

Catalytic tests were conducted in a fixed bed micro reactor with an internal diameter of 4 mm. The desired amount of catalyst was
mixed with quartz to achieve an overall loading of 500 mg. The reactor was heated using a circular kiln. To record light-off curves the
temperature was raised in 10 °C steps and the temperature was held for 12 min before analysis. A reactant mixture of 1 vol% CO, 1
vol% O2 und 98 vol% nitrogen with a constant flow of 50 ml/min under atmospheric pressure was injected into the reactor. The
composition of the gas mixture leaving the reactor was monitored using an Agilent 6890N gas chromatograph equipped with a 30 m
GS CARBONPLOT column and a thermal conductivity detector. Prior to catalysis, the catalyst was conditioned for 2 h in the reactant
mixture stream at 200 °C for 2 h.

Computational Models and Methods

Method

Geometry optimisation and calculation of activation energies for CO oxidation were performed using the periodic density functional
method within the VASP 5.4 package,® employing the projector augmented-wave method,””! and the Perdew-Burke-Ernzerhof
exchange-correlation functional® with Grimme’s D3 dispersion correction’® and BJ damping.”? The wavefunction expansion was
truncated at 400 eV, and the Brillouin zone was approximated by the Gamma point only (except in slab calculations, for which a 4x4x1
Monckhorst-Pack!® k point grid was employed). Electronic and force convergence criteria for local geometry optimization were set to
1x10-6 eV and 2x10-2 eV/A, respectively. Gaussian smearing was included, with a smearing width of 0.1 eV. All calculations were
performed spin-unpolarized, except for the case of molecular oxygen, which exhibits a triplet ground state. Dipolar corrections to the
energy were included in all three dimensions. The electrostatic potential was verified to converge to a stable vacuum level for each
charged particle system, in order to ensure spurious electrostatic effects between images were avoided.
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To model the palladium nanoparticles in experiment, unsupported icosahedral palladium nanoparticles comprising 147 atoms (approx.
1.5 nm diameter) were generated within a cubic box of 25x25x25 A. The structure of the particle was locally optimised for each charge
state, from initial structures for which the surface Pd-Pd distances were approximately 2.75 A; in-line with the extended (111) surface
nearest-neighbour distance. This nanoparticle model includes (111) microfacets, and contains all important CO adsorption sites (top,
bridge, fcc hollow and hcp hollow) that are appropriate for a pristine (111) surface or larger nanoparticle. The model therefore
approximates the effects of surface undercoordination and curvature appropriate for the experimental 3.5 nm particle. The charged
nanoparticles were generated via explicit removal of electrons corresponding to a per-Pd charge of +0.01e-, +0.03e- and +0.05e- (one,
four and seven electrons removed, respectively). Adsorption was modelled by the addition of a single adsorbate to the pristine
nanoparticle, to the hcp hollow site closest to the centre of a (111) microfacet. Adsorption energies of adsorbates CO (Eads(CO)) and
atomic O (Eads(O)) were calculated according to the following equations,

Eads(CO) = E(CO@Pd147) — E(Pd147) — E(CO)(g)
Eads(0) = E(O@Pd147) — E(Pd147) — 0.5 E(02)(g)

where the isolated Pd147 particle and CO (rC-O = 1.14 A) and 02 (rO-O =1.23 A) molecules are calculated in the same cubic cell. The
molecular oxygen reference was calculated with spin polarization, to account for the triplet oxygen ground state.
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2 Results and Discussion

2.1 Characterization of Pd nanoparticles

8 10 12
pH

Figure $1. a) TEM image of monodisperse Pd nanoparticles. Inset: High magnification image. b) {-Potential versus pH for DMAP stabilized Pd nanoparticles in
0.1M NaCl solution. Below a pH of 5 the nanoparticles aggregated quickly due to the protonation of the amino function of DMAP.

2.2 SAXS of nematic NaHec
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Figure $2. SAXS of a 1.5 wt% swollen nematic NaHec phase.
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2.3 Elemental analysis of Hec@Pd65@Hec

Figure $3. SEM-EDS elemental mapping of Hec@Pd65@Hec.

Table S1: Results of CHN analysis after washing.

Sample Fraction of C [wt%] Fraction of H [wt%] Fraction of N [wt%]
Hec@Pd65@Hec 0.03 0.0 0.00
Pd@Hec72@Hec 0.04 0.0 0.02

5
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2.4 XPS survey spectrum of Hec@Pd65@Hec.
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Figure S4. XPS survey spectrum of Hec@Pd65@Hec.

2.5 Grayscale analysis of Pd layers in Hec@Pd65@Hec

Grayscale [a. u.]

0 2 4 6 8 10
length [nm]

Figure S5. Grayscale analysis of two adjacent monolayers of Hec@Pd65@Hec separated by one nanosheet. It can be observed that nanoparticles of adjacent
layers are shifted against each other.
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2.6 TE micrograph after prolonged heating

.Ar‘l‘t 3 4 %

Figure $6. TE micrograph of Hec@Pd65@Hec after heating to 700 °C in Ar atmosphere for 10 h.

2.7 Cross section of Hec@Pd72@Hec

Figure S7. TE micrograph of cross section of Hec@Pd72@Hec showing domains with double layers of nanoparticles between the nanosheets.
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2.8 Physisorption isotherms
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Figure S8. Ar-Isotherms and pore size distribution of a) Hec@Pd65@Hec, b) Hec@Pd72@Hec, and c) pristine NaHec. Hec@Pd@Hec samples show type 1V(a)
isotherms that correspond to a mesoporous network. The shape of the hysteresis can be attributed to the H2(b) type. This type of hysteresis in the desorption
branch normally occurs due to pore necks of a larger size distribution. The distance of the particles can be seen as necks between the pores. As the particles have
a size distribution, different sized necks are comprehensible.
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2.9 Cycling test of Hec@Pd65@Hec
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Figure S9. Cycling test of three runs of Hec@Pd65@Hec.

2.10 Arrhenius plots
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Figure S$10. Arrhenius plot of Hec@Pd65@Hec (black), Hec@Pd72@Hec (blue), Pdex@Hec (red), and Pde«@Al203 (brown).
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SUPPORTING INFORMATION

2.11 Characterization of reference catalysts

Figure $11. TE micrographs of a) Pdex@Hec_and b) Pdex@Al203

Table S2. Characterization of reference materials.

Sample Loading [wt%]* Sger [m?/g)° Pore size [nm]® Average Pd size [nm]* Metal dispersion [%]*
Pdex@Al203 0.97 156 76 37+05 22.7
Pdex@Hec 0.98 4.7 / 35£0.6 19.6

[a] determined by ICP-OES, [b] determined by Ar physisorption at 87 K, [c] core sized determined by TEM, [d] determined by CO double isotherm method.

10
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2.12 XP spectra of Pd 3d region of reference materials
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Figure $12. XP spectra of Pd 3d region of Pde«@Hec (blue) and Hec@Pd72@Hec (green).
2.13 Isotherms of CO chemisorbed to the Pd surface
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Figure $13. DRIFT spectra of CO-stretching vibration recorded at increasing CO equilibrium pressure of a) Hec@Pd65@Hec and b) Pdex@Al20s.
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2.14 Additional computational information

Electronic Density of States

a) co CO/Pd(111)

— T T T T -
50 -
~— _5 - ~
3 2 ™13
o« -10 - 41 <
Ly L
g 4 w
-20 30 i
-25 | | | ] =25 1 | | |
0 5 10 15 20 25 0 5 10 15 20 25
Density of States (arb units) Density of States (arb units)
-4 T T T T T T 0 01
q=0.0 ——
b) 1" q=0.03 —— |
-6 ?— -
E S i
o
W -8} i
20 |- 4
e
10 E 4

0 2 4 6 8 10 12 14 16
DOS (arb units)

Figure S14. a) Projected density of states for an isolated CO molecule and CO upon adsorption to neutral Pd hcp site at low coverage. CO s/p states have blue
colour Pd d states have black colour. b) CO s/p states upon adsorption to neutral and charged Pd (g=0.03e/atom).

The electronic structure of isolated and adsorbed CO is calculated within VASP, by projection of the electronic density of states onto
atomic orbitals and separated into single atom contributions. The free CO molecule shows the hybridization of atomic orbitals into o
and 1 molecular orbital (MO) channels. Adsorption to the Pd surface induces an energetic downshift of adsorbate states and
hybridization of the orbitals with the Pd s/d band. Figure S9a shows the full s/p states of CO and the d orbitals of Pd. Increasing Pd
electron depletion leads to a relative upshift in CO adsorbate electronic states with respect to the Fermi energy. Figure S9b shows the
upshift of states originating from CO 40 and 11 orbitals.
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Surface Calculations

ro=1.158A

Figure $15. Adsorption energies of CO on the Pd(111) surface in fcc, hcp and top sites at a coverage of 1/9.

In order to identify the effect of undercoordination and cluster curvature on the adsorption properties on Pd, we calculated the adsorption
of CO upon a pristine (111) surface. On the surface, the CO molecule was found to prefer hollow sites to top sites, while bridge sites
were not found to be stable with respect to barrierless migration to a hollow site. Therefore, upon the nanoparticle only hollow sites
were considered, with hcp hollows always found to be preferred over fcc sites. The adsorption is found to be moderately enhanced
upon the nanoparticle, by less than 0.1 eV. Hence the 1.5 nm nanoparticle is a good approximation to the pristine extended surface,
and therefore for the 3.5 nm nanoparticle in experiment.

=== Dipole
. D3
. PBE

Eads (eV)

-3 L 1 Il
hecp fcc atop

CO adsorption site
Figure S16. Energetic contributions to CO adsorption energy upon Pd(111). The dipole and D3 dispersion corrections provide a constant stabilisation for hcp, fcc

and top adsorption modes.

The various contributions to adsorption energy are separated for a model of low-coverage CO adsorption on the pristine, neutral
Pd(111) surface (6 = 1/9). Dispersion and dipolar corrections are found to provide a near-constant addition to adsorption energy of -
0.27 eV and -0.16 eV, respectively, irrespective of adsorption mode. Neglect of these contributions gives GGA-only adsorption energies
of -2.14 eV, -2.11 eV and -1.52 eV in fcc, hep and top sites, respectively: in accord with literature values at the same level of theory.['%)
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Coverage Effects

The role of particle charge in affecting the lateral repulsion between adsorbates was investigated. The coverage dependence of CO
and O adsorption was modelled by occupation of a single (111) microfacet of Pd147 by adsorbates, in the range 6 = 0.1 - 0.6 (between
one and six adsorbates upon one microfacet). It is known that the preferred adsorption mode for CO varies with coverage. However,
as the aim is to identify the effect of charge on energetic trends, rather than to locate the optimal adsorbate surface structure, hcp
hollow sites were chosen as occupation sites for both species at all coverages. Increasing particle charge weakens the adsorption for
all coverages of CO, with a constant upward shift in Eads. For O adsorption, the destabilisation of O on the surface is a stronger
function of coverage than CO. Additionally, the trend as a function of charge is different between CO and O. While CO is destabilised
in a constant manner, oxygen is found to exhibit a charge effect, in which higher excess positive charge leads to a stronger
destabilisation.

-2.1 T T T T T T -1.1
q=0.0 —@—
=0.01 —@—

2.2 "g=0.03 —o— 1 -1.2 i
23 1513 i
(Y
e 18-1.4 .

25t | &
-1.5 .
-2.6 - B
-1.6 .
_2.7 1 1 1 1 1 1 1 1 1 1 1
01 02 03 04 05 06 01 02 03 04 05 06
Coverage Coverage

Figure $17. Coverage dependence of CO (left) and O (right) adsorption energies as a function of nanoparticle charge/Pd atom.
2.15 EEL spectroscopy at Si K edge
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Figure S18. ELL spectra at the Si K edge of NaHec (black) and Hec@Pd65@Hec (red).
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H, is regarded to play a crucial role in the transition from a fossil
fuel-based energy economy towards an environmentally
friendly one. However, storage of H, is still challenging, but
palladium (Pd) based materials show exciting properties. There-
fore, nanoparticulate Pd has been intensely studied for hydro-
gen storage in the past years. Here, we stabilize Pd nano-
particles by intercalation between inorganic nanosheets of
hectorite (NaHec). Compared to nanoparticles stabilized by the
polymer polyvinylpyrrolidone (PVP), the H, storage capacity was

Introduction

H, is of industrial importance, e.g. for hydrogenation reactions,
synthesis of ammonia or oil refining."” Furthermore, interest has
emerged in hydrogen as a clean energy source, e.g. for fuel
cells.?? These applications require reliable storage of H,.
Materials with a high surface area that can bind H, physically,
such as carbon materials (activated carbon, nanotubes,
nanofibers)® or metal-organic frameworks'® require typically
low temperatures or high pressures” Materials capable of
binding hydrogen chemically are metal hydrides' (MgH,) or
complex hydrides™ (NaBH,), but these hydrides require high
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found to be 86% higher for identical Pd nanoparticles being
intercalated between nanosheets. We attribute this remarkably
enhanced H, storage capacity to the partial oxidation of Pd, as
evidenced by X-ray photoelectron spectroscopy (XPS). The
higher amount of holes in the 4d band leads to a higher
amount of H, that can be absorbed when Pd is stabilized
between the nanosheets of hectorite compared to the PVP
stabilized nanoparticles.

temperatures to release H,. Transition metals represent another
interesting class of hydrogen storage materials as they possess
a high density of states (DOS) near the Fermi level. Among
them, Pd is known to absorb high volumes of H, at ambient
pressure and temperature.”’ The amount of hydrogen that can
be absorbed is closely related to holes in the 4d band as the
Pd—H bond is created by electron transfer of H 7s electrons to
these holes.”

Nanoparticles show significantly altered physical and chem-
ical properties compared to their bulk counterparts, such as
improved catalytic activity™"” or melting point depression."”
Nano-sizing and confinement was recognized for complex
metal hydrides to improve hydrogen uptake properties."
When complex metal hydride nanoparticles were incorporated
into the pores of SBA-15" or nanoporous carbon® not only
stability of the nanoparticles, but also the kinetics of H, uptake
and release or thermodynamic phase stabilities at given H,
pressure and temperatures were changed.

The nano-size effect on the H, storage behaviour of Pd
nanoparticles was thoroughly investigated applying polyvinyl-
pyrrolidone (PVP) covered nanoparticles. The polymeric capping
ligand inhibited agglomeration while allowing H, to access the
surface."” Nanoparticles of Pd demonstrated a clear size-
dependent effect"” With decreasing size, the maximum H,
absorption decreases accompanied by a narrowing of the two-
phase region (coexistence phase of o and ) compared to bulk
Pd. Alternatively, the storage capacity of Pd nanoparticles was
improved by tuning their electronic structure. In this line, the H,
storage capacity of nanoparticulate Pd cubes could be doubled
by covering them with the metal-organic framework (MOF)
HKUST-1 (copper(ll) 1,3,5-benzenetricarboxylate)."® The im-
provement of H, storage capacity was rationalized by a charge
transfer from the Pd nanocubes to Cu—O groups of the MOF,
which increases the number of holes in the 4d band.*”
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Recently, Pd nanoparticles were intercalated between the
nanosheets of synthetic hectorite (NaHec, NaysMg, sLigsSi,044F-).
NaHec is a 2 dimensional (2D) 2:1 layered silicate. The synthetic
procedure involving melt synthesis and thermal annealing
grants access to a phase pure material with a 3 dimensional
crystalline order."” This makes the material more favourable for
systematic studies over natural materials as it possess little
defects and no impurities. Furthermore, the synthetic hectorite
is a fluorohectorite. This renders this clay structure stable up to
750°C*" As the silicate nanosheets carry a high permanent
negative charge Na’ ions are located between these nano-
sheets to grant charge balance."™ When immersed in water,
the nanosheets delaminate by repulsive osmotic swelling into
individual nanosheets with a thickness of 9.6 A2 The electro-
static repulsion and a large diameter of 220000 nm hold the
nanosheets in a co-facial alignment even at high dilutions,
forming a nematic liquid crystalline phase. This nematic phase
was used to intercalate nanoparticles with a positive ¢ potential
between the nanosheets to create a porous structure as
sketched in Scheme S1.°% The confinement between negatively
charged nanosheets forces the Pd nanoparticles to be positively
charged to balance the charge. Furthermore, the nanosheets
even accept additional negative charge beyond what is
expected for charge balancing of pristine NaHec as evidenced
by electron energy loss spectroscopy (EELS) of Si.”? Similar to
what was reported for HKUST-1 embedded Pd nanoparticles,
we find that the additional holes created by the described
charge transfer for intercalated nanoparticulate Pd indeed also
enhances the maximum H, storage capacity compared to
identical nanoparticles covered with PVP.

Results and Discussion

Crystalline NaHec was delaminated in water to form a 1.5 wt%
nematic sol. At this solid content, individual nanosheets were
separated to about 60 nm according to small-angle X-ray
scattering (SAXS, Figure S1). Pd nanoparticles with a positive T
potential were synthesized by reducing Na,[PdCl,] in the
presence of 4-dimethylaminopyridine (DMAP).”* The as-synthe-
sized nanoparticles had a core size of 3.54-0.4 nm as deter-
mined by transmission electron microscopy (TEM, Figure S2a, b).
The hydrodynamic diameter was found to be 4.541.3 nm
applying dynamic light scattering (DLS, Figure S2c). As the layer
charge of the NaHec nanosheets is fixed due to the isomor-
phous substitution of Li* for Mg?*, the number of nanoparticles
that can be intercalated between the nanosheets can be
controlled by the pH-dependent surface charge of the nano-
particles. The { potential of the nanoparticles could be system-
atically varied by pH adjustment between 28 mV and 34 mV at
a pH of 9.5 and 6.0, respectively (Figure S3). Typically, a 1.0 wt%
dispersion of the Pd nanoparticles was added to a 1.5 wt%
dispersion of the nematic sol of Hec under vigorous stirring.
After flocculation of the oppositely charged species, the
composite was repeatedly centrifuged and washed. The
amount of Pd captured by NaHec was determined by energy-
dispersive X-ray spectroscopy (EDS). At a pH of 6.0, the Pd

weight fraction was 39.3% (Hec@Pd39@Hec), whereas at
pH 9.5, the amount of Pd was as high as 64.5 wt% (Hec@Pd65@-
Hec). The amount of Na* was below the detection limit of EDS.
XPS of Na 1s region did not show a signal of remaining Na*. In
contrast, a clear signal was visible for pristine NaHec (Figure S4).
According to CHN analysis, the DMAP capping ligand was
completely removed during the washing steps suggesting that
positively charged Pd nanoparticles solely guarantee the charge
balance. This was cross checked by XPS analysis of the N Is
region showing no signal of residuals of the nitrogen-contain-
ing ligand (Figure S4b).

TEM images of both samples showed that the nanoparticles
were captured between the nanosheets. Hec@Pd39@Hec had a
disordered structure with collapsed areas. At this low pH, the
Pd nanoparticles carry a high positive T potential and
consequently, very few nanoparticles were required to balance
the negative surface charge. In turn, adjacent nanoparticles are
too distant to keep the gallery between nanosheets open. The
flexible nanosheets” completely encapsulated individual nano-
particles (Figure 1a). Since the nanosheets are impermeable for
H,,** the Pd nanoparticles at this low loading turned out to be
not accessible for CO chemisorption or Ar (Figure S5a). More
nanoparticles that are closer to each other were required to
prevent the nanosheets from collapsing. When the surface
charge of the nanoparticles was lowered by increasing the pH
to 9.5, and consequently, more nanoparticles were intercalated
to achieve charge balance, an ordered lamellar structure was
obtained (Figure 1b). The nanoparticles are sandwiched be-
tween two nanosheets while the gallery is kept open by
sufficient nanoparticles serving as pillars (Figure 1c). Upon
intercalation, the nanoparticles retained their size of 3.5+

rel. Intensity [a. u.)

Figure 1. Structural characterization of Hec@Pd39@Hec and
Hec@Pd65@Hec: a) TEM image of Hec@Pd39@Hec. b, ¢) TEM images
of Hec@Pd65@Hec. d) PXRD at low angles of Hec@Pd39@Hec
(black) and Hec@Pd65@Hec (red).
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0.4 nm. This was confirmed at larger length scales as compared
to TEM images by Powder X-ray diffraction (PXRD, Figure 1d). In
line with the disorder apparent in TEM images, Hec@Pd39@Hec
showed only a broad shoulder at low angles due to a random
interstratification of occupied and unoccupied interlayer spaces.
In contrast, for Hec@Pd65@Hec a series of reflections (00! series)
was observed with a d spacing of 4.6 nm. This is in excellent
agreement with the sum of a typical nanoparticle sized 3.4 nm
and the 0.96 nm thick nanosheet. Furthermore, the coefficient
of variation of 0.78% proved a rational series and a high degree
of order along the stacking direction indicating a quite uniform
d spacing.

Hec@Pd65@Hec was found to be mesoporous with a BET
surface of 163 m%g and a median pore size of 4.5nm,
suggesting that the Pd nanoparticles are not densely packed
(Figure S5). The metal dispersion, determined by CO chemisorp-
tion, was 24%, demonstrating that the nanoparticles were
accessible. In contrast, the BET surface of Hec@Pd39@Hec was
as low as 18 m%g, and chemisorption was below the detection
limit.

Pressure-composition (PC) isotherms were acquired for
Hec@Pd39@Hec and Hec@Pd65@Hec at 303 K (Figure 2). Fur-
thermore, the DMAP covered Pd nanoparticles were stabilized
with PVP as the polymer is regarded to take no influence on
uptake behaviour."” The nanoparticles retained their size upon
capping ligand exchange (Figure S6), and the metal content
was 10.1 wt%, according to elemental analysis. The reference is
denoted as PdPVP. Before the measurement, the samples were
evacuated at 423K for 6 h. Hec@Pd39@Hec did not absorb
hydrogen, which proved that even the very small H, molecules
could not diffuse between the collapsed nanosheets and access
the encapsulated Pd nanoparticles. Only some external Pd
could absorb small amounts of H. The H, uptake at 101 kPa H,
pressure of the reference PdPVP nanoparticles was 0.35 H/Pd
showing - as expected for such small nanoparticles- a clear
nanosize effect compared to Pd black (~0.7 H/Pd) and the
reduction observed here is in good accordance with the
literature."” For Hec@Pd65@Hec, the amount of absorbed H
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Figure 2. PC isotherms at 303 K of Hec@Pd39@Hec (red),
Hec@Pd65@Hec (black), and PdPVP (blue).

increased with increasing H, pressure. At 101 kPa, Hec@Pd65@-
Hec absorbed 0.65 H/Pd. This was an increase of 86 % compared
to the 0.35 H/Pd of PdPVP. Additionally, the plateau-like region,
where the solid solution of Pd and H (¢-phase) and the hydride
formation (f-phase) coexist, is more pronounced compared to
PdPVP. As the same nanoparticles were used for the synthesis
of Hec@Pd65@Hec as well as PAPVP, the sandwich confinement
by the Hec nanosheets seems to have impact on the H, uptake.
Furthermore, while for sterically stabilized PAPVP the complete
metal surface is accessible, for Hec@Pd65@Hec as little as 24%
of the Pd atoms were measured to be accessible by CO
chemisorption. When comparing the specific hydrogen den-
sities of Hec@Pd65@Hec and PAPVP of 0.4 wt% and 0.03 wt%,
respectively, the difference in the H, uptake is even higher due
to higher density of Pd nanoparticles in Hec@Pd65@Hec.
Nevertheless, the specific hydrogen density is lower compared
to Pd black as it consists of 35 wt% Hec- support.

To clarify whether the increased uptake of H, of
Hec@Pd65@Hec was a spillover effect to the Hec support or
absorbed into the lattice of Pd, in situ diffraction measurements
at variable H, pressure were performed. The transition from o
to 3 phase is a first-order transition”® and is accompanied by
an expansion of the Pd lattice.”” The change in the position of
the fcc diffraction peaks of Pd was recorded in situ at various
hydrogen pressures at Super Photon Ring SPring-8 (Fig-
ure 3a).®) From vacuum to 1kPa, the fcc peaks of Pd only
gradually shifted to lower angles corresponding to the solid
solution of the a-phase. The transition appeared in a very
narrow pressure range, and peaks completely shifted to lower
angles already at 2 kPa and shifted back at 0.5 kPa during the
desorption process. Le Bail fitting of the diffraction patterns
proved that the lattice constant of Pd increased with hydrogen
pressure and decreased when the hydrogen desorbed again
(Figure 3b). The lattice constant returned to its original value
after desorption, proving complete reversibility. It should be
noted that the lattice was able to expand even though the

a b

100 Hec@PdsQ@:lec
'y H, [kPa] 7
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Figure 3. a) In situ powder XRD patterns of Hec@Pd65@Hec at
various hydrogen pressures. b) Lattice constant estimated by Le Bail
fitting for the diffraction patterns of Hec@Pd39@Hec and
Pd@65@Hec. The colour code of the diffraction patterns corre-
sponds to the lattice constant in a). The diffraction patterns of
Hec@Pd39@Hec can be found in Figure S7.
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nanoparticles were sandwiched between the silicate nano-
sheets. The change in the lattice constant upon H, pressure is
fully consistent with the course of the PC isotherm plotted in
Figure 2 which is a good hint that H, uptake is due to the
sorption into the lattice of Pd nanoparticles rather than a
spillover process.

As expected, the lattice constant of Hec@Pd39@Hec hardly
shifted upon the insignificant hydrogen uptake (Figure 3b and
S7).

XP spectra of the Pd 3d region of Hec@Pd39@Hec and
Hec@Pd65@Hec were recorded to investigate the influence of
hectorite on the electronic structure of Pd nanoparticles (Fig-
ure 4). The signals of Hec@Pd65@Hec were fitted with a pair of
asymmetric bands (3ds,, and 3d,;,) with a spin orbit coupling of
5.26 eV characteristic for Pd metal (Figure $8). The binding
energies (BE) of Pd 3ds, was 335.8eV for Hec@Pd65@Hec,
considerably shifted to higher values than the 335.0 eV of bulk
Pd.?" As the DMAP capped nanoparticles of Hec@Pd39@Hec
had a higher T potential at synthesis, the Pd 3d,, signal at this
stage was at 336.0 eV. In contrast, Pd 3d;,, of PdPVP was found
at a BE of 335.1 eV. The shift to higher BE values suggested that
Hec covered nanoparticles were in a different electronic state
from the PVP covered nanoparticles and were slightly electron-
deficient. The negatively charged nanosheets forced the nano-
particles to be in a positively charged state. Furthermore, a
charge transfer from Pd to the Si of the nanosheets was
reported before.”” The amount of hydrogen that can be
absorbed strongly correlates with the amount of 4d band holes
in the conduction band at the Fermi level.>” Based on the band
filling effect, the more holes in the 4d band, the more hydrogen
can be absorbed as the transfer of H Is electrons into these
holes creates the Pd—H bonds.*” Similar behaviour was also
found for metal alloys of Pd—Ir®? or Pd—Rh,** where a charge
transfer from Pd to the other metal increased the number of

Pd 3d

rel. Intensity [arb. units]

344 342 340 338 336 334
Binding energy [eV]

Figure 4. XP spectra of Pd 3d region of Hec@Pd65@Hec (black),
Hec@Pd39@Hec (red), and PdPVP (blue).

holes and total H, storage capacity. Furthermore, covering Pd
nanocubes with HKUST-1 doubled the hydrogen uptake due to
charge transfer from Pd to Cu-O centres.”’® In the same line,
we propose that the electron-deficient Pd species created by
intercalation between NaHec nanosheets can absorb more
hydrogen due to an increased amount of holes in the 4d band.

Conclusions

The results demonstrate that the amount of hydrogen absorbed
by Pd nanoparticles can be significantly altered by intercalation
between the permanently negatively charged 2D layered
material hectorite. The nanosheets influence the electronic
structure of the nanoparticles and thus modulate the amount
of hydrogen that can be absorbed. Furthermore, it was shown
that a proper adjustment of the T potential of the nanoparticles
before intercalation was crucial to obtain mesoporous materials
with Pd surfaces being accessible. The findings show that
confinement between the Hec nanosheets can improve the H,
storage capacity by alteration of the electronic structure. As the
intercalation strategy can most likely be applied to other
nanoparticulate materials, storage capacity of more abundant
and cheaper nanoparticles might be tunable on the way to
reliable and affordable H, storage materials.

Experimental Section

Materials

PdCl, (99.999% Pd, Premion), NaCl, 4-Dimethylaminopyridine
(DMAP), NaOH, NaCl and NaBH, were purchased from Alfa Aesar.
Polyvinylpyrrolidone (PVP) with an average mol wt of 40000 was
purchased from Sigma Aldrich. The used water was of MilliQ quality
(18.2 MQ).

Synthesis of Pd nanoparticles

The synthesis of Pd nanoparticles was executed using a modified
literature procedure.”” Palladium (Il) chloride (235 mg, 1.33 mmol)
and Sodium chloride (155 mg, 2.66 mmol) were dissolved in 40 mL
water and 4-Dimethylaminopyridine DMAP (833 mg, 6.82 mmol) in
80 mL water was added. After 20 min of stirring NaBH, (110 mg,
2.91 mmol) in 11 mL water was added dropwise under vigorous
stirring resulting in a black dispersion. After 2 h the nanoparticle
dispersion was dialyzed in 4 L water with water changes after 12
and 24 hours.

Synthesis of NaHec

NaHec was synthesized via melt synthesis and is described
elsewhere."”

Synthesis of Hec@Pd@Hec

For the synthesis of the composite materials the hectorite was
delaminated to a 1.5 wt% dispersion to achieve a layer distance of
about 60 nm. Both the aqueous nanoparticle and hectorite
dispersions were adjusted resulting in surface potentials of the
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nanoparticles of 28 mV or 34mV, respectively. The nematic
hectorite suspension was added rapidly to the nanoparticle
dispersion under vigorous stirring. Visible flocculation appeared
within 30 seconds. The black flocculate was separated from the
supernatant by centrifugation. DMAP was removed by three
washing cycles. Finally, the material was freeze-dried to obtain a
fluffy powder.

Synthesis of PdPVP

Nanoparticles were covered with PVP by a ligand exchange process.
To about 100 mg of DMAP capped Pd nanoparticles in aqueous
dispersion (100 mL) was added 900 mg PVP. The dispersion was
stirred for 2 days and the dispersion was then dialyzed in 4 L water
with water changes after 12 and 24 hours. The material was dried
at 130°C.

Characterization

Dynamic light scattering (DLS) and determination of C-potential
were recorded on a Litesizer 500 (Anton-Paar).

CHN analysis was acquired with an Elementar Vario EL IIl.

PXRD of traces of textured samples were recorded on a Bragg-
Brentano type diffractometer (Empyrean, PANalytical) with nickel
filter and Cuy, radiation (A= 1.54187 A).

SAXS data were measured using a “Double Ganesha AIR “system
(SAXSLAB,Denmark). The X-ray source of this laboratory-based
system is a rotating anode (copper, MicroMax 007HF, Rigaku
Corporation, Japan) providing a microfocused beam. The data is
recorded by a position sensitive detector (PILATUS 300 K, Dectris).

Transmission electron microscopy (TEM) images were acquired
using a JEOL JEM-2200FS (200 kV). For cross sectional TEM the
powder was embedded into a resin (EPO-TEK 301) and was cut with
an Ar beam into thin slices using a Jeol Cryo lon Slicer.

Scanning electron microscopy (SEM) images and energy dispersive
spectroscopy (EDS) were recorded on a FEl Quanta FEG 250.

Photoelectron spectroscopy (XPS) was conducted on a Versa Probe
Il fitted with an Al K, source. Spectra were referenced to C 1s at
284.8 eV.

Adsorption isotherms were recorded on a Quantachrome Autosorb-
1 with Ar as adsorbate at 87 K. The isotherms were evaluated using
Brunauer-Emmet-Teller (BET) method and pore size distribution was
evaluated with NLDFT.

Metal surface was acquired via CO chemisorption with a Quantach-
rome Autosorb-1 using the double isotherm method at 35°C.

PC isotherm measurements were acquired using a pressure-temper-
ature apparatus (BEL JAPAN). Before measurement all samples were
activated at 423 K under vacuum for 6 h. PC isotherms were
measured from 107% up to 101 kPa hydrogen pressure at 303 K. The
adsorption/desorption process was repeated at least for three times
to eliminate the possibility of surface oxide contamination.

In situ XRD measurements were acquired at Beamline BLO2B2 at
SPring-8. Samples were sealed in a glass capillary and were
measured under controlled hydrogen pressure in the range from 0
to 101 kPa at 303 K. The radiation wave length was 0.8 A and the
step size was 0.006°.
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Abstract: H; is regarded to play a crucial role in the transition from a fossil fuel-based energy economy towards an environmentally
friendly one. However, storage of H is still challenging, but palladium (Pd) based materials show exciting properties. Therefore,
nanoparticulate Pd has been intensely studied for hydrogen storage in the past years. Here, we stabilize Pd nanoparticles by
intercalation between inorganic nanosheets of hectorite (NaHec). Compared to nanoparticles stabilized by the polymer
polyvinylpyrrolidone (PVP), the H; storage capacity was found to be 86% higher for identical Pd nanoparticles being intercalated
between nanosheets. We attribute this remarkably enhanced H storage capacity to the partial oxidation of Pd, as evidenced by
X-ray photoelectron spectroscopy (XPS). The higher amount of holes in the 4d band leads to a higher amount of H, that can be
absorbed when Pd is stabilized between the nanosheets of hectorite compared to the PVP stabilized nanoparticles.
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1 Results and discussion

1.1 Sketch of the intended structure of sandwiched nanoparticles
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Scheme S1. Sketch of the porous structure of Pd intercalated between the inorganic nanosheets of
Hec.

1.2 SAXS of NaHec dispersion
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Figure S1. SAXS of a nematic sol of NaHec showing a 00/ series with a nanosheet separation of
about 60 nm.
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1.3 Characterization of Pd nanoparticles.
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Figure S2. a) TEM image of DMAP capped Pd nanoparticles. b) Histogram of the core size of 200
nanoparticles, and c) hydrodynamic diameter in aqueous dispersion.
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1.4 Zeta Potential
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Figure S3. { potential of Pd nanoparticles at a pH of a) 9.5 and b) pH 6.0.
1.5 XPS of Na 1s region
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Figure S4. a) Na 1s region of NaHec, Hec@Pd39@Hec, and Hec@Pd65@Hec. After intercalation of
Pd nanoparticles, there is no signal of residual Na left. b) N 1s region of Hec@Pd39@Hec and
Hec@Pd65@Hec showing no signal of residual DMAP.
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1.6 Ar-Isotherms
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Figure S5. Ar-Isotherms of a) Hec@Pd39@Hec, and b) Hec@Pd65@Hec.
1.7 TEM of PVP covered Pd nanoparticles.
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Figure S6. a) TEM image of PdPVP nanoparticles. b) Histogram of the core size of 100 nm.
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1.8 In situ XRD of Hec@Pd39@Hec
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Figure S7. In situ XRD of Hec@Pd39@Hec at various Hz pressure.

1.9 Deconvolution of the Pd 3d region of Hec@Pd65@Hec
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Figure S8. Deconvolution of the Pd 3d region of Hec@Pd65@Hec. Black is the measured spectrum,
blue dots represent the deconvoluted asymmetric bands of metallic Pd and red is the overall fitted
spectrum.

112



Results

2 References

1. K. A. Flanagan, J. A. Sullivan and H. Mueller-Bunz, Langmuir, 2007, 23, 12508-12520.

2. M. Stéter, D. A. Kunz, M. Schmidt, D. Hirsemann, H. Kalo, B. Putz, J. Senker and J. Breu, Langmuir,
2013, 29, 1280-1285.

113



Results

6.4 Enhancing the Catalytic Activity of Palladium Nanoparticles via Sandwich-
Like Confinement by Thin Titanate Nanosheets
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ABSTRACT: As atomically thin oxide layers deposited on flat (noble) metal surfaces have been
proven to have a significant influence on the electronic structure and thus the catalytic activity of
the metal, we sought to mimic this architecture at the bulk scale. This could be achieved by
intercalating small positively charged Pd nanoparticles of size 3.8 nm into a nematic liquid
crystalline phase of lepidocrocite-type layered titanate. Upon intercalation the galleries collapsed
and Pd nanoparticles were captured in a sandwichlike mesoporous architecture showing good
accessibility to Pd nanoparticles. On the basis of X-ray photoelectron spectroscopy (XPS) and CO
diffuse reflectance Fourier transform infrared spectroscopy (DRIFTS) Pd was found to be in a
partially oxidized state, while a reduced Ti species indicated an electronic interaction between

‘ L 4
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nanoparticles and nanosheets. The close contact of titanate sandwiching Pd nanoparticles,
moreover, allows for the donation of a lattice oxygen to the noble metal (inverse spillover). Due to the metal—support interactions of

this peculiar support, the catalyst exhibited the oxidation of CO with a turnover frequency as high as 0.17 s~

of 100 °C.

Tata temperature

KEYWORDS: layered titanate, palladium nanoparticles, CO oxidation, support—metal interaction, heterogeneous catalysis

1. INTRODUCTION

Not only are supporting materials important to disperse and
stabilize catalytically active nanoparticles but also extensive
research gave convincing evidence for an active role of the
support in the catalytic processes.” Charge transfer between a
(noble) metal and the support modifies the electronic structure
and thus modulates the interaction with adsorbate molecules, a
phenomenon referred to as an electronic metal—support
interaction (EMSI).>”® Furthermore, it was shown that
catalytic reactions often occur at the perimeter between the
support and metal, including spillover phenomena."8 Espe-
cially, model catalysts fabricated by deposition of ultrathin
layers of oxides on atomically flat metal surfaces by means of
vapor deposition have attracted much interest.”™'> These very
defined model structures allowed systematic studies that led to
fundamental insight into the catalytic performance. For
instance, the metal work function can be significantly altered
by the ultrathin oxide layer due to dipole effects arising from
compression or charge transfer. "~ Along this line, the
adsorption behavior of H, on a TiO, monolayer with a
lepidocrocite structure deposited onto Pt(111) and Ag(100)
was computationally investig:ltecl."1 Charge transfer from Ag to
the oxide was more pronounced than for Pt, and the
accumulation of negative charge on the oxide disfavored the
adsorption of H,. Furthermore, when the noble metal is only
partially covered by the oxide layer, very reactive kinks
between metal and oxide islands can be created.'” Even though
such model systems are most helpful to understand

@ XXXX The Authors. Published by
American Chemical Society

A4 ACS Publications

fundamental mechanisms, transferring this knowledge to the
bulk scale remains challenging."®

Recently, on application of a nematic phase of single sub-
nanometer thick and negatively charged hectorite nano-
sheets,'”*" the transfer to bulk architectures was accomplished
for Pd.*' Sandwiching Pd nanoparticles between two highly
negatively charged hectorite sheets resulted in a positive charge
on the Pd. This in turn improved the catalytic performance for
the oxidation of carbon monoxide (CO) in comparison to the
same nanoparticles deposited on a conventional support such
as y-ALO;.

Nematic phases of coplanar nanosheets are also known for
some transition-metal oxides. For instance, two-dimensional
(2D) layered lepidocrocite-type titanates with a nominal
formula of A, Ti, ,O,M, (A =K' Cs", Rb", M = Li'; vacancy;
x = 0.7—0.8; abbreviated as L-titanate)*>** appear promising
in the context sketched above. These can be converted into a
protonated form by acid treatment. Due to Ti*" vacancies in
the lepidocrocite sheet, they possess a permanent negative
layer charge and, similarly to hectorite, nematic phases of
single nanosheets are obtained by repulsive osmotic swelling.**
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Due to the high layer charge, these nanosheets repel each
other, which forces the nanosheets to adopt a cofacial
orientation even at high dilutions, resulting in a liquid
crystalline nematic phase showing structural colors.™ At high
dilutions (typically 2 g L"), the nanosheet separation is
sufficient (typically 60 nm) to grant access for nanoparticles to
the gallery between the nanosheets, creating a structure as
sketched in Scheme 1.

Scheme 1. Sketch of the Porous Catalyst Structure Where
Pd Nanoparticles Are Sandwiched between Adjacent L-
Titanate Nanosheets
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For the oxidation of CO, redox-active supports that offer
oxygen storage capacity, such as Co;0,, CeO,, and TiO,, are
often used. A lattice oxygen of the support can then be donated
to the oxide/metal perimeter, facilitating the oxidation
reaction.”***” The redox-active metal of the oxide support is
reduced, while a vacancy in the oxide sublattice is left behind.
In a later step of the catalytic cycle this vacancy is refilled by O,
from the gas phase. This mechanism is called the Mars—van
Krevelen-mechanism. In the case of CO oxidation, this
bypasses the CO poisoning at low temperatures that occurs
on noble metals following the Langmuir—Hinshelwood
mechanism, where CO and O, competitively adsorb on the
metal surface.”* " Model catalysts proved that a direct
relationship between the metal/support perimeter and activity
existed and thus a maximized perimeter is desirable.’’ A
sandwichlike fixation of the Pd metal as sketched in Scheme 1
would furthermore lead to an extended perimeter to the
support and thus increase the catalytic activity in comparison
to a nanoparticle only in contact with a support from one
direction.

Here, we report the intercalation-like heteroassembly of
positively charged Pd nanoparticles and negatively charged
nanosheets of L-titanate. The architectures of Pd supported
on/sandwiched between L-titanates, mimic the model catalysts
of ultrathin layers deposited on metal surfaces. The resulting
catalyst was highly active in the oxidation of CO.

2. RESULTS AND DISCUSSION

2.1. Synthesis and Characterization of L-titanate@
Pd@L-titanate. H, (;Ti,,;0,-H,0 (H'-L-titanate) was syn-
thesized according to a published procedure via the solid-state
synthesis of K, Ti, 73Lig,,0, followed by an HCI treatment.™
To obtain a nematic phase, interlayer H" was then exchanged
for TBA™ (tetrabutylammonium) with a stoichiometric H*/
TBA" ratio of 1. The solid content of (TBA), 4, Ti;,304-H,0

2755

was 2 g L' Upon mechanical shaking a nematic phase was
obtained with individual nanosheets separated to 59 nm
according to small-angle X-ray scattering (SAXS; Figure S1).
As the nematic phase of the titanate nanosheets was only stable
at pH >10, Pd nanoparticles were required to carry a positive
surface () potential at this pH. Therefore, 4-dimethylamino-
pyridine (DMAP) was applied as the capping ligand for the Pd
nanoparticles, which in turn were synthesized by reduction of
Na,[PdCl,] with NaBH,.”* The as-synthesized nanoparticles
showed a narrow size distribution of 3.4 + 0.4 nm, as
determined by transmission electron microscopy (TEM;
Figure S2a). According to dynamic light scattering (DLS),
the nanoparticles were stable in aqueous dispersions at pH 10
with a hydrodynamic diameter of 4.5 + 1.3 nm (Figure S2b)
and a { potential of +28 mV, as determined by an
electrophoretic measurement. The { potential of L-titanate
was —39 mV at pH 10.

The Pd nanoparticles were added as a 0.1 wt % dispersion to
the nematic phase of L-titanate under vigorous stirring,
whereupon flocculation of the oppositely charged nano-objects
occurred within 30 s. Elemental analysis (CHN) after repeated
washing cycles showed that 5.77 wt % C and 0.44 wt % N
remained in the catalyst (Table S1). This C/N ratio of 13.1
was much higher than for DMAP but was close to the expected
value of 13.7 for TBA", suggesting that ~20% of the cation
exchange capacity of the TBA™ remained in the structure after
washing. Calcination in an air atmosphere for $ h at 500 °C
removed the residual organic content, as cross-checked by
CHN analysis (Table S1). Furthermore, Fourier transform
infrared spectroscpy (FTIR) was applied to detect possible
OH groups left in the catalyst (Figure $3). No bands at around
3300 cm™ or at 1641 cm™' corresponding to the stretching
and bending vibrations of H,O and H;O" between the
nanosheets were observed.””** Furthermore, no band between
950 and 1000 cm™" became apparent, which would indicate
Ti—OH groups formed by calcination and concomitant
removal of interlayer water.™

Upon calcination at 500 °C Pd was oxidized to PdO, which
could easily be reduced back to metallic Pd under a flow of H,
(10% in N,) at 200 °C (Figure S4). The loading of Pd in the
catalyst after calcination was as high as 49 wt %, as determined
by scanning electron microscopy combined with energy
dispersive X-ray spectroscopy (SEM-EDS). Furthermore,
elemental mapping showed a homogeneous distribution of
Pd (Figure S5). Upon flocculation the nanoparticles were
trapped between the nanosheets, reflecting a support from two
sides and creating a lamellar structure that was preserved after
the calcination and successive reduction step (Figure la).
Adjacent layers of nanoparticles were separated by one
nanosheet of approximately 0.75 nm thickness. Thus, an
architecture as sketched in Scheme 1 was obtained where oxide
layer covered nanoparticles were stacked upon each other. The
nanoparticles were not densely packed, as indicated by a
grayscale analysis (Figure S6). Moreover, in this architecture
the nanoparticles were in contact with the layered oxide from
the top and bottom, which increases the metal/support
perimeter area in comparison to nanoparticles having contact
only from one direction.

Due to the sandwichlike confinement, the nanoparticles
were stabilized against Ostwald ripening and preserved a size of
3.8 + 0.6 nm during calcination and reduction. The high one-
dimensional order along the stacking direction as already
indicated by the TEM image was confirmed on the bulk scale

https://dx.doi.org/10.1021/acscatal.1c00031
ACS Catal. 2021, 11, 2754-2762
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Figure 1. Evaluation of the lamellar structure of L-titanate@Pd@L-
titanate: (a) TEM image of cross sections showing Pd nanoparticles
confined between adjacent L-titanate nanosheets; (b) PXRD showing
a series of basal reflections with a d value corresponding to the sum of
the average diameter of the Pd nanoparticles and the thickness of
single L-titanate nanosheets.

by powder X-ray diffraction (PXRD) showing a series of basal
reflections with a periodicity of 4.61 nm (Figure 1b). The basal
spacing reflects the distance between adjacent nanosheets and
is well in agreement with the expected value based on the sum
of the average size of a Pd nanoparticle (3.8 nm) and the
thickness of a single L-titanate nanosheet (0.75 nm).
Furthermore, in transmission mode, hk bands were observed
at 25.2, 47.9, and 62.1° 26, indicating that the two-dimensional
structures of L-titanate nanosheets™ were also preserved
during preparation (Figure $4). This is in contrast to TBA*
intercalated L-titanate that readily undergoes a phase transition
to anatase when it is heated to 500 °C (Figure S7), indicating
that the separation of the nanosheets by Pd nanoparticles
stabilizes the layered structure.”® When the nanosheets are
kept at a 3.8 nm distance by intercalated Pd nanoparticles, this
phase transition did not commence before 750 °C. This
thermal stabilization is in line with observations that for single

nanosheets of Tigg O, the onset of the phase transition
was as high as 800 °C and rapidly decreased to 400 °C when
six layers were stacked in close contact.”’

Ar physisorption of L-titanate@Pd@L-titanate gave a type
IV(a) isotherm with H2(b) hysteresis (Figure S8 and Table 1),
which was attributed to a mesoporous structure.*® The surface
area on application of the BET equation was calculated to be
155 m* g~! and a median pore size of 6.5 nm was derived by
applying the BJH method. The accessible metal dispersion was
19%, which expectedly was lower than for free-floating 3.8 nm
Pd nanoparticles (29%), since sandwiching by the support
covers a certain part of the surface (Table 1). Physisorption
and chemisorption measurements both indicate that the
nanoparticles were not densly packed, but mesopores between
the nanoparticles make the Pd surface accessible.

As was already mentioned, deposition of ultrathin nano-
sheets is expected to have a significant effect on the electronic
properties of a (noble) metal. XP spectra of the Pd 3d region
were recorded to probe the potential influence of the special
architecture as sketched in Scheme 1 on Pd. For comparison,
the same Pd nanoparticles used for the fabrication of L-
titanate@Pd@L-titanate were also deposited with 1 wt %
loading on commercial supports having a slightly lower
potential such as mesoporous y-Al,O, (Pd,@ALO;, —20 mV)
and Degussa P25 (mixture of anatase and rutile, Pd.,@P25,
—27 mV) (Table 1).

Pd 3d spectra showed asymmetric signals of a spin orbit
doublet with a splitting energy of 5.26 eV (Figure 2a).
Asymmetric signals are derived from the high density of states
of Pd at the Fermi level. The Pd 3ds;, signal of L-titanate@
Pd@L-titanate was found at a binding energy (BE) of 335.6
eV, which was significantly shifted from the 335.0 eV reported
for bulk Pd.** BEs of Pd nanoparticles deposited on TiO,
range from 334.6 to 335.5 eV.*""* These reported shifts in
comparison to the value of bulk Pd might be ascribed to
electronic metal—support interactions. Along this line, the shift
to higher BE observed for L-titanate@Pd@L-titanate would
indicate a slightly positively charged species of Pd**(§ <
1).%% A shift to higher BE of small metal nanoparticles can,
however, also originate from final state effects or an ill-defined
reference level. The BE of the two reference catalysts Pd @
AL O; and Pd,@P25 were found at 335.1 and 335.3 eV,
respectively. As these are comprised of identical nanoparticles,
this indicates that the observed BE shift is indeed an initial
state effect, rather than a final state effect. Moreover, the Ti
2p;;, signal of L-titanate@Pd@L-titanate is found at 458.5 eV,
matching the literature value for pristine L-titanate (Figure
3a)." If the reference level would have been ill-defined, this
peak should have been shifted to higher BE as well. The
smaller shifts observed for the same Pd nanoparticles deposited
on the reference supports therefore suggested a stronger

Table 1. Surface Areas, Nanoparticle Size, And Catalytic Properties of L-titanate@Pd@L-titanate and of Reference Catalysts

after Calcination at 500 °C and Reduction at 200 °C

sample Sy (m? g7 pore dgg (nm)® Sy (m® g7)°
L-titanate@Pd@L-titanate 185 6.5 42
Pd. @P25 n 0.8
Pd, @ALO, 156 76 1.0

dispersion (%) core size of Pd (nm)? Ty, (°C)  E, (k) mol™)
19 38 + 06 86 38
18 3.8 £ 08 148 48
23 36 +0.7 183 64

“Determined by Ar physisorption at 87 K and evaluated with the BET method. PDetermined by the BJH method. “Determined by the CO

chemisorption double isotherm method. “Determined by TEM.

2756

https://dx.doi.org/10.1021/acscatal.1c00031
ACS Catal. 2021, 11, 2754-2762

117



Results

ACS Catalysis

pubs.acs.org/acscatalysis

Research Article

Pd3d 335.0 eV

—_

N

a

4

Intensity [arb. unit]

344 342 340 338 336 334
Binding energy [eV]

Kubelka Munk units [a. u.] O

2200 2100 2000 1900 1800

Wavenumber [cm™]

Figure 2. Evaluation of the surface oxidation state of Pd nanoparticles
of L-titanate@Pd@L-titanate (black), Pd, @P25 (red), and Pd. @
ALO; (green): (a) XP spectra of the Pd 3d region; (b) CO DRIFT
spectra recorded at room temperature after saturation of the surface at
60 mbar of CO partial pressure followed by outgassing to 2 mbar.

interaction between the Pd nanoparticles sandwiched in L-
titanate.

Additionally, diffuse reflectance infrared Fourier transform
spectroscopy (DRIFTS) of chemisorbed CO was applied to
probe the oxidation state of surface Pd atoms. When the CO
partial pressure was increased to 60 mbar, signals experienced a
shift to higher wavenumbers due to dipolar coupling caused by
increasing surface coverage (Figure $9). A closer look at the
DRIFT spectra recorded for samples that were outgassed to 2
mbar after having been saturated at a partial pressure of 60
mbar of CO yielded information on the electronic surface
structure of Pd (Figure 2b) when they were compared with the
reference samples. Two regions were observed for the C—O
stretching vibration. In the case of Pd,@Al, O, the first region
I with a peak centered around 2080 cm™ was ascribed to
linearly bound CO to corners (Figure $9d).*** The second
and much broader region II is the superposition of several
bands of CO bridge bound or 3-fold bound on different planes
of Pd.>*" At the same equilibrium pressure of CO (2 mbar)
the DRIFT spectrum of L-titanate@Pd@L-titanate displayed
the top band in region I with a peak centered at about 2090
cm™". Furthermore, it appeared that the features of the second
region also shifted by about 10—1S cm™ to higher wave-
numbers. As the same nanoparticles were used to fabricate
both materials, the shift to higher wavenumbers may be
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Figure 3. Evaluation of the charge state of Ti. (a) XP spectra of the Ti
2p region of L-titanate@Pd@L-titanate (black), H"-L-titanate (red),
and Pd,@P25 (green). The dashed lines are the peaks derived from
deconvolution, and the colored lines are the overall fitted spectra. (b)
EEL spectra at the Ti L, ; edge of L-titanate@Pd@L-titanate (black)
and H'-L-titanate (red), normalized to L, maximum intensity.

attributed to weaker back-donation of electrons from the Pd
surface to the antibonding CO 27* orbital. This strengthens
the C—O bond and consequently shifts the stretching vibration
to higher wavenumbers. A partial positively charged Pd surface
supported on L-titanate@Pd@L-titanate as suggested by XPS
data might be the reason for reduced back-bonding,”’ The
DRIFTS bands for the titania-supported reference (Pd..@
P25) are shifted in the direction of L-titanate@Pd@L-titanate
in comparison to Pd @Al O; but to a much lesser extent (e.g.
2083 cm™ for the top band). This is in line with the smaller
positivation of Pd by the P25 support, as also corroborated by
the XPS data.

The electron deficiency of Pd nanoparticles in L-titanate@
Pd@L-titanate might actually arise from two factors. The first
is the need to balance the permanent negative layer charge of
L-titanate nanosheets. Furthermore, an additional contribution
might originate from electronic interactions between the metal
and the oxide that were reported between noble metals and
noncharged TiO,."*"® To probe the latter, the Ti 2p regions in
the XPS of L-titanate@Pd@L-titanate and of H'-L-titanate
before intercalation of the nanoparticles were compared
(Figure 3a). The Ti 2p,;, signal of H™-L-titanate was found
at a BE of 458.5 eV, which can be ascribed to Ti**.*’ For L-
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titanate@Pd@L-titanate the Ti 2p;;, signal was significantly
broadened and deconvolution of the signal gave an additional
peak at 457.8 eV that might be attributed to Ti™ (5 < 4) sites.
Additionally, electron energy loss spectroscopy (EELS) at the
TiL,; edge was conducted to further corroborate the existence
of a slightly reduced Ti species (Figure 3b). The Ti L,; edge
corresponds to the transition of Ti 2p,;, and Ti 2p;, electrons
into unoccupied states.*” The signal position and shape for H*-
L-titanate were in agreement with literature data.”® The EEL
spectrum of L-titanate@Pd@L-titanate was noticeably differ-
ent from that of H'-L-titanate and supports the postulation of
a reduced Ti species due to the presence of Pd. The white lines
of Ti L, and Ti L; of L-titanate@Pd@L-titanate were shifted
by about 0.35 eV to lower values in comparison to H'-L-
titanate, as expected for reduced Ti species.” While this shift is
small and is on the scale of the energy dispersion of these
spectra (0.25 eV/channel), there are more spectral features
that point toward reduced titanium: in the O K edge (Figure
$10), the ionization edge is shifted to higher energies, which is
in agreement with reduced Ti species.”* Additionally, the
induced crystal field splitting observed at the O K edge has
been shown to decrease from Ti** to more reduced
species.** 7> This effect is visible in the O K edge, as H'-L-
titanate features a splitting of 2.2 eV, whereas this decreases to
1.8 eV upon introduction of Pd. This difference in crystal field
can also be seen in the Ti L edge, where both the L; and L,
edges of Ti*' are known to feature doublets due to this
splitting.”® The empty d band is split by a crystal field, and the
resulting e, and t,, states then become part of the unoccupied
conduction bands. The degree to which the d states are then
filled up on partial charge transfer changes the intensities in the
spectra and influences other effects that spectrally overlap with
crystal-field splitting, such as exchange splitting, which results
in different (apparent) e/t,, ratios.” Finally, the L,/L;
intensity ratios of Ti decrease with a decreasing average
oxidation state of Ti.>>” Indeed, the ratio for L-titanate@Pd@
L-titanate is 9% smaller than that for H*-L-titanate. All these
EELS features are in line with the shifts in BE observed by XPS
and indicated that the average oxidation number of Ti is
slightly lowered after intercalation of Pd nanoparticles. In
summary, XPS data for Pd and Ti, EELS for Ti, and CO-
DRIFTS all gave significant evidence that electronic inter-
actions between Pd nanoparticles and L-titanate nanosheets
exist and might in turn influence the catalytic performance.

2.2. Catalysis. CO oxidation is one of the most frequently
studied heterogeneous catalytic reactions due to its importance
for exhaust gas purification or reduction of industrial
emissions. Furthermore, as adsorbed CO is very sensitive to
electronic influences of the support, the CO oxidation is ideally
suited as a model reaction to probe for the potential influence
of the special support architecture of L-titanate@Pd@L-
titanate.”

> For the catalytic tests, the amount of catalyst
was chosen to involve 1 mg of Pd in a fixed bed reactor with a
feed gas stream of SO mL/min (1 vol % CO, 1 vol % O,,
balanced by N,). All catalysts were pretreated under the same
conditions to ensure comparability (500 °C in an air
atmosphere for S h, followed by H, treatment at 200 °C for
2 h). Three light-off curves were measured for each catalyst,
and the third curve is presented in Figure 4.
L-titanate@Pd@L-titanate exhibited a high performance at
low temperatures with temperatures for 50% conversion (T's,)
and for full conversion (T)y) as low as 86 and 110 °C,
respectively (Figure 4). The same Pd nanoparticles deposited
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Figure 4. Light-off curves of L-titanate@Pd@L-titanate (black),
Pd, @P25 (green), and Pd, @ALO, (red). Conditions: 1 mg of Pd
per catalysis; S0 mL/min (1 vol % CO, 1 vol % O,, balanced in N,).

on y-Al,O; (Pd., @Al,O;) were inferior by far with Ty, and
Thoo values of 183 and 190 °C, respectively. The activation
energy E, of 64 kJ mol™ for Pd,@AL O, as derived from the
Arrhenius plot (determined below conversions of 10%, Figure
S11) matched reported values.”® The low E, of 38 k] mol™
observed for L-titanate@Pd@L-titanate is in the range typically
found for catalysts that follow a Mars—van Krevelen type
reaction mechanism.*’

The shape of the light-off curve of Pd.@Al,O; showed a
sharp increase in conversion at higher temperatures. CO
oxidation for Pd@AIL,O; catalysts follows the Langmuir—
Hinshelwood mechanism.”® CO and O, compete for
adsorption at the Pd surface. CO binds strongly to the Pd
surface at lower temperature and O, can only coadsorb at
higher temperatures. As the reaction is highly exothermic, the
conversion normally increases sharply after light-off.

As was recently reported,”" sandwiching of Pd nanoparticles
between the negatively charged nanosheets of the layered
silicate hectorite (Hec@Pd6S@Hec) decreased the Ty, value
from 191 to 145 °C for the oxidation of CO in comparison to
the same nanoparticles deposited on y-Al,O;. For Hec@
Pd6S@Hec a positive surface charge was observed by shifts in
the XPS Pd 3d region and CO-DRIFTS. This positive surface
charge was attributed not only to balancing of the negative
layer charge but also to electronic interactions between the
silicate nanosheet and Pd. As the CO reaction followed the
Langmuir—Hinshelwood mechanism that requires adsorption
of both CO and O, to the noble-metal surface, the positive
surface charge of Pd decreased the adsorption energy of CO,
which allowed O, to already coadsorb at lower temperatures.
Here, negatively charged nanosheets of a different composi-
tion, but similar thickness and charge density, were applied.
These nanosheets demonstrated a similar influence on the
surface charge of Pd and the electronic interaction between the
support and the metal (Figures 2 and 3). However, on
application of the same catalytic conditions, the performance
of L-titanate@Pd@L-titanate was much higher at low temper-
atures (T’ value of 86 °C). This implies that L-titanate must
have some additional influence on the catalytic activity. A
possible explanation is that L-titanate might be able to offer
oxygen at the nanoparticle/oxide perimeter that omits the
necessity of oxygen adsorption directly to the Pd surface. This
would allow the reaction to already occur at lower temper-
atures. Kinetic measurements (Figure S and Tables S2 and $3)
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Figure S. Kinetic rates of L-titanate@Pd@L-titanate at 70 °C (black)
and Pd @Al 05 at 130 °C (red) at different partial pressures of CO
and O,.

were applied to study the influence of the CO and O, partial
pressures on the reaction rates. Therefore, the composition of
the reactant flow was varied, while the temperature was kept
constant at 70 and 130 °C for L-titanate@Pd@L-titanate and
Pd..@Al,O;, respectively. Additional information about the
procedure is given in the Supporting Information.

The reaction order with respect to the O, partial pressure for
Pd..@Al,O; was +0.91, which is consistent with the e)q')ected
order of 1 for a Langmuir—Hinshelwood mechanism.”"** In
contrast, the reaction order with respect to the O, partial
pressure of L-titanate@Pd@L-titanate is +0.29. The low order
is a hint that oxygen is provided from the supporting oxide
nanosheets rather than from the gas phaseAZS While oxygen
donation is actually expected for oxides such as bulk
anatase,”**” it is still somewhat surprising that even sub-
nanometer thick corrugated single layers of condensed
octahedra are capable of coping with the structural defects
caused by donating oxygen. Furthermore, the reaction order
with respect to CO was +0.13 for L-titanate@Pd@L-titanate,
while it was —0.67 for Pd,,@Al,O;. The negative order for the
latter is expected for metallic Pd, as strongly binding CO
poisons the surface. In contrast to this, the positive order
observed for L-titanate@Pd@L-titanate indicated that this
catalyst system does not suffer from CO poisoning at lower
temperatures.

The Ty, (148 °C) and E, values (48 kJ mol™") for Pd..@
P25 were much higher than for L-titanate@Pd@L-titanate. As
the P25 support can also provide oxygen from its lattice, the
crucial factor for the higher activity of L-titanate@Pd@L-
titanate appears to be the special sandwich architecture and the
advantageous electronic interaction with the anionic support.
Another activity-enhancing factor is the interface area between
the support and the metal, through which oxygen can be
donated from the support to the metal. The activity of model
catalysts of Pd nanoparticles deposited on CeO, increased with
the interface area between metal and support.>’ Due to the
special architecture of L-titanate@Pd@L-titanate the nano-
particles are in contact with the oxide from the top and
bottom, creating a large boundary in comparison with
nanoparticles solely supported on external surfaces.

As single-atom and small Pd cluster catalytic systems have
shown a higher catalytic activity,” the potential stabilization of
such species might be an alternative explanation for the good
performance of L-titanate@Pd@L-titanate. Since the prepara-
tion involved calcination at S00 °C followed be reduction, we
regard it as highly unlikely that such small species could exist in
L-titanate@Pd@L-titanate.
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The sandwich architecture of L-titanate@Pd@L-titanate,
moreover, inhibited catalyst deactivation. At 100 °C no
significant reduction in the activity was observed after 72 h
on stream (Figure S12a). Carbonate formation is reported to
be one reason for catalyst deactivation,” but for L-titanate@
Pd@L-titanate this seems to be insignificant (Figure S12b).
The average nanoparticle diameter was determined to be 3.9 +
0.7 nm, which within experimental error was unchanged,
demonstrating a hampered sintering of the nanoparticles.
Furthermore, L-titanate@Pd@L-titanate was calcined at 700
°C for 40 h to probe the efficiency of the sandwich
confinement to hamper Ostwald ripening under harsh
conditions. The light-off curve after this treatment revealed a
Ts, value of 92 °C that was only slightly higher than the 86 °C
observed for L-titanate@Pd@L-titanate after calcination at S00
°C (Figure S12c). This further demonstrated the good stability
of L-titanate@Pd@L-titanate, making the catalyst promising
for applications where the catalyst has to stand more
demanding conditions.

H CONCLUSION

Ultrathin oxides have been demonstrated to alter the electronic
structure of an underlying (noble) metal or create highly active
perimeters on only partial coverage. This architecture can be
mimicked by intercalation of positively charged metal nano-
particles between negatively charged nanosheets, as proven for
L-titanate or previously for silicate nanosheets. Sandwiching Pd
nanoparticles between negatively charged nanosheets triggers a
partially oxidized state of the metal, as evidenced from an XPS
shift of the Pd 3d region by +0.6 eV, and shifts of the C—O
stretching bands of +10—-20 cm™!, as derived from DRIFTS
measurements. In contrast to the silicate nanosheets
investigated previously, L-titanate nanosheets can additionally
provide lattice oxygen, which further enhanced the perform-
ance (Ts, value of 86 °C) in comparison to the silicate
nanosheets (T, value of 145 °C). Obviously, this special
support architecture might also be attractive for other catalytic
reactions such as methane combustion.**®* The synthesis
route via intercalation into nematic phases of anionic
nanosheets is not restricted to Pd or to titanate nanosheets.
Other liquid crystalline supports such as layered antimony
phosphates®®*® will be explored in the future. Needless to say,
the concept can also be extended to catalytically more
attractive alloy nanoparticles.”~"°
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1 Experimental Procedures

Materials

PdCl, (99.999% Pd, Premion), NaCl, 4-Dimethylaminopyridine (DMAP), NaOH and NaBH, were
purchased from Alfa Aesar. y-Al,O3 with high surface area was purchased from Alfa Aesar. The pellets
were grounded to a powder before use. Degussa P25 was purchased from Sigma Aldrich. The used
water was of MilliQ quality (18.2 M).

Catalyst synthesis
Synthesis of Pd nanoparticles:

The synthesis of Pd nanoparticles was executed using a modified literature procedure.! Palladium(ll)
chloride (235 mg, 1.33 mmol) and Sodium chloride (155 mg, 2.66 mmol) were dissolved in 40 ml water
and 4-Dimethylaminopyridine DMAP (833 mg, 6.82 mmol) in 80 mL water was added. After 20 min of
stirring NaBH,4 (110 mg, 2.91 mmol) in 11 ml water was added dropwise under vigorous stirring resulting
in a black dispersion. After 2 h the nanoparticle dispersion was dialyzed in 4 | water with water changes
after 12 and 24 hours.

Ko.s[Ti173Lio 27104 Was synthesized via solid state synthesis and is described elsewhere.? The protonic
form was obtained by stirring the solid powder in 1 M HCI solution at room temperature. The solution
was replaced each day for 3 days. After this treatment the solid was filtered and washed with excess
water to obtain Hy07Tiy 7304 ‘H,O. For delamination to 0.4 g protonic titanate an aqueous solution of
TBAOH (10 %) was added to achieve a molar ratio TBA*/H* of 1. The mixture was mechanically shaken
for 7 days to achieve a nematic phase. The final solid content was 2 g/L.

Synthesis of L-titanate@Pd@L-titanate:

Both the aqueous particle and titanate dispersions were adjusted with NaOH resulting in a surface
potential of the nanoparticles of 28 mV. The nematic titanate suspension was added rapidly to the
nanoparticle dispersion under vigorous stirring. Visible flocculation appeared within 30 seconds. The
black flocculate was separated from the supernatant by centrifugation, repeatedly washed and dried at
120 °C. Residual organics were removed by calcination at 500 °C for 5 h. Pd nanoparticles were
regenerated under a flow of 30 mL/min (10 % H, in N) at 200 °C for 2 h.

Synthesis of Pdex@P25:

To a dispersion of Pd nanoparticles (1 mg/ml) Degussa P25 was added under stirring. The amount was
chosen to obtain 1 wt% of Pd. After 24 h the resulting black solid was separated by centrifugation and

washed several times. The catalyst was dried at 130 °C.
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Synthesis of Pdex@AIl,O3:

To a dispersion of Pd nanoparticles (1 mg/ml) was added y-Al,O3 under stirring. The amount was chosen
to obtain 1 wt% of Pd. The solvent was slowly removed under stirring at 80 °C. The catalyst was finally
dried at 130 °C.

To obtain comparable conditions, all catalysts were calcined at 500 °C in flowing air for 5 h, followed by
activation at 200 °C in a flow of H; (10 vol% in N,) for 2 h.

Measurement and Characterization Techniques

Dynamic light scattering (DLS) and determination of {-potential were recorded on a Litesizer 500 (Anton-
Paar).

CHN analysis was acquired with an Elementar Vario EL II.

Powder X-ray diffraction (PXRD) measurements were done using a STOE Stadi P diffractometer. Cuka+
radiation and a Mythen 1K silicon strip-detector were used. PXRD of traces of textured samples were
recorded on a Bragg-Brentano type diffractometer (Empyrean, PANalytical) with nickel filter and Cukq
radiation (A = 1.54187 A).

SAXS data were measured using a “Double Ganesha AIR’system (SAXSLAB,Denmark). The X-ray
source of this laboratory-based system is a rotating anode (copper, MicroMax 007HF, Rigaku
Corporation,Japan) providing a microfocused beam. The data is recorded by a position sensitive
detector (PILATUS 300 K, Dectris)

Transmission electron microscopy (TEM) images were acquired using a JEOL JEM-2200FS (200 kV).
For cross sectional TEM the powder embedded into a resin (EPO-TEK 301) and was cut with an Ar
beam into thin slices using a Jeol Cryo lon Slicer.

Scanning electron microscopy (SEM) images and energy dispersive spectroscopy (EDS) were recorded
on a FEI Quanta FEG 250.

Photoelectron spectroscopy (XPS) was conducted on a PHI 5000 Versa Probe lll fitted with an Al Ka
excitation source and spectra were analyzed with Multipak software pack. Spectra were referenced to
C1sat284.8 eV.

Electron energy loss spectroscopy (EELS) measurements were conducted using a double-corrected
JEOL JEM-ARM200F microscope, operated at 200 kV and equipped with a Gatan GIF Quantum
imaging filter with DualEELS capabilities. Plural scattering was removed from all spectra by Fourier ratio
deconvolution.

129



Results

Adsorption isothermes were recorded on a Quantachrome Autosorb-1 with Ar as adsorbate at 87 K. The
isotherms were evaluated using Brunauer-Emmet-Teller (BET) method and pore size distribution was
evaluated with BJH method. Metal surface was acquired with a Quantachrome Autosorb-1 with CO at

35 °C using the double isotherm method.

Diffuse reflectance infrared Fourier transform (DRIFT) spectra were collected on a Cary 680 FTIR
spectrometer from Agilent equipped with a MCT detector and a Praying Mantis™ low temperature
reaction cell from Harrick. Spectra were recorded at a spectral resolution of 2 cm—1 and accumulation
of 1024 scans. Samples were dried at 130 °C under a flow of Ar (50 ml/min) over night and then reduced
at 150 °C under a flow of H2 (10 vol%) for 1 h. To remove H2 the samples were evacuated at 150 °C
for 30 min and then let allow to cool to room temperature. Spectra were taken at 300 K. CO isotherms
were recorded by dosing CO at increasing equilibrium pressures ranging from 0.03 to 60 mbar. The
spectra are presented in Kubelka-Munk units F(R=) = (1 — R=)2/2R«=

Catalysis

Catalytic tests were conducted in a fixed bed micro reactor with an internal diameter of 4 mm. The
desired amount of catalyst was mixed with quartz to achieve an overall loading of 500 mg. The reactor
was heated using a circular kiln. To record light-off curves the temperature was raised in 10 °C steps
and the temperature was held for 12 min before analysis. A reactant mixture of 1 vol% CO, 1 vol% O,
und 98 vol% nitrogen with a constant flow of 50 mi/min under atmospheric pressure was injected into
the reactor. The composition of the gas mixture leaving the reactor was monitored using an Agilent
6890N gas chromatograph equipped with a 30 m GS CARBONPLOT column and a thermal conductivity
detector. The catalysts were cylcled three times from 50 to 200 °C and the third light-off curve was

recorded. Kinetic experiments and reaction rates were determined well below a conversion of 10 %.
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2 Results and Discussion

2.1 Small angle X-ray scattering of a nematic L-titanate phase.

rel. Intensity [arb. unit]

02 04 06 08 1.0
200

Figure S1. SAXS of a nematic L-titanate phase having a solid content of 2 g-L'1.

2.2 Characterization of DMAP capped Pd nanoparticles
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Figure S2. a) TEM image of as-synthesized Pd nanoparticles. Inset: High magnification image. b) Hydrodynamic
diameter according to dynamic light scattering.
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2.3 Elemental analysis of L-titanate@Pd@L-titanate

Table S1. Elemental composition of L-titanate@Pd@L-titanate

Sample Fraction of C Fraction of N Fraction of H Fraction of Pd
[wt%]* [wt%]e [wt%]* [wt%]?
(TBA*/H");07Ti; 7304 48.09 343 8.21 /
L-titanate@Pd@L- 5.77 0.44 1.29 Vi
titanate
L-titanate@Pd@L- 0.2 0.01 0 493
titanate after 500 °C
for5h
a determined by CHN analysis
b determined by SEM-EDS
¢ not determined
= | J10%
@
(S
[=
S
=
(2]
c
©
l_
4000 3000 2000 1000
wavenumber [cm™']
Figure S3. FTI spectrum of L-titanate@Pd@L-titanate.
S 9
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2.4 Phase evaluation of Pd in L-titanate@Pd(@L-titanate catalyst

rel. Intensity [arb. unit]

20 30 40 50 60 70
20101
Figure S4. PXRD of L-titanate@Pd@L-titanate calcined for 5 h at 500 °C in air atmosphere (black) and after

reduction at 200 °C for 2 h under a flow of H; (10 vol% in N,) (red). T stands for reflections derived from the L-
titanate nanoshects.?

2.5 Elemental mapping over L-titanate@Pd@L-titanate

_c— >

10um

Intensity [a. u.]

0 10
Energy [keV]

Figure S5. Elemental mapping of Ti and Pd showing a homogenous distribution of Pd and Ti over the tactoids
and the corresponding spectrum.
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2.6 Grayscale analysis of L-titanate@Pd(@L-titanate

Grayscale [arb. unit]

0 2 4 6 8 10 12 14 16 18
length [nm]

Figure S6. Grayscale analysis over a nanoparticle layer (red dotted line) between L-titanate nanosheets. The
grayscale shows gaps between the nanoparticles proving a not densely packed assembly.

2.7 Phase evaluation of L-titanate@Pd@L-titanate

rel. Intensity [arb. unit]

20 30 40 50 60 70
2010
Figure S7. PXRD of L-titanate@Pd@L-titanate after calcination at 700 °C (black), calcination at 750 °C (red),
and (TBA/H), 7Ti, 7304 after calcination at 500 °C. T stands for reflections derived from the L-titanate nanosheets.?
A stands for reflections from anatase phase. The PdO reflections remain very broad even after treatment at 700 °C.

Only above 700 °C the network breaks down which allows the nanoparticles to grow (narrower reflections) and
the L-titanate transforms to the anatase phase.
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2.8 Ar-Isotherms
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Figure S8. Ar Isotherms after calcination at 500 °C of a) L-titanate@Pd@L-titanate, b) Pd.(@P25, and c)
Pde@ALO;.
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2.9 DRIFT spectra
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Figure S9. Drift spectra of a) Pd.@A1,0;, b) Pd.@P25, and ¢) L-titanate@Pd(@L-titanate at increasing partial
pressures of CO up to 60 mbar. d) zoom of the top region of L-titanate@Pd(@L-titanate (black) and Pd.(@Al,Os.

2.10 EEL spectra at the O K edge
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Figure S10. EEL spectra at the O K edge of L-titanate@Pd@L-titanate (black) and H*-L-titanate (red) showing

different extends of crystal field splitting.
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2.11 Arrhenius plots
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Figure S11. Arrhenius plots of L-titanate@Pd@L-titanate (black), Pd.(@P25 (green), and Pd.@ALO5 (red).
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2.12 Evaluation of the kinetic experiments

The rate of mol of CO, produced per second was calculated as follows:

1 mol
Flowrate of CO ﬁ] 524l Conversion
rate =
60 i .
min gpd

The change in rate was measured in terms of various partial pressures of CO and O,. The kinetic equation is:

rate = k - [CO]*- [0,]°

The partial pressure of one species was fixed while the other was changed in steps. The corresponding partial
pressures of each step are listed in Table S2:

Table S 2. Gas partial pressures and reaction rates of L-titanate@Pd(@L-titanate.

Point ml/min (CO) p(CO) [mbar] ml/min (O,) p(O,) [mbar] Rate [mol CO, s!
g'ral
1 0.5 10.13 0.25 5.06 4.47607E-5
2 0.5 10.13 0.25 5.06 4.45398E-5
3 0.5 10.13 0.5 10.13 5.36554E-5
4 0.5 10.13 0.5 10.13 5.35515E-5
D 0.5 10.13 1.0 20.26 6.63204E-5
6 0.5 10.13 1.0 20.26 6.52704E-5
7 0.5 10.13 0.25 5.06 4.46675E-5
8 0.5 10.13 0.25 5.06 4.42985E-5
9 1.0 20.26 0.25 5.06 5.06409E-5
10 1.0 20.26 0.25 5.06 5.07298E-5
11 2.0 40.52 0.25 5.06 5.57622E-5
12 2.0 40.52 0.25 5.06 5.63976E-5

The calculation of @ and b is demonstrated for the transition from point 2 to 3, when the partial pressure of O, is

doubled.

445-105s7tg='  k-[10.13]%- [5.06]

537-10°s71g~1

k-[10.13]%- [10.13]°
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0.83=0.5"

In (0.83) =1n (0.5?) = b - In (0.5)

b

=0.27

The same calculations were done for the transition from point 4 to 5 which obtained » of 0.31. The average is

0.29.

The same calculations were done for variations of CO obtaining « of 0.13.

So the rate equation can be expressed as:

rate =k - [C0]%13 - [0,]%%°

The calculations were done for Pd.@Al,Os as well using the values from Table S 3:

Table S 3. Gas partial pressures and reaction rates of L-titanate@Pd@L-titanate

Point ml/min (CO) p(CO) [mbar] ml/min (O,) p(05) [mbar] Rate [mol CO; s™!
2"l
1 0.5 10.13 0.25 5.06 1.42724E-5
2 0.5 10.13 0.25 5.06 1.46914E-5
3 0.5 10.13 0.5 10.13 2.58875E-5
4 0.5 10.13 0.5 10.13 2.5091E-5
5 0.5 10.13 1.0 20.26 5.02798E-5
6 0.5 10.13 1.0 20.26 5.01251E-5
7 0.5 10.13 0.25 5.06 1.25558E-5
8 0.5 10.13 0.25 5.06 1.25683E-5
9 1.0 20.26 0.25 5.06 7.70412E-6
10 1.0 20.26 0.25 5.06 8.17334E-6
11 2.0 40.52 0.25 5.06 5.22527E-6
12 2.0 40.52 0.25 5.06 5.0282E-6
In this case the rate equation was determined to be:
S 16
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rate = k- [C0]~0%7 . [0,]*%!

2.13. Long term stability of L-titanate@Pd@L-titanate
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Figure S12. a) Stability test of L-titanate@Pd@L-titanate. Conditions: 100 °C, feed gas: 50 mL/min (1 vol% CO,
1 vol% O,, balanced by N,). b) TEM image of the used catalyst. C) Light-off curve of L-titanate@Pd@L-titanate
after calcination at 500 °C for 5 h (black) and after calcination at 700 °C (blue).

140



Results

3 References

(1) Flanagan, K. A.; Sullivan, J. A; Mieller-Bunz, H. Preparation and Characterization of 4-Dimethylaminopyridine-Stabilized Palladium
Nanoparticles. Langmuir2007, 23, 12508-12520.

(2) Tanaka, T.; Ebina, Y.; Takada, K.; Kurashima, K.; Sasaki, T. Oversized Titania Nanosheet Crystallites Derived from Flux-Grown Layered Titanate
Single Crystals. Chem. Mater. 2003, 15, 3564-3568.

141



List of Publications

7 List of publications

7.1 First author publications

[1] K. Ament, D. R. Wagner, F. E. Meij, F. E. Wagner, J. Breu: High Temperature Stable
Maghemite Nanoparticles Sandwiched between Hectorite Nanosheets, Z. Anorg. Allg. Chem.
2020, 646, 1110-1115 DOI: 10.1002/zaac.202000077

[2] K. Ament, N. Kdwitsch, D. Hou, T. Gotsch, J. Kréhnert, C. J. Heard, A. Trunschke, T.
Lunkenbein, M. Armbruster, J. Breu: Nanoparticles Supported on Sub-Nanometer Oxide Films:
Scaling Model Systems to Bulk Materials, Angew. Chem. Int. Ed. 2021, 60, 5890-5897 DOI:
10.1002/anie.202015138

[3] K. Ament, N. Kowitsch, D. Hou, T. Goétsch, J. Kréhnert, C. J. Heard, A. Trunschke, T.
Lunkenbein, M. Armbrister, J. Breu: Nanopartikel auf subnanometer dinnen oxidischen
Filmen: Skalierung von Modellsystemen, Angew. Chem. 2021, 133, 5954-5961 DOI:
10.1002/ange.202015138

[4] K. Ament, D. R. Wagner, T. Gétsch, T. Kikuchi, J. Kréhnert, A. Trunschke, T. Lunkenbein,
T. Sasaki, J. Breu: Enhancing the Catalytic Activity of Palladium Nanoparticles via Sandwich-
Like Confinement by Thin Titanate Nanosheets, ACS Catal. 2021, 11, 2754-2762 DOI:
10.1021/acscatal.1c00031

[5] K. Ament, H. Kobayashi, K. Kusada, J. Breu, H. Kitagawa: Enhancing Hydrogen Storage
Capacity of Pd Nanoparticles by Sandwiching between Inogranic Nanosheets, Z. Anorg. Allg.
Chem. 2022, accepted DOI: 10.1002/zaac.202100370

7.2 Additional publications

[6] N. Deibl, K. Ament, R. Kempe: A Sustainable Multicomponent Pyrimidine Synthesis, J. Am.
Chem. Soc. 2015, 137, 12804-12807 DOI: 10.1021/jacs.5b09510

[7]1 E. S. Tsurko, P. Feicht, F. Nehm, K. Ament, S. Rosenfeldt, I. Pietsch, K. Roschmann, H.
Kalo, J. Breu: Large Scale Self-Assembly of Smectic Nanocomposite Films by Doctor Blading
versus Spray Coating: Impact of Crystal Quality on Barrier Properties, Macromolecules 2017,
11, 4344-4350 DOI: 10.1021/acs.macromol.7b00701

[8] C. Bojer, K. Ament, H. Schmalz, J. Breu, T. Lunkenbein: Electrostatic attraction of
nanoobjects - a versatile strategy towards mesostructured transition metal compounds,
CrystEngComm 2019, 21, 4840-4850 DOI: 10.1039/c9ce00228f

[9] D. R. Wagner, K. Ament, L. Mayr, T. Martin, A. Bloesser, H. Schmalz, R. Marschall, F. E.

Wagner, J. Breu: Terrestrial solar radiation driven photodecomposition of ciprofloxacin in

142



List of Publications

clinical wastewater applying mesostructured iron(lll) oxide, Environ. Sci. Pollut. Res. 2021, 28,
6222-6231 DOI: 10.1007/s11356-020-10899-6

7.3 Conference contributions

[1] Presentation: Ordered Heterostructures of Nanoparticles in Synthetic Hectorite as
potential (High Temperature) Catalysts, BTHA workshop, 22. — 23.11.2017, Erlangen

[2] Poster: Synthesis and Applications of Sandwich-like Nanoparticle@Hectorite Catalysts,

19th International Symposium on the Reactivity of Solids, 15. — 18.07.2018, Bayreuth

[3] Presentation: Ordered Intercalation of Nanoparticles into Synthetic Hectorite for Catalytic
Applications, Advances in Low-dimensional Materials, 18. - 21.09.2018, Liblice (Czech
Republic)

[4] Presentation: Nanoparticle@Hectorite catalysts for high temperature and photocatalysis,
BTHA workshop, 27. — 28.03.2019, Bayreuth

143



Acknowledgements

8 Acknowledgements

Eine Promotion ist niemals eine Einzelleistung, sondern bedarf der Unterstitzung vieler.

Mein erster Dank soll naturlich meinem Doktorvater Josef Breu gebuhren. Ich bin dankbar fur
die sehr spannende und anspruchsvolle Themenstellung. Ich bin sehr froh, dass ich immer ,an
der langen Leine laufen® durfte und stets die Dinge verwirklichen durfte, die ich am
spannendsten und vielversprechendsten hielt. Dies hat mich als Wissenschaftler reifen lassen.
Trotzdem war er immer fur intensive Diskussionen und einen guten Ratschlag da. Nicht zuletzt

bin ich auch fir die Unterstlitzung dankbar, die mir den Aufenthalt in Japan ermdglicht hat.
Lieber Josef, vielen Dank flr die Zeit an deinem Lehrstuhl!

Ich danke Takayoshi Sasaki und Hiroshi Kitagawa fur die freundlichen Einladungen, um in
ihren Gruppen in Japan zu forschen. Ich bin dankbar fir die Gberwaltigende Gastfreundschaft
und die grenzenlose Hilfsbereitschaft, die mir dort entgegengebracht wurden. Die Erfahrung
im Ausland hat mich sehr gepragt und mich in meiner personlichen Entwicklung

weitergebracht.

Ich bedanke mich beim Elitenetzwerk Bayern, das mich sowohl mit einem
Forschungsstipendium finanziell unterstitzt hat, aber auch ideell durch die Aufnahme in das

Elitestudienprogramm ,Macromolecular Science.”

Wahrend meiner Promotion durfte ich mit vielen Kooperationspartnern zusammenarbeiten.
Deren Expertise und Hilfsbereitschaft wirkte sich sehr positiv auf meine Arbeit aus. Mein
herzlicher Dank geht an ,Fritz* Wagner, Nicolas Kéwitsch, Marc Armbrtster, Dianwei Hou,
Christopher J. Heard, Thomas Gotsch, Jutta Krohnert, Annette Trunschke, Hirokazu
Kobayashi, Kohei Kusada und Takayuki Kikuchi. Ich danke Rhett Kempe, dass er mir freie
Hand an seinem Microreaktor gewahrt hat. Ohne den Zugang zu diesem Gerat hétte ich die
Katalysen nicht durchfiihren kénnen. Ein besonderer Dank geht dabei an Thomas Lunkenbein,
der meine Verbindung zum Fritz-Haber-Institut in Berlin war und mir Kontakt zu vielen Experten

ermdglicht hat.

Arbeit kann nur Spaf? machen und erfolgreich sein, wenn in der Arbeitsgruppe eine gute
Atmosphare herrscht. Ich hatte eine tolle Zeit im Labor mit Daniel, Matthias, Patrick und Lina.
Ich bedanke mich bei allen weiteren Angehdrigen der Lehrstihle AC1 und AC3 fur
Diskussionen, Hilfe und natirlich schone gemeinsame Erlebnisse. Die Diskussionen mit
Wolfgang Milius haben mir stets gut getan. Ich danke unseren Technikern Marco

Schwarzmann, Florian Puchtler und Lena Geiling fur ihre unermidliche Unterstiitzung.

Insbesondere mochte ich mich bei Daniel, Patrick und Simon fur ihre Freundschaft, die weit

Uber die Arbeit hinausgeht, bedanken. Ich habe jedes unserer kleinen Kaffeekranzchen
144



Acknowledgements

genossen! Auch Tobi und Marion mdchte ich fir unsere Freundschaft danken. Ich hoffe wir

bleiben auch Uber die Uni hinaus noch lange in Kontakt!

Wahrend meiner Zeit in Bayreuth durfte ich viele interessante Leute kennen lernen. Viele Dank
fur all die Erlebnisse, die ich mit euch teilen durfte. Unsere Stammtische im Oskar werde ich
sicherlich vermissen: Chris, Fredes, Martin und Fabi!

Wahrend meiner Promotion durfte ich zahlreiche Praktikanten betreuen, die mich in meiner
Arbeit unterstiitzt haben. Vielen Dank euch! Nattrlich méchte ich meine beiden Bacheloranden

Patrick und Freddy hier besonders hervorheben. Ihr habt gute Arbeit geleistet!

Ich mdchte mich beim Alumni-Verein der Chemie ,,CSG e.V.” fur all die tollen Veranstaltungen
bedanken und vor allem meinen Vorstandsmitgliedern wahrend meiner Zeit als Vorstand fur

die tolle Unterstitzung danken.

Nattrlich méchte ich auch meine Freunde in der Heimat nicht vergessen. Ich bin dankbar,
dass der Kontakt auch so lange nach der Schule immer noch so intensiv ist und wir uns immer

noch regelmanig auf ein Bierchen treffen.

Ich bedanke mich bei all denen, die diese Arbeit Korrektur gelesen haben und mir erklart

haben, ob meine Gedanken auch fir andere verstandlich sind.

Meinen vorletzten Dank mochte ich den stillen Anteilhabern an dieser Arbeit zukommen
lassen: Meiner Familie und meiner Freundin Bella. lhr habt mich immer und ohne
Kompromisse unterstitzt und wir haben in den letzten Jahren gemeinsam das ein oder andere

Unwetter Uberstanden. Ohne euch ware das alles nicht moéglich gewesen!

Der letzte Dank gilt meiner Oma Helga, die mein ganzes Leben fiir mich da war und ihr letztes

Hemd fur mich gegeben hatte. Ich vermisse dich jeden Tag!

145



9 Erklarung des Verfassers

(Eidesstattliche) Versicherungen und Erklarungen
(8 9 Satz 2 Nr. 3 PromO BayNAT)

Hiermit versichere ich eidesstattlich, dass ich die Arbeit selbststandig verfasst und keine
anderen als die von mir angegebenen Quellen und Hilfsmittel benutzt habe (vgl. Art. 64 Abs.
1 Satz 6 BayHSchG).

(8 9 Satz 2 Nr. 3 PromO BayNAT)

Hiermit erklare ich, dass ich die Dissertation nicht bereits zur Erlangung eines akademischen
Grades eingereicht habe und dass ich nicht bereits diese oder eine gleichartige Doktorprifung

endgultig nicht bestanden habe.
(8 9 Satz 2 Nr. 4 PromO BayNAT)

Hiermit erklare ich, dass ich Hilfe von gewerblichen Promotionsberatern bzw. -vermittlern oder
ahnlichen Dienstleistern weder bisher in Anspruch genommen habe noch kinftig in Anspruch

nehmen werde.
(8 9 Satz 2 Nr. 7 PromO BayNAT)

Hiermit erklare ich mein Einverstandnis, dass die elektronische Fassung meiner Dissertation
unter Wahrung meiner Urheberrechte und des Datenschutzes einer gesonderten Uberpriifung

unterzogen werden kann.
(8 9) Satz 2 Nr. 8 PromO BayNAT)

Hiermit erklare ich mein Einverstandnis, dass bei Verdacht wissenschaftlichen Fehlverhaltens
Ermittlungen durch universitéatsinterne Organe der wissenschaftlichen Selbstkontrolle

stattfinden konnen.

Ort, Datum, Unterschrift



